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Abstract  23 

Conventional Zinc (Zn) fertilization (e.g., zinc sulfate) often leads to poor availability in 24 

soils. Zinc oxide nanoparticles (nano ZnO) can be a potential solution, but their effect on crop 25 

photosynthetic activity isn’t well documented. The effects of nano ZnO (50, 100, 150, 200 mg L-
26 

1) and application methods (seed-coating, soil-drench, and foliar-spray) in comparison with 27 

ZnSO4 recommended dose were evaluated for plant height, biomass, chlorophyll pigments and 28 

photosystem efficiency in a greenhouse pot experiment. 100 mg L-1 of nano ZnO significantly 29 

increased the chlorophyll (Chl.) a, b, a+b, carotenoids (x+c), a+b/x+c, SPAD, leaf Chl., total 30 

chlorophyll content plant-1, plant height and total biological yield (by 18-30%, 33-67%, 22-38%, 31 

14-21%, 14-27%, 12-19%, 12-23% 58-99%, 6-11% and 16-20%, respectively) and reduced Chl. 32 

a/b (by 6-22%) over the other treatments (p<0.01) irrespective of application methods. Nano 33 

ZnO applied at 100 mg L-1 significantly increased photochemical quenching (qP) and efficiency 34 

of photosystem II (EPSII) compared to 150 and 200 mg L-1 regardless of application methods. 35 

The positive correlations between Chl. a and Chl. b (r2 0.90), Chl. a+b and x+c (r2=0.71), SPAD 36 

and Chl. a (r2=0.90), SPAD and Chl. b (r2=0.94) and SPAD and Chl. a+b (r2=0.93) indicates a 37 

uniform enhancement in chlorophyll pigments; SPAD value, qP, EPSII, and growth and yield 38 

parameters. This elucidates that the application of nano ZnO at 100 mg L-1 promotes corn 39 

biochemical health and photosynthesis, irrespective of the application method. These findings 40 

have a great propounding for improving plant growth through nano ZnO bio-fortification in 41 

acidic Spodosols. 42 
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 44 

1. Introduction: 45 

Zinc (Zn) is an essential micro-nutrient required for enhancing the productivity and 46 

quality of cereal crops. It is required for several plant physiological functions including enzyme 47 

activation, synthesis of chlorophyll pigments and functioning of photosynthesis, and membrane 48 

integrity (Nadeem & Farooq, 2019). Therefore, Zn deficiency can potentially impact crop 49 

photosynthetic apparatus and efficiency, thereby reducing the quantity and quality of the 50 

products. For example, its deficiency has caused severe declines in major cereal crop 51 

productivity (Hossain et al., 2019; Bhatt et al., 2020), and threatened the cereal-based cropping 52 

systems (Cakmak & Kutman, 2018; Nadeem & Farooq, 2019). The problem is exacerbated in 53 

highly alkaline (Recena et al., 2021) or acidic (García-Gómez et al., 2020) soils, where Zn2+ is 54 

highly fixed, making it unavailable for crop plant uptake. Corn is a major cereal crop and 55 

requires the application of Zn for maintaining production. The straw quality and grain Zn bio-56 

fortification rely on supplementation of Zn through chemical fertilization. However, Zn 57 

application through conventional methods (e.g., zinc sulfate) often leads to poor availability and 58 

low crop uptake due to fixation reactions in soils (Elemike et al., 2019). The Zn uptake 59 

efficiency is particularly low when the soil contains low organic matter, low clay content, high 60 

carbonate, or low pH (Recena et al., 2021).  61 

Nanoparticles, owing to their minute size and large reactive surface area, offer a potential 62 

solution to improve nutrient uptake efficiency in agriculture (Rizwan et al., 2017). As they are 63 

readily up-taken by plants, they possess a significant potential to improve crop growth and yield 64 



(Sabir et al., 2014). Zinc oxide nanoparticles (nano ZnO) can be a viable alternative to enhance 65 

Zn uptake in low organic matter, sandy, and highly acidic soils. Although using ZnO 66 

nanoparticles for mitigating Zn deficiency and augmenting Zn bio-fortification of different crops 67 

has previously been reported (Rizwan et al., 2017; Moghaddasi et al., 2017); their effect on crop 68 

photosynthetic activity isn’t well documented. Also, uptake efficiency of nano ZnO through 69 

various methods and its possible implications on plant physiological mechanism is not 70 

understood well. The availability of Zn also directly affects the efficiency of photosynthesis 71 

systems II (PSII) as Zn is vital in the formation and activation of photosynthetic pigments and 72 

providing energy through electron transport during light and dark reactions photosynthesis. Corn 73 

biomass, stomatal conductance, and quantum yield of PSII were significantly improved through 74 

Zn application under well-watered conditions (Wang et al., 2009). Zn deficiency leads to reduced 75 

photosynthesis rate (Subba et al., 2014), disruption in chlorophyll membrane, leaf chlorophyll 76 

content and reduction in photochemical efficiency of PSII (Chen et al., 2008). The leaf 77 

chlorophyll content, chlorophyll a/b ratio, Fv/Fm, Fv/Fo were significantly reduced by zinc 78 

deficiency, which indicated the integral efficiency of the PSII was damaged when sufficient Zn 79 

was not available (Chen et al., 2008). Nano zinc oxide particles have shown to improve corn 80 

growth either at par or better than conventional ZnSO4 (Adhikari et al., 2015; Taheri et al., 81 

2015). However, their effects on plant photosynthetic pigments and efficiency were inconsistent 82 

with different crops and fluctuated based on the concentration used (Reddy Pullagurala et al., 83 

2018; Salam et al., 2022).  It is, thus, critical to document the effect of nano ZnO application not 84 

only in evaluating Zn uptake by crops but also in understanding its implications in crop 85 

photosynthetic apparatus and efficiency to identify its optimal level of application.  86 



In this study, the performance of nano ZnO was evaluated for corn plant photosynthetic 87 

efficiency using different application modes and rates in sandy-acidic Spodosols. The major 88 

objectives were to evaluate the effect of different application rates of nano ZnO on crop growth 89 

as evidenced through plant growth, the robustness of photosynthetic apparatus (chlorophyll 90 

pigments, carotenoids and antioxidant activity) and photosynthetic efficiency (efficiency of 91 

photosystem II), as compared to conventional Zn sulfate application. Besides, Nano ZnO was 92 

tested through different application methods (seed coating, soil drench and foliar spray) to 93 

understand its effectiveness for photosynthetic performance, growth and Zn nutrition of corn. 94 

2. Material and methods: 95 

2.1.Experimental site and soil sampling: 96 

The pot experiment was conducted at the greenhouse facility of the Indian River 97 

Research and Education center (IRREC), University of Florida. The soil representing the order 98 

of Spodosol (Ankona series) was sampled from the experimental farm at the research center 99 

(properties shown in Table 1). The collected soils were composited and homogenized before 100 

transporting them to the laboratory, where it was air-dried and sieved through a 1- mm sieve. The 101 

pre-sowing analysis of Spodosol soil to be used for this experiment is shown in Table 1. 102 

Table 1 Pre-sowing analysis of soil used for the experiment 103 

Parameters Unit Values 

pH (1: 2.5 H2O) - 4.81 

EC (1:5 H2O) µS/cm 202.15 

Total C % 0.754 

Total N ʺ 0.022 

Available nutrients* mg kg-1  

   P  28.94 

   K ʺ 30.3 

   Ca ʺ 211.84 



*Estimated by Mehlich 3 extraction. 104 

2.2.Experimental design:   105 

The pot experiment was a completely randomized design with the following treatments: 106 

Control, recommended Zn (11 kg ha-1) applied through ZnSO4 fertilizer, nano ZnO – coating (50, 107 

100, 150, 200 mg L-1), nano ZnO – Soil drench (50, 100, 150, 200 mg L-1) and nano ZnO – foliar 108 

(50, 100, 150, 200 mg L-1). Zinc Sulfate (ZnSO4) was applied at the rate of 11 kg Zn ha-1 (5.5 mg 109 

Zn kg-1 soil) for soil application as per local recommendations (Arafat et al., 2016), hereafter 110 

referred to as ZnSO4 applied at the recommended dose. The In total, 14 treatments, including 111 

control, were replicated three times, making 42 pots. The pots were rotated randomly biweekly 112 

in the greenhouse. Pots were filled with 6 kg of soil each, and basal fertilization of potassium (K) 113 

and phosphorus (P) was applied. Nitrogen (N) was applied at the recommended dose in two split 114 

doses, 10 and 30 days after germination. All the fertilization was performed as per existing 115 

recommendations (Ahmad, 2004). Five corn seeds (Zea mays, variety Dekalb; DKC62-08) per 116 

pot were sown (later thinned to two plants per pot) at a depth of about 5 cm on April 13th, 2021 117 

and continued till 75 days after sowing (DAS). Zinc oxide nanomaterial (Alfa Aesar™ ZnO 118 

nanopowder, 99% metal basis; MW: 81.37) and Zinc sulfate (ZnSO4.7H2O, MW: 287.54) were 119 

obtained from Thermo Fisher Scientific. Irrigation was applied as per plant requirements at 120 

regular intervals.  121 

   S ʺ 47.22 

   Mg ʺ 39.90 

   Cu ʺ 11.69 

   B ʺ 1.33 

   Mo ʺ 0.09 

   Zn ʺ 14.54 

   Al ʺ 48.31 

   Mn ʺ 11.97 



2.3.Soil analysis: 122 

The soil samples were analyzed prior to the beginning of the experiment (Table 1). Soil 123 

pH (1:2.5 H2O) and electrical conductivity (EC) were measured using the pH/mV/conductivity 124 

meter (AB 200, Fischer Scientific, PA, USA). Soil carbon and nitrogen were analyzed through 125 

dry combustion of 50 mg sample at 1200 °C using a dry combustion C/N analyzer (Vario MAX 126 

CN Macro Elemental Analyzer, Hanau, Germany). Available macronutrients P, K, Ca, Mg, S 127 

and micronutrients (Fe,  Zn, Cu, Mn, Al, Mo, B) in soil were extracted through Mehlich 3 128 

extraction method (Mehlich, 1984) and their concentrations were analyzed using an Inductively 129 

coupled plasma optical emission spectrometry (ICP-OES, Ultima, J.Y. Horiba Group, Edison, 130 

N.J.).  131 

2.4.Growth data and plant analysis: 132 

Data were recorded for plant height, SPAD and fluorescence at 60 DAS. Leaf chlorophyll 133 

content was measured from two recently matured leaves per plant using a handheld SPAD 134 

chlorophyll meter (Minolta Camera, Osaka, Japan). The fluorescence parameters were recorded 135 

under actively photosynthesizing (daytime), and dark-adapted conditions using the pulse 136 

modulated chlorophyll fluorometer (OS5p+, Opti-Sciences Inc., Hudson, NH). The key 137 

parameters recorded were fluorescence under steady-state conditions i.e., before saturation (Fs), 138 

maximum fluorescence with actinic illumination at steady-state fluorescence (Fms), quantum 139 

photosynthetic yield of photosystem II (Y), minimum fluorescence (Fo), maximal fluorescence 140 

(Fm) and maximum photochemical efficiency of PSII (Fv/Fm) [nighttime]. The following 141 

calculations were performed to calculate photochemical quenching (qP) and non-photochemical 142 

quenching (qN) based on Oxborough & Baker (1997) 143 



𝑞𝑃 =  𝐹𝑚𝑠 − 𝐹𝐹𝑚𝑠 − 𝐹𝑜′ 
𝑞𝑁 =  𝐹𝑚 − 𝐹𝑚𝑠𝐹𝑚𝑠  

Where Fo’ is adjusted minimum fluorescence calculated as,  144 

𝐹𝑜′ =  𝐹0(1 − 𝐹𝑜𝐹𝑚 − 𝐹𝑜𝐹𝑚𝑠) 

Chlorophyll and carotenoids were estimated by the methods suggested by Lichtenthaler 145 

& Buschmann (2001) and Ahmed et al. (2020). In brief, 100 mg of fresh leaf sample was taken 146 

during the growth of the crop (60DAS) from each pot, crushed and mixed with 10 mL of 80% 147 

acetone. The mixture was protected from the light by covering with parafilm and preserving in 148 

the refrigerator in dark conditions overnight (24h) to allow for complete digestion of chlorophyll 149 

pigments. The filtrates were then analyzed using the UV-Spectrophotometer (U-3110, Hitachi, 150 

Japan) at the wavelength of 663, 645, and 470nm to determine chlorophyll (Chl.) a, Chl. b, and 151 

carotenoid (x+c) contents using the following equations. 152 

𝐶ℎ𝑙 𝑎 (𝑚𝑔 𝑔 − 1) = (12.21 ∗ 𝐴663) − (2.81 ∗ 𝐴645) ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐹𝑊) (𝑔) ∗ 1000  

𝐶ℎ𝑙 b (mg g − 1) = (20.13 ∗ 𝐴645) − (5.03 ∗ 𝐴663) ∗ Volume (ml)𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐹𝑊) (𝑔) ∗ 1000  

𝑥 + 𝑐 (mg g − 1) = { ((1000 ∗ 𝐴470) ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)) 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝐹𝑊)(𝑔) ∗ 1000 − (3.27 ∗ 𝐶ℎ𝑙 𝑎) − (104 ∗  𝐶ℎ𝑙 𝑏)} /229 

Where FW = Fresh weight, A (663, 645, 470) = Absorbance at 663, 645 and 470 nm 153 

Non-enzymatic antioxidant (proline) concentration was calculated following BATES 154 

(1973) with slight modification based on ninhydrin (Hayyawi et al., 2020). In short, 100 mg of 155 

fresh leaf sample was drenched with 2 mL of 3% sulfosalicylic acid, filtered and added 2mL of 156 



glacial acetic acid followed by incubation in a water bath (90oC) for 1 hour. After cooling, the 157 

samples were added with 4mL of Toluene, followed by shaking (20mins) and incubation at room 158 

temperature to develop the toluene-proline layer. 1mL liquid from the upper toluene-proline 159 

layer was sucked and analyzed at 520nm using the UV-Spectrophotometer. Proline concentration 160 

was calculated in µmol g-1 fresh weight using the given equation. 161 

𝑃𝑟𝑜𝑙𝑖𝑛𝑒 (µmol/g  ) = (𝐴520 ∗ 20) ∗ Volume (ml)𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐹𝑊) (𝑔) ∗ 1.47 ∗ 𝑀𝑊 

Where; A520= Absorbance at 520 nm, MW= molecular weight of proline 162 

 163 

2.5.Statistical analysis: 164 

All data were statistically analyzed with Statistix 8.1 software. The data were plotted as 165 

the mean values for each treatment along with the standard errors. All the statistical analysis was 166 

performed at the significance level of 0.05. The treatment effects on different parameters were 167 

assessed through analysis of variance (ANOVA) after testing for the homogeneity of variance, 168 

followed by a post-hoc test [Least Significant Difference (LSD) test] was conducted to identify 169 

significantly different treatments.  170 

3. Results 171 

3.1. Chl. a, Chl. b, Chl. a+b and Chl. a/b ratio  172 

Zinc treatments significantly (p < 0.01) improved maize chlorophyll a (Chl. a), Chl. b, 173 

total Chl. (a+b) concentration, weight ratio of Chl. a and Chl. b, (a/b) over control treatment 174 

(Table 2). The increment at 100 mg L-1 nano ZnO was maximum and higher by 29% and 31% 175 

for Chl. a and 51% and 67% for Chl. b over the recommended ZnSO4 dose and the control, 176 

respectively. Also, the nano ZnO 100 mg L-1 treatment had the maximum Chl. a+b and a 177 



minimum weight ratio of Chl. a/b indicating a significant (p<0.01) difference of 38% for Chl. 178 

a+b and 20% for Chl. a/b ratio with the control. The a/b ratio was significantly (p<0.01) lower 179 

for nano ZnO 100 mg L-1 application, and the higher value of a/b ratio of nano ZnO 200 mg L-1 180 

and ZnSO4 indicate significantly poor performance (p<0.01) among zinc treatments. Chl. a+b for 181 

50 mg L-1 nano ZnO was significantly (p<0.01) lower (by 22% and 18%, respectively) than nano 182 

ZnO 100 mg L-1 and 150 mg L-1 but statistically similar with nano ZnO 200 mg L-1. However, 183 

Chl. a/b for nano ZnO 50 mg L-1 and 150 mg L-1 were statistically similar to other Zn treatments 184 

including 100 mg L-1 ZnO NP, but significantly (p<0.01) lower (by 11% and 13%, respectively) 185 

than the control (Table 2). Results (Table 2) further showed that the impact of application 186 

methods on Chl. a, Chl. b, Chl. a+b and Chl. a/b values were non-significant. However, with the 187 

foliar application, a 4% and 3% improvement in Chl. a, 10% and 1% in Chl. b was observed over 188 

the soil drench and seed coating, respectively. Similarly, a 3% and 5% higher Chl. a+b value 189 

with foliar application of nano ZnO over the seed coating and soil drench; and a 4% higher Chl. 190 

a/b with soil drench each over the seed coating and foliar application was observed, respectively. 191 

A significant correlation between Chl. a and b (r2 = 0.90), a+b and x+c (r2 = 0.71) was observed. 192 

Interaction between the Zn treatments and application methods for Chl. a and Chl. a+b 193 

was non-significant but was significant for Chl. b and Chl. a/b values. It was observed from data 194 

(Fig. 1a) that lower to moderate nano ZnO doses were effective for improving Chl. b in maize 195 

with the foliar application, higher doses were effective with soil drench and a moderate dose of 196 

100 mg L-1 ZnO NP was significantly higher in Chl. b when applied as seed coating. For Chl. a/b 197 

(Fig. 2b), lower to moderate nano ZnO doses resulted in lower Chl. a/b ratio with foliar 198 

application and seed coating at 100 mg L-1 ZnO NP treatment was the lowest.  199 



Table 2:  Maize biochemical parameters as affected by different doses and modes of 200 

application of nano ZnO in comparison with recommended dose of ZnSO4 201 

applied as soil. 202 

FW= Fresh weight, Chl. a: Chl. a, Chl. b: Chl. b, T.Chl..: total Chl., Carot.: carotenoids, ZnO NP50 : 203 

ZnO NP 50 mg L
-1

 , ZnO NP100: ZnO NP 100 mg L
-1

, ZnO NP150: ZnO NP 150 mg L
-1

 , ZnO NP200: 204 

ZnO NP 200 mg L
-1

. In a column, means followed by different letters vary significantly at the p<0.05. 205 

 206 

 207 

Zn Treatments 
Chl. a Chl. b a/b 

T. Chl. 

(a+b) 

Carot. 

(x+c) 
a+b/x+c Proline 

… mg g-1 (FW) … - .. mg g
-1 

(FW) .. - 
µmol g

-1 

(FW) 

Cont. 2.31 b 0.55 c 4.19 a 2.87 c 0.51 bc 5.61 c 10.11 a 

ZnSO4 (RD) 2.35 b 0.61 c 3.92 ab 2.96 c 0.48 c 6.14 bc 1.72 c 

ZnO NP50 2.56 b 0.69 bc 3.78 bc 3.24 bc 0.56 ab 5.77 c 9.65 a 

ZnO NP100 3.02 a 0.92 a 3.5 c 3.95 a 0.58 a 6.84 a 9.09 ab 

ZnO NP150 3.00 a 0.82 ab 3.70 bc 3.82 a 0.59 a 6.44 ab 3.68 bc 

ZnO NP200 2.94 a 0.76 b 3.94 ab 3.70 ab 0.60 a 6.18 bc 5.99 abc 

LSD (p<0.05) 0.34** 0.16** 0.38* 0.48** 0.06** 0.58** 5.66* 

Methods of Application 

(MoA) 
      

Coating 2.68 0.74 3.80 3.42 0.56 6.13 ab 5.55 

Soil 2.65 0.68 3.94 3.34 0.56 5.92 b 8.73 

Foliar 2.76 0.75 3.77 3.51 0.54 6.44 a 5.84 

LSD (p<0.05 ns ns ns ns ns 0.41* ns 

Interaction         

(Zn * MoA) ns *(Fig. 2) *(Fig. 3) ns ns **(Fig. 4) ns 



208 

209 

 210 

Figure 1 Interaction effect of nano ZnO treatments and their application methods on (a) Chl. b 211 

concentration (b) Chl. a/b ratio (c) Chl. a+b/x+c ratio and of maize crop 212 
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3.2. Carotenoids (x+c), Chl.-carotenoid ratio (a+b / x+c) and proline  214 

Results (Table 2) showed significant (p<0.01) difference amongst Zn treatments in 215 

carotenoids (x+c), the weight ratio of total Chl. (a+b) to carotenoids (a+b / x+c) and proline in 216 

maize crop. The nano ZnO treatments were statistically similar in x+c but significantly (p<0.01) 217 

higher than the ZnSO4. However, the extent of x+c increased with increasing dose of nano ZnO 218 

and was maximum for 200 mg L
-1

 followed by 150, 100 and 50 mg L-1 nano ZnO treatments.  219 

The weight ratio of Chl. a+b / x+c for nano ZnO 100 mg L-1
 was maximum followed by 150 and 220 

200 mg L-1 while all the three were significantly (p<0.01) higher (by 27%, 22%, and 13%, 221 

respectively) than the lowest Chl. a+b / x+c ratio in the control. Furthermore, the 100 and 150 222 

mg L-1 nano ZnO doses were significantly (p<0.01) higher in Chl. a+b / x+c ratio (by 22% and 223 

14%, respectively) than the nano ZnO 50 mg L-1 (Table 2). The Zn control had the highest and 224 

ZnSO4 the lowest proline concentration while both differed significantly (p<0.01) with a 5-fold 225 

difference approximately. Amongst the nano ZnO solution concentrations, 50 mg L-1 was highest 226 

in proline, statistically similar to the control, significantly (p<0.01) higher (by 162%) than 150 227 

mg L-1 and 6% and 60% higher than the nano ZnO 100 mg L-1 and 200 mg L-1 ZnO NP 228 

treatments, however, they were statistically similar (Table 2).   229 

Application methods were non-significant for x+c and proline but their impact was 230 

significant on Chl. a+b / x+c ratio. Soil drench had an edge (p>0.05) of 1.7% and 5% in x+c and 231 

57% and 50% in proline over seed-coating and foliar application, respectively. Foliar application 232 

was significantly (p<0.05) higher in Chl. a+b / x+c ratio (by 10%) than soil drench but had an 233 

edge of 6% (p>0.05) over the seed coating of the nano ZnO while the latter two methods were 234 

statistically similar (Table 2). The interactions between Zn treatments and their application 235 

methods affecting the x+c and proline concentration were non-significant but highly significant 236 



(p<0.01) for Chl. a+b / x+c ratio. Data (Fig. 1) revealed that the performance of the nano ZnO 237 

100 mg L-1 was significantly (p<0.01) higher compared to other treatments applied at either 238 

method except for the nano ZnO 150 mg L
-1

 applied as foliar. In soil drench, the higher nano 239 

ZnO doses (150 and 200 mg L-1) performed superior over the nano ZnO 100 and 50 mg L-1, 240 

ZnSO4 and the control treatments to a non-significant extent. However, with foliar application, 241 

the nano ZnO 100 and 150 mg L-1 were significantly higher than the ZnSO4 and the control 242 

treatments. 243 

3.3. SPAD value, Leaf Chl. (nmol cm
-2

) and total Chl. (µmol plant
-1

) 244 

Based on SPAD analysis, application of Zn significantly (p<0.01) increased leaf Chl. and 245 

total Chl. content plant-1 over the non-Zn treatment whilst nano ZnO recorded a further 246 

significant (p<0.01) increase over the ZnSO4 (Table 3). Amongst the nano ZnO treatments, 100 247 

mg L-1 was higher in SPAD and leaf Chl. by 8% (p<0.05) and 12% (p<0.05) than 50 mg L-1
 , by 248 

3% (p>0.05) and 4% (p>0;.05) than 150 mg L-1 and by 4% (p>0.05) and 6% (p>0.05) than 200 249 

mg L-1, respectively. The maximum Chl. content plant-1 recorded with 100 mg L-1 nano ZnO was 250 

statistically similar with 150 mg L-1 but significantly (p<0.01) higher than the 50 mg L-1 (by 251 

35%), 200 mg L-1 nano ZnO (by 17%), ZnSO4 (by 58%) and the Zn control (by 99%).  252 

Table 3: Maize SPAD and fluorescence parameters as affected by different levels and 253 

modes of nano ZnO in comparison with ZnSO4 applied as soil 254 

Zn Treatments 
SPAD 

Chl. 

Conc. 

Total 

Chl.. 
EPSII Y (II) qP qNP 

- 
nmol 

cm
-2

 

µmol 

plant
-1

 
    

Cont. 37.9 d 31.2 d 37.3 e 0.8120 b 0.694 b 0.865 b 0.135 a 

ZnSO4 (RD) 40.3 c 34.0 c 47.0 de 0.8143 a 0.706 ab 0.903 a 0.097 b 

ZnO NP50 41.8 bc 35.9 bc 54.8 cd 0.8139 ab 0.716 a 0.915 a 0.085 b 



Carot.: carotenoids, ZnO NP50: ZnO NP 50 mg L
-1

, ZnO NP100: ZnO NP 100 mg L
-1

, ZnO NP150: ZnO 255 

NP 150 mg L
-1

, ZnO NP200: ZnO NP 200 mg L
-1

.EPSII: efficiency of photosystem II, Y (II)=quantum 256 

photosynthetic yield of PSII, qP=photochemical quenching, qNP= non-photochemical quenching. In a 257 

column, means followed by different letters vary significantly at the p<0.05. 258 

Results further indicated the impact of the application methods and their interaction with 259 

Zn treatments on the SPAD, leaf Chl. and total Chl. plant-1 of the corn crop was non-significant 260 

(Table 3). However, seed coating of nano ZnO showed up to 8% (p>0.05) and 5% (p>0.05) 261 

improvement in total Chl. plant-1 over the soil drench and foliar application methods. SPAD 262 

value had a significantly higher correlation with extractable Chl. a (r2=0.90), Chl. b (r2=0.94) and 263 

Chl. a+b (r2=0.93) and support the data recorded for Chl. a, Chl. b and Chl. a+b with 264 

spectrophotometer (Fig 2). 265 

3.4. Efficiency of (EPSII) and quantum photosynthetic yield (Y) of photosystem II 266 

Zinc treatments significantly (p<0.05) improved the efficiency of photosystem II (EPS II) as 267 

well as the quantum photosynthetic yield of PSII (Y) over the control. As for the EPS II, the 100 268 

mg L-1, 150 mg L-1 nano ZnO and the ZnSO4 were statistically similar but significantly (p<0.05) 269 

higher than the control, however, nano ZnO 100 and 150 mg L-1 higher by 0.14% and 0.16%, 270 

ZnO NP100 45.2 a 40.4 a 74.0 a 0.8154 a 0.719 a 0.921 a 0.079 b 

ZnO NP150 43.9 a 38.7 a 66.3 ab 0.8156 a 0.710 a 0.909 a 0.091 b 

ZnO NP200 43.3 ab 38.0 ab 63.4 bc 0.8141 ab 0.711 a 0.910 a 0.090 b 

LSD (p<0.05) 1.98** 2.56** 10.6** 0.00218* 0.0143* 0.0211** 0.0211** 

Methods of Application  
 

     

Coating 42.4 36.9 59.5 0.8145  0.710 0.902 0.098 

Soil 41.7 36.0 55.2 0.8140  0.711 0.902 0.098 

Foliar 42.0 36.3 56.7 0.8142 0.707 0.908 0.092 

LSD (p<0.05 ns ns ns ns ns ns ns 

Zn * MoA ns ns ns ns ns ns ns 



respectively, over the ZnSO4. It was evident from the data (Table 3) that EPS II was lowered at a 271 

concentration above 150 mg L-1 and below 100 mg L-1 nano ZnO. The Y (II) with all nano ZnO 272 

doses was significantly (p<0.05) higher than the control, however, it had a non-significant 273 

improvement (1.8%) over the ZnSO4 (Table 3). Amongst the nano ZnO treatments, the 274 

maximum Y (II) was recorded with 100 mg L-1 nano ZnO, which was significantly (p<0.01) 275 

higher (by 3.6%) over the control followed by 50, 200 and 150 mg L-1 nano ZnO with 3.2%, 276 

2.4% and 2.3% increase, respectively. The effect of application methods and their interaction 277 

with Zn treatments on the Y(II) and EPS II was non-significant. 278 

3.5.Photochemical quenching (qP) and non-photochemical quenching (qN) 279 

Results (Table 3) indicated a highly significant (p<0.01) increase in photochemical 280 

quenching (qP) because of Zn treatments and vice versa for non-photochemical quenching (qN). 281 

The highest qP and lowest qN were recorded for 100 mg L-1 nano ZnO which was significantly 282 

(p<0.01) higher (by 6%) over the control and non-significantly higher over the other Zn 283 

treatments and vice versa in qN. Also, qP in the ZnSO4 treatment was higher significantly 284 

(p<0.01; by 4%) and qN lower by the same extent over the control treatment. Amongst the nano 285 

ZnO treatments, 100 mg L-1 was the highest qP and lowest qN. Neither significant difference in 286 

qP and qN was observed for methods of application nor its interaction with Zn treatments. 287 

3.6.Correlation amongst different photosynthetic and fluorescence parameters 288 

Amongst different photosynthetic and fluorescence parameters, a significant correlation 289 

was evident from our study (Fig. 2). Results showed a highly significant correlation between 290 

Chl. a and Chl. b (r2 = 0.90); and Chl. a+b and carotenoids x+c (r2=0.82), indicating a uniform 291 

effect of Zn treatments on these photosynthetic pigments. Significant correlation between SPAD 292 

value and extracted Chl. a (r2 = 0.90), SPAD value and extracted Chl. b (r2 = 0.94) and SPAD 293 



value and extracted Chl. a+b (r2 = 0.93) indicates validation of our results for the photosynthetic 294 

pigments. Significant correlation between Chl. a and photochemical quenching (qP) (r2 = 0.46) 295 

and Chl. b and qP (r2 = 0.57) indicate a significant effect of increased photosynthetic pigments (a 296 

and b) on photosynthetic apparatus. There was a significant correlation between the qP and 297 

quantum yield of photosystem II (Y) (r2 = 0.92) and qP and EPS II (r2 = 72) and a significant 298 

correlation between the Y and EPS II (r2 = 0.60) indicate improved efficiency of the 299 

photosynthetic apparatus through improved photochemical quenching. 300 

 301 

 302 

Figure 2 Correlation between Chl. a and Chl. b, Chl. a+b and x+c, Chl. a and SPAD, Chl. b and 303 

SPAD, Chl. a+b and SPAD, Chl. a and photochemical quenching (qP), Chl. b and qP,  304 

qP and Y, qP and EPS II and EPSII and Y. 305 

3.7. Growth parameters: plant height and biological yield 306 

All Zn treatments except nano ZnO 50 mg L-1 significantly (p<0.01) improved the plant 307 

height over Zn control. Biological yield with nano ZnO treatments was significantly (p<0.01) 308 

higher over the ZnSO4 applied as soil and Zn control. Although all nano ZnO doses were similar 309 

for plant height and biological yield (Fig. 3), the nano ZnO 100 mg L-1 recorded the maximum 310 

11% and 6% increase in plant height and biological yield, respectively. The impact of application 311 

methods for Zn treatments on plant height and biological yield and its interactions with Zn 312 
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treatments was non-significant. However, a 2% improvement (p>0.05) in plant height was noted 313 

with seed coating and foliar application over the soil drench and a 4% increase (p>0.05) in 314 

biological yield with foliar application over the seed coating and soil drench were recorded. 315 

 316 

Figure 3:  Plant height and biological yield among Zn treatments applied through different 317 

methods 318 

 319 

4.  Discussion 320 

4.1. Crop biochemical response to different levels of Nano ZnO 321 

 Zinc is associated with enzymes’ activation, structural and catalytic components of proteins. 322 

As a co-factor for normal development of pigment biosynthesis (Broadley et al., 2007), its 323 

deficiency disrupts the chlorophyll synthesis (Kösesakal & Ünal, 2009), which can only be 324 

restored by optimum Zn intake (Sadeghzadeh, 2013). Leaf chlorophyll estimation is a less time-325 



consuming and cost-effective practice used to predict the crop physiological condition under 326 

different environments (Yu et al., 2021). Improved chlorophyll with nano ZnO 100 mg L-1 327 

compared to other nano ZnO doses and ZnSO4 suggested improved Zn availability to crop at this 328 

concentration. It could be presumed as an optimum concentration under the current soil 329 

conditions. Crop response to applied fertilizer varies according to soil conditions, type, source 330 

and amount of fertilizer (Kihara et al., 2016; Islam et al., 2018)) and mode of application (Santos 331 

et al., 2020). However, methods of application in our study were non-significant. According to 332 

other researchers, nano ZnO at low doses may act as Zn fertilizer and provide Zn+2 for plant 333 

uptake (Liu et al., 2016). Although ZnSO4 improved the chlorophyll and photosynthetic 334 

efficiency compared to Zn control, low pH soil and failure to significantly alleviate soil Zn 335 

deficiency limited its absorption for crops Chl. a, b and carotenoids improvement (Subba et al., 336 

2014). The decrease in the effectiveness of nano ZnO higher and lower than 100 mg L-1 to 337 

improve biochemical parameters might be due to Zn toxicity and deficiency stress, respectively 338 

(Subba et al., 2014). Higher than 100 mg L-1 nano ZnO could be biochemically suppressing the 339 

crop that could have resulted in reduced chlorophyll synthesis (Szopiński et al., 2019). 340 

Nanoparticle application at higher concentrations negatively affects the terrestrial and aquatic 341 

plants and animals (Rajput et al., 2018) and in acid soils, they are more toxic than alkaline soil 342 

(Shen et al., 2015).  343 

 344 

4.2. Correlation among SPAD, chlorophyll and carotenoid pigments and its 345 

implications 346 

The Chl. a/b ratio is a marker of pigments functionality and adoption of a photosynthetic 347 

system to light (Lichtenthaler et al., 1981). Chloroplast, which is responsible for photosynthesis, 348 

develops from Proplastids (Charuvi et al., 2012), however, in the absence of light, it may also 349 



develop from other types of plastid, e.g., etioplast. When leaves are exposed to light, pale 350 

etioplasts are converted into green chloroplasts by plant cells to acquire photosynthetic 351 

competence (Armarego-Marriott et al., 2019). Chl. b is less rapidly accumulated than Chl. a 352 

during greening and the Chl. a/b ratio turns high, which reverses immediately after greening 353 

(Armarego-Marriott et al., 2019), and continues to reduce gradually until it reaches a final ratio 354 

of 4.3 reported for fully expanded leaves (Schöttler et al., 2017). Low Chl. a/b ratio means fully 355 

developed green leaves, while a high a/b ratio (4.0 - 10) implies greening of etiolated leaves 356 

(Hartmut et al., 2005). Amongst Zn treatments, significantly (p<0.01) lower Chl. a/b ratio for 357 

100 mg L-1 nano ZnO (15% lower than the control) (Table 2) indicated less etiolating fully 358 

developed green leaves marking its improved performance for chlorophyll formation and 359 

functioning of the photosynthetic apparatus. 360 

Higher SPAD values and total chlorophyll content for nano ZnO over the ZnSO4 (Table 361 

3) indicate significant (p<0.05) improvement in the crop’s physiological conditions. In contrast, 362 

the results for nano ZnO 100 mg L-1 (Table 3) advocate this dose for further test under different 363 

environmental conditions. Increased Zn availability up to optimum level can improve 364 

chlorophyll content, crude proteins and Zn content (Samreen et al., 2017). Thus, a higher SPAD 365 

value with 100 mg L-1 nano ZnO indicates this concentration is more synchronous for higher 366 

nutrient accumulation than the other ZnO doses.  Higher SPAD value is tantamount to healthier 367 

plants in certain plant species (Minolta, 2009). Reduction in Chlorophyll a, b and total 368 

Chlorophyll with higher nano ZnO doses might be because of stress developed (Noor et al., 369 

2018). Besides higher Chl. a+b and x+c, balanced and favorable performance of input is 370 

indicated by a relative increase in a+b/x+c ratio. A higher a+b/x+c ratio indicates more greenness 371 

of the plant with reduced chances of senescence and vice versa, while it usually ranges from 4.2 372 



(less green) to 5 (more green) under sun-leaves and 5.5 (less green) to 7 (more green) in shade-373 

leaves (Hartmut et al., 2005). In our results, a significantly (p<0.01) higher a+b/x+c ratio for 374 

nano ZnO 100 mg L-1 (Table 2) confirms its biochemical advantage over the other doses. Plant 375 

growth, chlorophyll contents, crude proteins, and Zn contents were higher when Zn's availability 376 

was increased (Samreen et al., 2017). Decreased Chl. a+b/x+c ratio marks the senescence, stress 377 

and damage to the photosynthetic system in plants, faster break down of chlorophyll than 378 

carotenoids where values lower up to 3.5 exhibits more yellow than green leaves and values 379 

below 3 indicate leaves senescence (Hartmut et al., 2005). Also, higher Chl. a+b/x+c ratio with 380 

150 mg L-1 and 200 mg L-1 nano ZnO applied through soil drench indicate soil matrix effect on 381 

Zn availability and uptake. Zinc deficiency in plants affects photosynthesis due to altered 382 

chloroplast pigments (Kösesakal & Ünal, 2009).  383 

4.3.Antioxidant enzymatic activity: Proline 384 

Proline accumulation in plants indicates disturbed physiological conditions because of 385 

biotic and abiotic stresses where its presence increases the stress tolerance of plants 386 

(Senthilkumar et al. 2021). Proline typical range in plant tissues (0.5-50 μmol g-1) indicates 387 

increasing stress from lower towards higher value (Carillo & Gibon, 2011). Proline production is 388 

one of the mechanisms for acclimation to stress, higher proline content indicates stress exposure 389 

and vice versa (Nazar et al., 2015). Under heavy metals stress, proline acts as a metal chelator 390 

and protects enzymes from Zn and Cd toxicity by forming complexes with these metals (Sharma 391 

et al., 1998). The highest proline concentration in Zn control (5 times higher than the ZnSO4) 392 

indicates other stress factors present in soil, such as heavy metals like Al (Table 1), Pb, Cu and 393 

Cd. Boosted antioxidant activities were reported in plants exposed to Pb (Hussain et al., 2021), 394 

Hg and Cd (Cruz et al., 2021). Amongst the nano ZnO doses, the highest proline concentration 395 



was noted for 50 mg L-1 (higher by 162% than the 150 mg L-1) and beyond 150 mg L-1, it 396 

increased again. Although the overall content was very low for all treatments than the critical 397 

limit (5 μmol g-1), further reduction with Zn application indicates nano ZnO or ZnSO4 induced 398 

relief for crops from already present stress factors in soil. These findings agreed with Hussain et 399 

al. (2021), showing reduced proline content with a higher nano ZnO dose (20 mg L-1). Alia & 400 

Saradhi (1991) reported Zn as the weakest proline accumulator, as evidenced from our results 401 

from ZnSO4 treatments; however, Sun et al. (2020) reported enhanced proline content with 402 

enhanced nano ZnO. Proline concentration did not vary with application methods. 403 

4.4.The efficiency of photosystem II 404 

Reduction (p<0.05) in the efficiency of photosystem II (EPS II) above 150 mg L-1 and 405 

below 100 mg L-1 nano ZnO (Table 3) confirm the concentration-dependent impact on crop’s 406 

physiological parameters and tallies well with SPAD (Table 3) and extracted chlorophyll data 407 

(Table 2). Significant correlation between Chl. a and photochemical quenching (r2=0.45) and 408 

Chl. b and photochemical quenching (r2 = 0.57) (Fig. 2) confirmed that increased Chl. a and Chl. 409 

b concentration with 100 mg L-1 nano ZnO resulted in increased efficiency for PS II.  The 410 

maximum efficiency of photosystems II noted with 100 mg L-1 nano ZnO is clear proof of better 411 

Zn availability within these limits which may have increased the number of reaction centers in 412 

photosystems. 413 

Reduced efficiency of PSII suggests toxic effects of supplemental Zn from higher nano 414 

ZnO concentrations (200 mg L-1) over and above the required limits, which is deemed to have 415 

reduced the flow of electrons from PSII to PSI (Santos et al., 2021). More importantly, the lower 416 

(50 mg L-1) and moderate (100 and 150 mg L-1) concentration treatments either improved or 417 

maintained the physiological functions of the crop suggesting their absorption and utilization by 418 



plants better than ZnSO4 (Prasad et al., 2012). The findings emphasized for an optimum ZnO 419 

dose application to plants that could supplement Zn requirements for growth and development 420 

and its structural and enzymatic activities (Subba et al., 2014; Singh et al., 2018). 421 

4.5.Growth parameters: Plant height and biological yield 422 

Significantly (p<0.01) improved plant height, and biological yield over the Zn control 423 

through Zn treatments of the crop is supported by increased chlorophyll content (Table 2) and 424 

photosynthetic efficiency (Table 3) which might have higher photosynthetic assimilates than Zn 425 

deficient plants. The same holds good for further significant improvement in plant height and 426 

biological yield with nano ZnO over the recommended ZnSO4 dose. This could be due to much 427 

higher Zn uptake from nano ZnO than the Zn2+ treated plants (Zhang et al., 2015). However, the 428 

nano ZnO 100 mg L-1 concentration seems to have maximum Zn availability with abiotic stress 429 

mitigation on the plant, as is evident from significantly lower proline content (Table 3) and 430 

therefore, secured the maximum growth. Sun et al. (2020) revealed that 100 mg L-1 nano ZnO 431 

improved plant resistance to stress conditions and supported higher plant growth compared to the 432 

control. Increased photochemical quenching at 100 mg L-1 nano ZnO level could have enhanced 433 

the rate of photophosphorylation to meet ATP requirements for other physiological activities of 434 

the plants which could have increased the ultimate crop growth up to an optimum concentration  435 

(Singh et al., 2018; Del Buono et al., 2021). Furthermore, this study confirms the fundamental 436 

role of a certain amount of Zn as a nutrient for optimum growth and produce (Sadeghzadeh, 437 

2013), cell elongation, membrane structure, stability and environmental stress tolerance and 438 

protection (Marreiro et al., 2017; Tufail et al., 2017; Bafaro et al., 2017; Tufail et al., 2017). 439 

 440 

 441 



5. Conclusion  442 

The enhancement in chlorophyll pigments, SPAD value, photochemical quenching and 443 

efficiency of photosystems, growth and yield elucidate that nanoforms of zinc oxide play a 444 

positive role in the biochemical health and functioning of maize up to a particular concentration. 445 

Crop’s positive response towards nano-ZnO was more pronounced at 100 mg L-1 than its lower 446 

and higher doses and the conventional ZnSO4 fertilizer recommended dose. Either seed coating, 447 

soil drench, or foliar spray can be used for nano ZnO application. Notwithstanding, foliar 448 

application had a non-significant edge over the other methods. Thus, nano ZnO up to 100 mg L-1 449 

can be recommended to improve crop’s biochemical health and functioning, irrespective of the 450 

application modes, in Zn deficient acidic Spodosol soil for improving maize crop growth through 451 

Zn bio-fortification. 452 
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