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Abstract: Bio-activated organic fertilizers (BOZ) were produced by enriching the zinc oxide
(ZnO)-orange peel waste composite with Zn solubilizing bacteria (ZSB: Bacillus sp. AZ6) in various
formulations (BOZ1 (9:1), BOZ2 (8:2), BOZ3 (7:3) and BOZ4 (6:4)). The produced BOZs, along with
ZnO, ZnSOy,, ZSB were applied to maize crop (Zea mays L.) under field conditions in two different
cropping season and the growth, yield, physiology, plant Zn contents and quality of maize were
investigated. Results revealed significant variation in the aforementioned parameters with the
applied amendments. The BOZ4 performed outclass by exhibiting the highest plant growth, yield,
physiology, Zn contents, and quality. On average, an increase of 53%, 49%, 19%, 22%, 10%, 4%, and
30% in plant height was noticed with BOZ4 application over control, ZnO, ZnSO,, BOZ1, BOZ2,
BOZ3, and ZSB, respectively. BOZ4 enhanced the dry shoot-biomass 46% than control. Likewise,
the photosynthetic rate, transpiration rate, stomatal conductance, chlorophyll contents, carotenoids,
and carbonic anhydrase activity were increased by 47%, 42%, 45%, 57%, 17%, and 44%, respectively,
under BOZ4 over control in both cropping seasons. However, BOZ4 reduced the electrolyte leakage
by 38% as compared to control in both cropping seasons. BOZ4 increased the Zn contents of grain
and shoot by 46% and 52%, respectively, while reduced the phytate contents by 73% as compared to
control. Application of BOZ4 revealed highest average fat (4.79%), crude protein (12.86%), dry matter
(92.03%), fiber (2.87%), gluten (11.925%) and mineral (1.53%) contents, as compared to control. In
general, the impact of cropping seasons on maize growth, yield, physiology, Zn contents, and quality
were non-significant (with few exceptions). Thus, bio-activation of ZnO with ZSB could serve as
an efficient and economical strategy for boosting up the growth, yield, physiological, and quality
parameters of maize under field conditions.
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1. Introduction

Zinc (Zn) is a necessary plant micronutrient owing to its substantial role in catalyzing several
metabolic reactions in plants. It is an indispensable cofactor in thousands of proteins in a biological
system and involved in triggering of >300 enzymes [1]. It is needed to accomplish various essential
processes in plants including resistance against environmental stresses, photosynthesis, metabolism of
nitrogen and carbohydrates, cell membrane integrity, synthesis and formation of proteins and pollen,
regulation of auxin, and production of antioxidant enzymes [2-5].

Despite the essential role in many plant processes, Zn deficiency in soil is posing a severe risk
for sustainable agriculture worldwide. Several agricultural soils are lacking in labile Zn around the
globe [2,6,7]. Extensive Zn deficiency in soil is considered as a major cause for the declined crop yields
worldwide [8]. Additionally, in humans, Zn is the fourth deficient micronutrient after vitamin A, iron
(Fe), and iodine (I) [6,9,10]. Consequently, its deficiency ranked fifth in causing disorder and death in
humans in developing countries [11].

Human Zn malnutrition is primarily linked with deficiency of Zn in soils. The main factors
contributing to the reduced bioavailability of Zn in soils are high pH, calcite, bicarbonates, salt
contents, low total Zn and organic matter contents, calcareous and clayey nature of soils [6].
High salt concentration, waterlogging, less manure use and fixation in soil matrix also lead to
Zn deficiency, consequently affecting several dynamic processes happening inside plants [12-16].
Therefore, researchers around the globe are focusing on developing efficient and cost-effective Zn
fertilizers to enhance Zn phytoavailability and subsequent bioavailability.

Various mineral and organic fertilizers are being used by the farmers to overcome Zn deficiency
in soils. For instance, zinc sulfate (ZnSQOy) is often applied to increase Zn availability and crop yield.
However, the major drawback of its application is the poor fertilizer use efficiency owing to its quick
fixation via reacting with soil matrix resulting in unavailability to the growing plants [17]. Conversely,
zinc oxide (ZnO) contains about 80% Zn is a reasonably inexpensive source of Zn as compared to
ZnSOy4. However, ZnO is relatively less soluble [2,18]. Thus, enhancing the solubility of ZnO may
result in developing an efficient and cheap Zn fertilizer.

During recent years, inoculation with plant growth-promoting microorganisms has emerged as a
novel and environment-friendly approach for improving the soil nutrient availability [19-21]. Such
microorganisms are capable of producing metabolites that reduce soil pH resulting in an increase in
bioavailability of nutrients to the plants. Generally, a minor alteration in soil pH has a significant
impact on the release of different micronutrients in the soil. For example, Havlin et al. [22] stated
that Zn bioavailability declines a hundred-times with a one-unit increase in pH and vice versa. In
this scenario, some plant growth-promoting bacterial strains of Bacillus and Pseudomonas genera were
reported as prospective candidates for mobilization of soil Zn as well as capacity to solubilize ZnO
and zinc carbonate (ZnCOj3), making them economically efficient sources in soil system [23-25]. Such
bacteria may benefit the plants not only by increasing the bioavailability of Zn to plants but also
through different other mechanisms including the production of phytohormones, biological N, fixation,
enhancing plant stress tolerance and acting as a biocontrol agent [26-29]. Therefore, Zn in plants could
be enhanced through improving its bioavailability by inoculation with such types of bacteria [30]. In
parallel to plant growth-promoting microorganism’s inoculation for improving nutrients availability
in soils, organic matter application is also considered important for enhancing nutrient mobility as
well as microbial activity in agricultural lands [31,32]. Various types of organic amendments are
used to increase soil health, fertility, microbial biomass, soil enzymatic activities, and ultimately crop
yields [31,32]. Therefore, it was hypothesized that integrating Zn solubilizing bacteria (ZSB), organic
waste material and ZnO, could serve as a promising approach to increase plant growth and productivity.
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In this context, the present study was conducted to produce different formulations of bio-activated
organic fertilizers via enriching the ZnO-organic waste material (orange peel waste) composite with
ZSB. The effects of thus produced amendments along with ZnO, ZSB (Bacillus sp. AZ6), and ZnSO, on
the Zea mays L. physiology, growth, yield, and grain quality were investigated under field condition in
two different cropping seasons.

2. Materials and Methods

2.1. Collection of Bacterial Strain and Production of Zn Solubilizing Bacteria Enriched Bio-Organic Fertilizers

A pre-isolated bacterial strain Bacillus sp. AZ6 Accession No. KT221633 [28] having
the ability to solubilize zinc, produce auxin, siderophores, organic acids and showed
1-aminocyclopropane-1-carboxylate (ACC)-deaminase activity was obtained from the Gene Bank
of Environment Sciences Laboratory, Institute of Soil & Environmental Sciences (ISES), University of
Agriculture, Faisalabad (UAF), Pakistan. Bio-activated zinc was formulated following the method
described by Hussain et al. [25,33]. Locally collected organic material was inoculated with pre-isolated
Zn solubilizing bacterium Bacillus sp. AZ6 culture at 90:10 ratios and retained in the incubator at 28 +
2 °C for 3 days. For the production of Zn solubilizing bacteria enriched bio-organic fertilizers (BOZ),
the powdered zinc oxide (ZnO) was mixed into the inoculated orange peel waste with various ratios to
obtain different formulations, i.e., BOZ1 (9:1), BOZ2 (8:2), BOZ3 (7:3), and BOZ4 (6:4). The prepared
formulations were further stored at 28 + 2 °C for 3 days to achieve maximum chelation of the Zn with
the AZ6 population [25,33]. Total zinc in all the four bio-activated zinc products (BOZ1, BOZ2, BOZ3 &
BOZ4) was 4.91 kg ha~l. The pH of all the bio-activated zinc products was BOZ1 5.1; BOZ2 5.1; BOZ3
4.9 & BOZ4 4.8 [33]. Different formulations contain different amounts of organic material and ZnO, so
application rates are BOZ1 6.80 kg ha™!; BOZ2 7.65 kg ha~!; BOZ3 8.74 kg ha~! & BOZ4 10.20 kg ha™'.

2.2. Soil Characterization

The effects of the manufactured BOZ formulations on maize (native crop of strain Bacillus sp. AZ6)
production were studied by conducting different field trials in two distinct cropping seasons (March and
July) at the research area of ISES, UAF, Pakistan. Before conducting the field trials, soil physicochemical
characteristics were analyzed through collecting representative soil samples (depth of 0-20 cm due to
tillage deepness and feeder crop rooting zone) from the field. The soil samples were dried in air, ground,
sieved (2 mm mesh size) and further analyzed for soil characteristics by following standard procedures.
The soil texture was estimated by determining the particle size [34]. The pH and electrical conductivity
(EC) were analyzed in a saturated paste using a pH meter (Model-AD-1000, Adwa Instruments, Szeged,
Hungary) and EC meter (Model 470, Jenway, Staffordshire, UK), respectively [35]. The method of
Moodie et al. [36] was followed for the determination of organic matter contents. Total nitrogen (N)
was estimated through the Kjeldahl digestion method [37]. The available form of phosphorus (P)
was extracted through NaHCO; and analyzed with a UV-visible spectrophotometer [38], while the
available form of potassium (K) was extracted through NH;,C,H30O; and detected by using a flame
photometer (Model-PFP7, Jenway, Staffordshire, UK) [39]. The available form of Zn was extracted
through AB-DTPA and analyzed using an atomic absorption spectrophotometer (PerkinElmer, Analyst
100, Waltham, MA, USA) [40].

2.3. Field Experimental Layout

Field experiment comprises of two-season (Season-I: Spring sowing, Season-II: Autumn sowing)
was conducted in the Research Area of ISES, UAF, Pakistan, to evaluate the effect of different formulation
of bio-activated Zn on growth, yield, and quality of maize. Chisel plow was run before the sowing of
both seasons up to a depth of 12 inches to ensure the development of the crop root system at proper
depth and environment. The field soil was tilth three-times in both seasons by plowing up to 8 inches
deep. The maize seeds of Cultivar-Syngenta NT662 (Syngenta, Pakistan) were sown manually in each
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of the plots as a test crop. Sowing in Season-I was performed in the end week of February while
Season-II was sown in mid-week of August of the same year. A total of 16 maize seeds m~2
sown on ridges having a width of 8 to 10 inches. The different treatments (control, ZnO, ZnSO,, BOZ1,
BOZ2, BOZ3, BOZ4, and zinc solubilizing bacteria were used at the rate of 4.9 kg Zn ha=l. These
amendments were applied before sowing to their corresponding plot in three replications by following
a randomized complete block design (RCBD). At stage V5 (fully emerged five leaves) extra plants were
removed from the field through maintaining 8 plants m~2 planting density. The proposed dosages
of NPK (175-160-125 kg ha~!) were taken in the form of urea, diammonium phosphate (DAP), and
sulfate of potash (SOP) as sources of N, P, and K, respectively to all the plots. These fertilizers were

were

delivered at sowing time of the maize except urea, which was applied at sowing time and after 21-days
of emergence. After emergence, the S-metolachlor of brand name dual-gold (Syngenta, Pakistan) was
applied at 3.5 L ha™! to control weeds. The plants were irrigated on a need to maintain optimum
moisture till maturity.

2.4. Crop Harvesting and Analyses

2.4.1. Physiological Parameters

The photosynthetic rate, transpiration rate, and stomatal conductance of plants were observed
through CIRAS-3 (PP System, Amesbury, MA, USA) with PLC 3 universal leaf cuvette after 50 days
of sowing during morning time. Carbonic anhydrase activity (CA) was estimated according to the
procedure described by Dwivedi and Randhawa [41]. Electrolyte leakage was established following
the technique reported by Lutts et al. [42]. Leaf chlorophyll contents (SPAD value) of selected three
leaves from each plant were determined by means of chlorophyll meter (SPAD-502, Konica Minolta,
Japan) and average were calculated. For the determination of total carotenoids content, a paste of
15 g sample was prepared in 25 mL of acetone and filtered under vacuum three times. The extract
was added in 40 mL petroleum ether and acetone was removed by slowly adding double deionized
distilled water. The aqueous phase was discarded by repeating the procedure four times to remove
residual acetone. Furthermore, the extract was dissolved in 15 g of anhydrous sodium and volume
was made up to 50 mL by adding petroleum ether. The resulted solution was read at 450 nm with
the help of a spectrophotometer. The total carotenoid content was estimated by using the formula
reported by de Carvalho et al. [43].

2.4.2. Growth and Yield Parameters

At maturity, each plot was irrigated and the maize plants were harvested with roots and washed
with deionized water to remove soil and other impurities. The roots were washed with EDTA to remove
entrapped heavy metals contents and then washed with deionized water. Plant height and shoot fresh
biomass were estimated. Further, plant parts such as grains, roots, and shoots were separated and
oven-dried (65 °C for 72 h). The grain and stover yield, as well as 1000 grain weight of maize plants,
were estimated.

2.4.3. Chemical Analysis of Zinc

The collected grain and shoot samples were separately ground in a grinder (IKA WERKE, MF 10
Basic, Staufen, Germany) and digested in HNO3:HClOy ratio of 2:1 [44]. The contents of Zn in grains
and shoots were determined in the digest by an atomic absorption spectrophotometer. Zn contents
were compared through employing a standard curve of working standard e.g., 0.0, 0.2, 0.4, 0.6, 0.8, and
1.0 pg mL~1. The grain phytate contents were determined by the modified colorimetric procedure
(Wade reagent), as reported by Gao et al. [45]. The phytate and Zn concentrations in maize grain were
used to calculate the phytate:Zn ratio.
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2.4.4. Quality Parameters

The contents of N in maize grains were determined through the Kjeldahl distillation apparatus.
The protein proportion was measured by multiplying N with a conversion factor of 6.25. The Soxhlet
apparatus was used for the determination of oil in each sample according to the American Association
of Cereal Chemists (AACC), method No. 30-25 [46]. The protocol mentioned in AACC, method No.
32-10 [46] was used for the determination of crude fiber content. The procedure of AACC, method No.
08-01 [46] was employed to test ash content. The dry matter was analyzed through the volatilization of
the sample in an oven [46]. Maize grains were evaluated for moisture content by using an air forced
draft oven (Memmert, Schwabach, Germany) at 105 °C by following the procedure as described in
AACC, method No. 44-15A [46].

2.5. Statistical Analysis

The statistical method was developed to characterize the effect of Zn treatments and to predict
response to change in growth, yield, and quality of maize. Group of variables were randomly split into
smaller groups e.g., Zn treatment at different levels and obtained data (end task) were subjected to
one-way analysis of variance (ANOVA) by employing liner model randomized complete block design
through computer software Statistix v. 8.1 (Analytical Software, Tallahassee, FL, USA). The coefficient
of variation was calculated from ratios between standard deviations (SD) and population means, to
represent the variability among Zn treatments. The standard error (SE) of three replicates in each
treatment was calculated by dividing the SD with the square root of three and graphs were plotted
using Microsoft Excel 2016. The treatment means were compared through multiple comparisons
Tukey’s HSD (honestly significant difference) test [47] at 5% probability level.

3. Results

3.1. Field Soil Characterization

The physiochemical characteristics of the soil used in the study for both of the cropping seasons
are presented in Table 1. The result exhibited that the field experiment soil was sandy clay loam in
texture having a saturation percentage of 33% in both cropping seasons. The soil was slightly alkaline
with a pH of 7.9 for Season-I and 7.7 for Season-II. The EC of soil was 1.41 and 1.44 dS m~! for Season-I
and Season-1I, respectively. Very low organic matter contents (<1%) were estimated in both cropping
seasons. Total N contents were 0.06% before Season-I and 0.05% before Season-II. The available P
reduced from 6.79 mg kg~! in Season-I to 5.30 mg kg~! in Season-II, while the extractable K was
increased from 84% in Season-I to 89% in Season-1I. Likewise, the available Zn was reduced slightly
from 0.61 mg kg™! before the sowing in Season-, to 0.58 mg kg™! before the Season-1I.

Table 1. Soil physicochemical characteristics of a field experiment in two different cropping seasons.

Characteristics Units Season-I Season-I1
Sand % 51.2 53.1
Silt % 29.6 27.5
Clay % 19.2 194

Textural class - Sandy clay Sandy clay loam
loam

Saturation percentage % 33.0 33.0
pH - 7.9 7.7
Electrical Conductivity dSm™! 141 143
Organic Matter % 0.68 0.71
Total nitrogen % 0.06 0.05
Available phosphorous mg kg_1 6.79 5.30
Extractable potassium mg kg_1 84 89

Available zinc mg kg~! 0.61 0.58
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3.2. Effects of Zn Sources on Maize Growth and Yield

Different sources of Zn showed a significant (p < 0.05) effect on plant height, as well as fresh and
dry shoot biomass of maize (Table 2). In this study, maize plants achieved the highest and lowest plant
height in BOZ4 and control, respectively in both cropping seasons. On average, BOZ4 increased the
plant height by 53%, 49%, 19%, 22%, 10%, 4%, and 30% as over control, ZnO, ZnSO,, BOZ1, BOZ2,
BOZ3, and ZSB, respectively. The mean values for fresh and dry shoot-biomass at maturity exhibited
that different sources of Zn had a significant impact on fresh and dry shoot-biomass of maize plants in
both cropping seasons. In this experiment, the mean maximum fresh and dry shoot-biomass were
66.9 and 26.5tha™?!, respectively, under treatment BOZ4. Whereas, control showed minimum mean
fresh-biomass (51.7 t ha™!) and dry shoot-biomass (18.1 t ha™!). Overall, treatment BOZ4 enhanced
the fresh and dry shoot-biomass of maize plants by 26% and 46% than the corresponding values in
control treatment in both cropping seasons. Plant height was not significantly different between the
two cropping seasons, however, shoot fresh and dry biomass were decreased in Season-II over Season-1.
The maximum decline in dry shoot biomass was observed in control followed by ZnO.

Table 2. Effects of different Zn sources on growth of maize grown in two different cropping seasons.

Plant Height (cm) Fresh Shoots Biomass (t ha—1) Dry Shoots Biomass (t ha1)

Treatments Season-I Season-II Season-I Season-II Season-I Season-II

Control 146.78 +1.836 d * 140.77 +3.938 d 51.23 + 1465.53 ¢ 52.20 + 1429.45 ¢ 18.62 + 756.78 d 17.62 £583.20d

ZnO 150.63 + 1.833 d 14397 +2.614d 54.66 + 683.94 bc 54.43 + 674.13 bc 19.55 + 266.67 ¢ 18.85 +223.88 cd
ZnS0Oy 183.26 + 5.045 bc 185.03 + 4.884 ¢ 6196 +1562.41ab  61.63 +1599.39ab  22.29 + 526.25 bc 21.95 + 338.78 be
BOZ1 179.23 +2.082 ¢ 180.70 +2.515 ¢ 6190 +£2858.32ab  62.16 +1231.27 ab  21.45 + 480.76 bc 20.78 + 688.29 cd
BOZ2 198.95 + 5.194 ab 201.14 + 5.262 b 62.53 + 995.55 ab 62.50 + 133.33 ab 24.29 + 605.64 ab 23.95 + 472.58 be
BOZ3 210.99 +2.962 a 210.99 + 2.962 ab 64.66 + 4102.98 a 65.50 +119.29 a 25.21 + 532.28 ab 24.54 +768.97 b
BOZ4 21953 £ 1.161 a 219.53 +£2.890 a 67.01 +2951.27 a 66.86 + 1885.32 a 26.70 +701.43 a 26.36 + 827.54 a

ZSB 162.74 + 4.289 cd 173.74 +5.138 ¢ 60.56 +5773.89 ab  57.10 + 2318.04 bc 19.85 + 541.39 ¢ 19.19 £ 713.53 cd

Data are shown as mean + standard error of three replicates. * Means followed by the same letter(s) within the
column are not significantly different according to Tukey’s HSD test at p < 0.05.

Maize yield parameters, including stover yield and grain weight in retort to applied Zn sources, are
given in Table 3. In both cropping seasons, different Zn sources exhibited a significant impact on maize
stover yield and grain weight. Among Zn sources, the mean maximum stover yield (3805 kg ha~!) and
grain weight (314.4 g grain~!) of maize were noticed under treatment BOZ4, while the mean minimum
stover yield and grain weight of maize was obtained under control treatment in both cropping seasons.
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Table 3. Effect of different Zn sources on the yield of maize grown in two different cropping seasons.

7 of 18

Grain Yield (g cob™1)

Grain Yield (kg ha~1)

Stover Yield (g cob~1)

Stover Yield (kg ha~1)

1000-Grain Weight (g)

Treatments Season-I Season-II Season-I Season-II Season-I Season-II Season-I Season-II Season-I Season-II
Control 247.7 £10.493 ¢ * 231.7 +10.713 ¢ 9366.7 + 371.18 d 9113.3 + 154.96 e 46.8 +0.601d 46.8 +1.073d 3050.0 + 65.06 ¢ 3050.0 + 28.87 ¢ 268.13 +1.108 d 270.72 £3.782 ¢
ZnO 256.0 + 11468 bc  253.6 + 13.872 bc 9806.7 + 148.47 ¢ 9590.3 + 261.09 de 482 +1.156d 48.5 +2.285 cd 3070.0 + 94.52 ¢ 3126.7 + 46.31 be 285.14 + 3.528 ¢ 284.29 + 4.373 be
ZnS0O4 280.0 +9.019 ab 280.7 +9.871ab  10566.7 + 352.77 a—c ~ 10673.3 + 421.16 b-d 59.2 £ 3.812 bc 59.8 +1.175 ab 3266.7 + 84.53 be 3680.0 £ 126.21 a 29547 +£3.752bc  302.05 + 3.885 ab
BOZ1 279.3 + 4.702 ab 279.3 + 4.177 ab 10760.0 + 502.93 ab  10636.7 + 220.63 b-d 60.8 + 1.946 be 60.5 + 1.685 ab 3283.3+£92.08bc  3526.7 + 52.07 ab 290.33 +3.269 ¢ 301.08 + 4.832 ab
BOZ2 283.7 + 10.333 ab 285.0 + 5.033 ab 10900.0 + 611.01 bc ~ 10866.7 + 284.80 bc 61.7 +1.453 be 58.8 +£1.271 ab 3463.3 £ 73.11 a-c 36833 £81.10a 296.25 +4.006 bc  307.56 + 5.236 ab
BOZ3 287.0 +11.150 a 289.3 + 5.365 ab 11033.3 +240.37 ab ~ 11500.0 + 416.33 ab 64.3 + 3.245 ab 63.5+3952a 35433 +£173.82ab 37533 £115.66 a 301.64 +2.403 b 310.77 + 4.505 a
BOZ4 295.3 +2.028 a 294.0 +3.001 a 11646.6 +202.10 a 12013.3 £ 252.01 a 68.7 +1.167 a 65.2+2.645a 3736.7 £169.59a  3873.3+140.71a 314.03 £ 1.024 a 314.69 £3.934 a
ZSB 271.7 + 8.413 ab 275.7 +2.028 ab 10510.0 +£409.19bc ~ 10266.7 + 581.19 cd 57.7 +2.848 ¢ 55.5 + 3.621 be 3116.7 £ 116.67 bc ~ 3540.0 £ 133.02ab  292.80 +4.362bc  291.32 +4.391 a—<

Data are shown as mean =+ standard error of three replicates. * Means followed by the same letter(s) within the column are not significantly different according to Tukey’s HSD (honestly
significant difference) test at p < 0.05.
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On average, treatment BOZ4 increased the stover yield and grain yield by 25% and 17% over
control, respectively, indicating that Zn fertilization with the appropriate source was closely associated
with the modifications in stover and grain yield. Maximum average maize grain yield (294.7 g cob™!)
was noticed under treatment BOZ4, while the lowest maize grain yield (239.7 g cob™!) was estimated
in control. Likewise, the maximum average grain yield in kg ha™! was observed under the BOZ4
application (11,830 kg ha™!), followed by BOZ3 (11,266 kg ha~!) and BOZ3 (10,883 kg ha~!), whereas
lowest was in control (9240 kg ha=!). The BOZ4 resulted in a 64% higher grain yield than control, while
56%, 26% and 45% higher than ZnO, ZnSO, and ZSB, respectively. The maize grain yield exhibited the
trend BOZ4 > BOZ3 > BOZ2 > ZnSQO,4 > BOZ1 > ZSB > ZnO > control, suggesting that application of
bio-activated Zn improved the maize growth and biomass accumulation, which in turn significantly
augmented the maize grain yield in both seasons. The grain yield of both cropping seasons was not
significantly different.

However, grain yield under control decreased by 6% and the stover yield was increased by
13.58%, 12.65%, 7.41%, 6.35%, 3.66% and 1.85% with ZSB, ZnSO,, BOZ1, BOZ2, BOZ3, BOZ4 and ZnO
application, respectively, in cropping Season-II than Season-I.

3.3. Effect of Zn Sources on Maize Physiology

The physiological parameters of maize, including photosynthetic rate, transpiration rate, stomatal
conductance, chlorophyll contents, electrolyte leakage, and carotenoids after application of various Zn
sources, are presented in Table 4. Significant differences (p < 0.05) in physiological parameters were
detected under the application of different Zn sources in both the cropping seasons. BOZ4 resulted
in the highest mean photosynthetic rate (34.85 pmol m~2s7h), transpiration rate (9.6 mmol m~2s71),
stomatal conductance (420.8 mmol m~2 s71), chlorophyll contents (45.1), carotenoids (292.1), and
carbonic anhydrase activity (365.5). Likewise, the BOZ4 reduced the mean electrolyte leakage to a
minimum level (0.1). On average, BOZ4 resulted in an increase of 47%, 42%, 45%, 57%, 17% and 44%
in photosynthetic rate, transpiration rate, stomatal conductance, chlorophyll contents, carotenoids,
and carbonic anhydrase activity, respectively, over control in both of the cropping seasons. However,
the application of the BOZ4 reduced the electrolyte leakage by 38% as compared to control in both
cropping seasons. It has been observed that photosynthetic rate, transpiration rate, and stomatal
conductance were reduced significantly in Season-II over Season-I. Specifically, the photosynthetic
rate was reduced to 29.6-50%, while the reduction in transpiration rate and stomatal conductance
was 127-154% and 112-124%. The application of ZnO and ZSB decreases chlorophyll contents by
7% and 5.6% respectively, in Season-II compared to Season-I, while all other treatments resulted in
increasing the chlorophyll contents with a range of 2-8%. The reduction in electrolyte leakage was 16%,
9% and 6% in BOZ2, ZnSOy, and control, respectively, in Season-1I compared with Season-I, while it
increased by 3% with ZSB application. Carotenoid contents and carbonic anhydrase activity do not
exhibit significant differences between the cropping seasons.
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Table 4. Effect of different Zn sources on the physiology of maize grown in two different cropping seasons.
Photosynthetic Rate Transpiration Rate Stomatal Conductance Chlorophyll Contents Electrolyte Leakage Carotenoids Contents Carbonic Anhydrase
Treatment (umol m—2s71) (mmol m~2s-1) (mmol m~2s-1) (SPAD Value) (%) pmol (COp)kg 1571
S 1 S 11 S 1 S 11 S 1 S 11 S T S 11 S T S 11 Season-1 Season-II Season-1 Season-II
Control 28.0 +1.227 d* 195+0.784 e 9.71£0.835 ¢ 3.82 +0.549 f 395.7 +25.740 ¢ 1837+ 3215e 28.97 + 1.065 e 28.30 + 0.462d 59.3 +£0.882 a 55.7 £ 0.667 a 0.063 + 0.0026 ¢ 0.062 + 0.0021 d 256.0 +£7.371 f 253.0 +4.042 e
ZnO 29.3£0970cd 226 £0.723de  10.82£0.340bc 456 +0.291ef 4163 +15.857bc  193.0+15.271de  31.60 + 0.379 de 29.53 +0.754d 570+ 1.155a 57.7 £0.760 a 0.065 +0.0019 bc  0.064 + 0.0015 cd 278.7 +5.175 ef 270.3 +7.753 de
ZnSOy 35.6+1886a-c 240+0491cd 11.82+0762a-c 4.82+0375c-e 498.0+38974a-c 2343 +9.262cd 36.33 + 1.004 be 37.28 +1.344 be 52.0 £1.045b 477 +1.848b 0.073 £0.0025ac  0.073 +0.0017 a-d ~ 308.3 + 2.028 c-e 310.3 +1.202b-d
BOZ1 33.8 +1.486 a-d 24.0+0.731 ¢ 1155+0.823a-c  4.74+0239cd  491.0 £32.083a-c  229.7 +4.807 cd 36.13+1.443b-d  36.87 +1.797 bc 47.0+0.577 ¢ 47.0+0.547b 0.074 +£0.0021ac ~ 0.072 +0.0013 a-d ~ 319.0 + 3.055 b-d 317.7 + 7513 be
BOZ2 36.6+1713ab  24.3£0949bc  12.06 £0.968ab  4.93 +0.118 bc 541.7 +9.387ab  241.6 + 17.755 bc 38.23+0.953bc 4190+ 1.685ab  38.0+0.754d 327 +1.028 ¢ 0.078 +£0.0015ab  0.078 £0.0024 a-c ~ 338.7 + 4.485a-c  341.0 + 11.136 ab
BOZ3 384+1.893a 263 +1.557b 1214+ 0309ab  5.06 +0.237ab  551.0 £ 10.583ab  253.3 + 19.462 ab 39.77 + 1.549 ab 4363 +1.178a 33.0+1.156 e 33.0 +£0.882 cd 0.082 + 0.0008 a 0.081 + 0.0012 ab 350.3 +9.319 ab 348.3 + 13.346 ab
BOZ4 40.2 +£1.596 a 295+ 1815a 13.33 £0.763 a 587 +0.164 a 580.3 +24.037 a 261.3 +19.238a 4373 £0.504 a 4647 £ 0974 a 30.0+0.585e 30.0 £1.202d 0.085 + 0.0023 a 0.086 + 0.0021 a 365.0 £ 7.768 a 366.0 +4.726 a
ZSB 31.5+£1.285b-d 23.4+1.408de 11.29+0965a-c 4.61+0.202d-f 446.0+16.828a-c 2017 +4.3716de  34.10+0985cd  3227+1213cd  59.0+0.882a 61.0 = 1.404 a 0.068 +0.0019 bc  0.070 £ 0.0012b-d ~ 295.0 + 5.033 de 286.7 + 9.956 c-e

Data are shown as mean =+ standard error of three replicates. * Means followed by the same letter(s) within the column are not significantly different according to Tukey’s HSD (honestly
significant difference) test at p < 0.05.
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3.4. Effect of Zn Sources on Zn and Phytate Contents of Maize

The effects of different Zn sources on the contents of Zn and phytate in plant tissues are presented
in Figure 1. Results demonstrated significant (p < 0.05) impact of various formulation on a shoot
and grain Zn contents, and grain phytate contents and Zn:Phytate ratios during both of the cropping
seasons. On average, BOZ4 exhibited the highest Zn (57.01 ug g™!) in grains of maize, followed by
BOZ3, BOZ2, ZnSOy4, BOZ1, ZSB, and ZnO, while control showed the lowest grains Zn (39.17 ug g_l)
(Figure 1a). Likewise, BOZ4 resulted in the highest shoot Zn (22.9 ug g™!) and control result in the
lowest shoot Zn (15.0 pg g_l) compared to the other treatments (Figure 1b). Overall, BOZ4 increased
the grain Zn by 46%, 37%, 23%, 25%, 21% and 8% over control, ZnO, ZnSO,, BOZ1, BOZ2, BOZ3,
and SBZ, respectively. Similarly, BOZ4 increased shoot Zn by 52%, 44%, 11%, 17%, 8%, 7%, and 30%
compared with ZnO, ZnSO,4, BOZ1, BOZ2, BOZ3, and SBZ, respectively.
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Figure 1. Effect of different Zn sources on gain Zn contents (a), shoot Zn contents (b), gain phytate
contents (c) and grain phytate:Zn molar ratios (d) of maize grown in two different cropping seasons
(Data are shown as mean of three replications. Means followed by same letter(s) are not significantly
different according to Tukey’s HSD (honestly significant difference) test at p < 0.05).

In contrast to Zn in plant tissues, the average grain phytate contents were the highest in ZSB
(1404.9 pug g™, followed by control, ZnO and ZnSOy, while all the BOZ formulation shown lower
phytate contents with the lowest value for BOZ4 (365.0 ug g~!) (Figure 1c). The estimated grain
phytate:Zn molar ratio was lowest in BOZ4 (6.4), while was highest in control (34.5), compared to the
other treatments (Figure 1d). Overall, the grain phytate contents reduced by 74%, 73%, 68% and 52%
with BOZ4, as compared to ZSB, control, ZnO and ZnSO, application, respectively. Generally, the
contents of Zn and phytate in plant tissues were not affected significantly with the cropping season.
However, ZnSO4 and BOZ1 increased the grain Zn and phytate contents, as well as shoot Zn by 3-9%
in Season-1I, over Season-I. Contrary, the ZSB application reduced the grain phytate contents by 39% in
Season-1I, as compared to Season-I. These results showed the significance of BOZ4, which improved
the contents of Zn and phytate in the plant tissues by enhancing Zn uptake.
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Figure 2. Effect of different Zn sources on gain fat contents (a), crude protein contents (b), moisture
contents (c), dry matter (d), fiber contents (e), gluten contents (f), and mineral contents (g) of maize
grown in two different cropping seasons (Data are shown as mean of three replications. Means followed
by same letter(s) are not significantly different according to Tukey’s HSD (honestly significant difference)

test

at p < 0.05).
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3.5. Effect of Zn Sources on Maize Quality

The application of different Zn sources influenced the quality of the maize crop significantly
(p < 0.05) as presented in Figure 2a—g. Results demonstrated that the BOZ4 and BOZ3 resulted in the
highest average fat (4.795% and 4.375%, respectively), crude protein (12.855% and 12.27%, respectively),
dry matter (92.025% and 91.555%, respectively), fiber (2.87% and 2.715%, respectively), gluten (11.925%
and 11.46%, respectively) and mineral (1.53% and 1.495%, respectively) contents, while control showed
the minimum average fat (2.93%), crude protein (9.605%), dry matter (87.845%), fiber (1.805%), gluten
(8.675%) and mineral (1.155) contents, as compared to the other treatments. On the contrary, the
moisture contents were higher in control (12.155%), while lower were in BOZ4 (7.975%) compared with
the other treatments. The application of BOZ4 shown significant increments in all the aforementioned
maize quality parameters, as compared to the rest of the fertilizers used in this study. An increment of
63%, 55%, 25% and 45% in average fat contents was observed with BOZ4, over control, ZnO, ZnSO4
and ZSB application, respectively. Likewise, crude protein, fiber, gluten, and mineral contents were
increased by 34%, 59%, 37%, and 32%, respectively with BOZ4, then control, and 25%, 46%, 21%, and
14%, respectively, then ZSB application.

Alike, BOZ4 increased the crude protein, fiber, gluten and mineral contents by 28%, 54%, 31%
and 20% and 17%, 26%, 13%, and 9%, respectively, as compared to ZnO and ZnSOy, respectively. In
contrast, moisture contents were reduced by 34%, 29%, 21% and 24% with BOZ4, as compared to
control, ZnO, ZnSO, and SBZ, respectively. However, the effects of the Zn sources on dry matter were
found to be non-significant. Likewise, the effects of cropping season on the quality of maize under
different Zn fertilization were non-significant in general. However, a reduction of 4-5% in gluten
contents was observed under control, BOZ1 and BOZ2 in Season-II, as compared to Season-1. On the
contrary, a 7-16% increment in mineral contents was seen in Season-II as compared to Season-I under
control, ZnO and ZSB application. Therefore, overall results indicated that BOZ4 performed better in
improving maize quality as compared to the other studied fertilizers in the study.

4. Discussion

Zinc solubilizing bacteria (ZSB) made Zn available for plant uptake through solubilizing their
insoluble form. Biofertilizers containing Zn solubilizing Bacillus, Paenibacillus, Pseudomonas, etc., could
increase Zn availability in poor quality soil to improve crop growth and yield. Such ZSB with the
organic matter has been reported to increase the bioavailability of Zn in plants through its solubilization.
Recently, it is reported that ZSB alone and with organic matter is involved in the bio-activation of ZnO
and enriched cereal grains with Zn [33]. In such a way, ZSB can be exploited to mobilize unavailable Zn
and promote plant growth and yield through Zn assimilation [33,48,49]. In the present study, four BOZ
formulations were produced by enriching the ZnO-orange peel waste composite with ZSB: Bacillus sp.
AZ6 in various formulations (BOZ1, BOZ2, BOZ3, and BOZ4).

The produced BOZs effectiveness to improve growth, yield and biofortification of maize were
compared with ZnO, ZnSO4, and ZSB under field conditions in two different cropping seasons. The
outcomes of the current field experiment demonstrated that BOZ products were relatively effective in
increasing maize growth and yield (Tables 2 and 3). Overall, maize plants achieved the highest plant
height, fresh and dry shoot-biomass, grain weight, grain and stover yield in BOZ4 formulation during
cropping seasons. These attributes exhibited the trend BOZ4 > BOZ3 > BOZ2 > ZnSO, > BOZ1 >
ZSB > ZnO > control, suggesting that application of bio-activated Zn improved the maize growth and
biomass accumulation, which in turn significantly increased the maize grain yield in both seasons.
The improved maize growth and yield attributes in this experiment could be as a result of higher
nutrients uptake to the plants owing to P-solubilization, ACC-deaminase activity, and production of
siderophores and indole-3-acetic acid potentials harbored by the strain AZ6 [28].

Several previous studies also indicate an enhancement in different crop growth and yield inoculated
with plant growth-promoting bacterial strains [33,48,50-54]. Additionally, improved root growth,
which enhanced the overall plant growth owing to the well-acquisition of water and nutrients from the
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soil have also resulted in better growth and yield of the plants. The better maize root growth might
be due to inoculation with Zn solubilizing rhizobacterial strain AZ6 because this strain also harbors
plant growth-promoting traits that play a role in better root growth [28,55-57]. The application of
ZnO alone did not mark the maize growth and yield owing to its insoluble and non-available source
of Zn. Despite that, the indigenous microorganisms might have solubilized this source up to some
extent, but the concentration of available Zn was quite lower. Hence, inoculation with ZSB enhanced
the maize growth over the ZnO application, however, it was lower as compared to ZnSO4 and BOZ
formulations. The presence of supplementary organic matter (orange peel) and a higher bacterial
population in BOZ4 might have resulted in its best performance among all the treatments. The organic
matter might have served as a source of nutrients for bacterial growth [58]. The positive role of organic
materials to improve the survival, population and bio-fertilization performance of PGPB in the soil has
also been described in numerous previous studies [59-62].

In this study, the application of BOZ4 showed significantly higher carbonic anhydrase activity,
carotenoids and chlorophyll contents, photosynthetic and transpirational rate, stomatal conductance
and reduced the electrolyte leakage as compared to control in both cropping seasons. The improvement
in these physiological parameters can be linked with increased Zn uptake by plants due to an increase
in the bioavailable fraction of Zn in soil by the Zn solubilizing strain Bacillus sp. AZ6. The role of
Zn in plant growth and yield is important as it is involved in various plant physiological functions
through its direct role in the activity of different essential enzymes [63]. For instance, Zn is involved
in carbonic anhydrase (CA) activity [64], and an increase in CA activity in plants increases the
photosynthetic activity of the plants. In the present study, the plants receiving BOZ formulations not
only increased the CA activity but also improved the photosynthesis and chlorophyll contents. It has
been documented that CA accelerates the prompt conversion of carbon dioxide (CO,) and water into a
proton and bicarbonate ion (HCO;7!). The CA is a metalloenzyme that needs Zn as a cofactor and
is complexed in diverse physiological developments, as well as pH regulation, CO; transfer, ionic
exchange, respiration, CO, photosynthetic fixation, and stomatal closure can affect the growth and
yield of plants [65]. Inhibition of CA activity by Zn deficiency in plants has also been reported in
several other studies [66,67]. In addition to CA activity, Zn also plays a significant role in membrane
permeability, which controls the electrolyte leakage from the membrane. In the present study, the
application of BOZ resulted in a decrease in the electrolyte leakage of the maize plants with a maximum
reduction in the case of BOZ4. Additionally, the best response of the physiological attributes with BOZ4
might be due to the relatively higher level of the organic material as well as the bacterial population as
compared to other treatments.

The application of BOZ formulation demonstrated a significant increase in shoot and grain Zn
contents and cause significant reduction in shoot and grain phytate contents and phytate:Zn molar
ratio as compared to control in both cropping seasons. Among BOZ formulations, the application of
BOZ4 exhibited the highest increase in these attributes of maize, followed by BOZ2, ZnSO,, BOZ1, ZSB,
and ZnO, while control was the lowest in depicting shoot and grain Zn contents and highest in shoot
and grain phytate contents and phytate:Zn molar ratio. The increase in Zn uptake might be due to the
Zn solubilizing activity of Bacillus sp. AZ6. As this strain has already been reported to solubilize Zn, it
might have solubilized the insoluble source of Zn in soil resulting in the increased soluble fraction of
Zn, subsequently improving grain and shoot Zn contents of maize. Such an increase in Zn contents in
the rhizosphere has also been documented in response to the inoculation with some other potential Zn
solubilizing microflora [32,48,68]. Whiting et al. [69] stated that bioinoculant application improved
water-extractable soil Zn from 51 to 74 mg kg~! soil. Similarly, Subramanian et al. [30] reported an
increase in DTPA extractable Zn from 1.08 to 1.43 mg kg~! soil by Glomus intraradices treatment. The
strain AZ6 produces organic acids that could have solubilized ZnO by lowering the pH resulting in an
increase in the soluble soil Zn contents for plant uptake [28].

The presence of orange peel in different BOZ formulations might also have resulted in improved
Zn contents in shoots and grains of Zn as organic matter has been documented not only to improve
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biological properties of soil but also to provide suitable nutrients and micro-environment to proliferate
the existence of the applied bacteria [32,51,58,70-72]. For instance, organic amendments application
increases the biological characteristics of soil including the microbial biomass and the microbial
enzymatic activities resulting in an increase in the microbial activity [31,32,56,57,70]. Hence, in the
presence of the organic material, the strain AZ6 could have survived and made better complexes with
ZnO for a longer time resulting in a slow but higher release of Zn [23]. The highest available Zn level in
the treatment receiving BOZ4 formulation might be linked with the presence of relatively more organic
material as well as the higher bacterial population in this formulation. Additionally, relatively more Zn
in the plants after BOZ4 application could be due to the higher activity of the plant growth-promoting
rhizobacterial strain AZ6, which might have slowly released Zn and made it bioavailable for the plant
to be uptaken. The augmented grain Zn could also be mainly due to high enzyme activities in response
to BOZ4 formulation. A similar increase in dry matter content and Zn uptake due to the inoculation of
PGPR has also been reported by others [49,52,73-75].

The application of different Zn sources demonstrated that the BOZ4 and BOZ3 application
resulted in the highest average fat, crude protein, dry matter, fiber, gluten, and mineral contents, while
control showed the minimum average value of these attributes as compared to the other treatments.
However, the moisture contents were higher in control, while lower were in BOZ4 compared with the
other treatments. The BOZ4 shown significant increments in all the above-mentioned maize quality
parameters, as compared to the rest of the fertilizers used in this study. Similarly, Bona et al. [76]
have reported that the application of various inoculums resulted in enhancing the maize quality by
improving protein, fiber, gluten, and mineral contents. The higher Zn contents in plant tissues after
BOZ4 might have resulted in enhanced N uptake in maize plants, consequently improving the crude
protein contents. A study on the effect of N application on maize grain quality showed the highest
crude protein content (8%) at the higher rate of N (200 kg ha~!) as compared to lower rates [77]. The
increased fats contents are also directly linked with higher protein contents in plants. Moreover, the
presence of organic materials in BOZ formulations resulted in higher nutrient availability of nutrients
owing to mineralization, and more N fixation. Consequently, BOZ formulations resulting in improved
protein contents, dry matter and other quality attributes of maize crops such as gluten and fiber
contents [78].

5. Conclusions

The Bacillus sp. AZ6 was used as an inoculant for the production of bio-activated organic fertilizers
(BOZ) with various formulations (BOZ1 (9:1), BOZ2 (8:2), BOZ3 (7:3) and BOZ4 (6:4)). The BOZ
formulations along with ZnO, ZnSO4, and Zn solubilizing bacteria AZ6 (ZSB) were applied to a
maize crop under field conditions in two different cropping seasons and their effects on maize growth,
yield, quality, and physiology were studied. Significant (p < 0.05) improvements in the maize growth,
physiology, yield, Zn contents, and quality were observed during both of the cropping seasons. The
BOZ4 performed outclass by increasing plant height, grain yield, dry matter, Zn contents in grains
and shoots, crude proteins, and fiber contents. Moreover, all the physiological traits were improved,
whereas electrolyte leakage was reduced. The best performance of BOZ4 could be owing to the
presence of relatively higher organic matter and microbial population. Hence, the joined application
of organic waste materials augmented with economical ZnO and ZSB could be a novel approach for
improving the growth, yield, and quality of maize crop in Zn deficient soils. Moreover, it can serve as
a cost and time effective and environment-friendly method resulting in the recycling of organic waste.
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