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Abstract: To better understand effects of agronomic practices on yield-nutrition relationships in wheat (Triticum
aestivum L.) grains for Zn biofortification while improving yields simultaneously, effects of different soil
fertilization and different drone-based foliar spraying treatments were investigated. The mixture of Zn or
increasing N but simultaneously reducing P in compound fertilizers were all practical to increase grain yields
and Zn concentrations in calcareous soils tested. However, the overall effects are limited, with a maximal yield
increase by only 7.0% and a maximal increase of the grain Zn density from 19.4 to 27.0 mg/kg, which is far below
the target biofortification value of 40-50 mg/kg. Unfortunately, there was a negative side effect, which decreased
Fe and Mn concentrations and the Fe bioavailability. Notably, grain yields and Zn concentrations were
significantly increased by drone-based foliar Zn sprayings from 7.5 to 8.6~8.8 t/ha by 12.0-17.3% and from 33.5
to 41.9~43.6 mg/kg by 25.1~30.1%, respectively, indicating a double-win in yield and nutrition. A spraying of
ZnSOs-7H20 increased grain Zn concentrations and accumulation more so than ZnO, indicating the importance
of chemical Zn forms in determining the effectiveness of foliar spraying. Moreover, foliar Zn sprayings
simultaneously increased grain concentrations and accumulation of Fe, Mn and Cu, demonstrating multiple
benefits. There were positive correlations between Zn and Fe, Mn or Cu, indicating synergistic but not
antagonistic interactions. Compared to micronutrients, concentrations of grain macro- and medium nutrients
(N, P, K, Ca, Mg) were less affected. Thus, a double-win in grain yields and micronutrient (particulaly for Zn)
nutrition could be effectively achieved through appropriate soil fertilization and foliar Zn spraying. These results
provide a better understanding of the yield-nutrition relationship among wheat grain yields, Zn and other
nutrient elements for a better integrated manipulation to achieve a win-win situation in yield and nutrition.

Keywords: zinc; micronutrient; macronutrient; agronomic biofortification; compound fertilizer; drone
technology; foliar spraying

1. Introduction

Wheat (Triticum aestivum L.), as one of the world’s important food crops, accounts for about one
third of human daily food demand [1-3]. Facing the challenge of continuous population growth,
undoubtedly, much more wheat production is required to satisfy the increasing demand [4,5]. To
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date, the Guinness World Record for the highest wheat grain yield is 17.95 t/ha [6]. However, large
yield gaps, i.e., the difference between the practical farmers’ yields achieved in large areas and the
potential highest yields that can be achieved by using the best soil-crop management practices with
the best adapted cultivar, exist in in many regions of the world [7]. For example, the average wheat
grain yield of China in 2023 is only 5.83 t/ha [8]. Zinc (Zn) is an essential micronutrient for wheat
growth and human health [9]. However, wheat grains generally contain low Zn, which can’t meet
the daily human nutrition requirement [10]. Chen et al. [11] investigated wheat grain Zn
concentrations in seven major wheat production provinces of China and found an average of only
23.3 mg/kg, which is far lower than the recommended biofortification target value of 40-50 mg/kg
[12]. Therefore, while wheat grain yield needs to increase, it must simultaneously increase its Zn
concentration to achieve both food and nutrition security.

Unfortunately, negative yield-nutrition trade-offs in wheat grains were frequently reported.
High-yielding wheat cultivars generally had low gluten/protein concentrations [13], and wheat lines
with low phytate, an antinutritional compound that reduces grain Zn bioavailability, were always
along with low grain yields [14]. With the variety release years increasing from 1838 to 2012 in the
UK, concentrations of Zn, iron (Fe) and protein in wheat grains were all unintentionally decreased,
indicating modern wheat varieties with higher grain yields than old ones have lower nutritional
quality in minerals [15,16]. Thus, the “Green Revolution” was actually constrained by the yield-
nutrition “dilution effect” [17-19], and achieving high yield and high nutritional quality
simultaneously was an unavoidable dilemma and challenge for wheat breeders [20,21]. Actually, the
“dilution effect” was reported to be mainly due to wheat breeding but seldom due to agronomic
management practices, which were rarely considered in the studies above-mentioned [22]. Whether
agronomic practices, e.g., fertilization, can effectively overcome the yield-nutrition dilution effect or
not is an emerging important question worthy to be answered [23,24].

Increasing Zn supply via soil fertilization and/or foliar spraying could effectively correct or
prevent the symptom occurrence of Zn deficiency, ensure sufficient Zn uptake by wheat, and improve
grain yields and Zn concentrations, particularly in calcareous soils with high pH, and low soil organic
matter and moisture [10]. Notably, many previous studies have shown that foliar Zn spraying is
much more effective and much more economically efficient (low dose) than soil Zn application in
increasing Zn concentration and bioavailability in the wheat grain/flour [23]. In the HarvestZinc
international study involving 7 countries (China, India, Kazakhstan, Mexico, Pakistan, Turkey, and
Zambia), 23 experimental sites, 10 different wheat varieties, and 3 years, the grain Zn concentration
was increased by an average of 83.5% achieved by foliar Zn spraying, and by only 12.0% by soil Zn
application [25]. Numerous studies have shown that increasing nitrogen (N) supply moderately (not
excessively) increases wheat grain yields as well as improves grain Zn and N concentrations, i.e., the
“N-Zn synergism”, but the input of phosphorus (P) fertilizer generally reduces crop grain Zn
concentrations, being termed the “P-Zn” antagonism [12,23,26].

Therefore, the optimized N and P fertilizers in combination with appropriate soil and foliar Zn
applications may act as a double-win strategy to simultaneously achieve high wheat grain yields and
high grain Zn concentrations/bioavailability [23]. However, most previous researches have focused
on the dose effects of a single element (N, P, or Zn), but less on their chemical forms and the
integration or interactions among these elements, and most studies on foliar Zn spraying were
conducted using small watering cans or knapsack sprayers with high labor costs and low efficiency,
resulting in a clear separation between the experimental work and the farmers’ practices [12]. There
is a lack of research on compound, slow/controlled release, and organic/microbial fertilizers, and
water and fertilizer integration technology adopted by farmers, and a lack of research on the
development of new types of high-efficient foliar Zn fertilizers and foliar spraying techniques using
modern agricultural drones.

In addition to Zn, other micronutrient elements, such as Fe, manganese (Mn) and copper (Cu),
and macronutrients including N, P, potassium (K), calcium (Ca) and magnesium (Mg), are also
essential nutrient elements determining wheat grain yields and nutritional quality and human
dietary health [22,27-30]. Most studies on wheat grain Zn biofortification focus on only a few of these
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elements (no more than 3 in most situations), but less on the whole suite of these mineral nutrients in
wheat grains. Consequently, there is a lack of systematic understanding on the effects of different
crop management practices on changes of these micro- and macro- nutrients in wheat grains, their
cross-talks among each other and relationships with grain yields.

In this study, we changed the component ratio of N, P20s, K20 and micronutrient in compound
fertilizers through enlarging N or micronutrient and shrinking P in the soil fertilization experiment,
sprayed foliar solutions with different chemical forms of Zn or without Zn using an agricultural
drone, and investigated their effects on (1) wheat grain yields, yield components and other agronomic
traits including the plant height (PH), spike length (SL), spike number (SN) per 666.7 m?, kernel
number per spike (KNPS), thousand kernel weight (TKW), grain yield (Y), and harvest index (HI);
(2) grain micronutrient accumulation including Zn, Fe, Mn and Cu; (3) changes of grain
macronutrients (N, P, K, Ca, Mg); and (4) relationships among the agronomic and nutritional traits
across different soil fertilization or foliar spraying treatments. The bioavailability of Zn and Fe,
estimated by molar ratios of phytic acid (PA)/Zn, PA/Fe, PA x Ca/Zn and PA x Ca/Fe in wheat grains
in the soil fertilization experiment was also investigated. These findings would provide a better
understanding of the yield-nutrition relationship among agronomic practices, wheat yields and grain
nutritional quality to achieve food security in quantity and quality, and biofortification of wheat
grains with micronutrient (especially for Zn) to alleviate malnutrition.

2. Materials and Methods
2.1. Study Site

Field experiments were conducted at two sites/years during the winter wheat growing season
from October to June in a winter wheat-summer maize rotation system. The soil fertilization
treatments were conducted at Jiyang Experimental Station, Shandong Academy of Agricultual
Sciences, Jinan, China, during 2020-2021. The foliar spraying treatments were conducted at Liuyuan
planting base, Maifeng Wheat Planting Professional Cooperative in Dongming County, Heze, China,
during 2022-2023. The two sites are located in west of Shandong Province of China, the area has a
typical continental and warm-temperate monsoon climate, with cold and dry spring and winter, and
a hot and rainy summer. The annual mean temperature is 12.0-14.0 °C and the annual frost-free
period is 195-220 days. The annual precipitation is 500-700 mm, with 70% rainfall occurring during
June-September. Detailed site information including geographic coordinates and soil basal properties
in 0-20 cm soil layers of the two experimental sites before wheat sowing are presented in Table 1.

Table 1. Detailed site information including geographic coordinates and soil basal properties in 0-20
cm soil layers before wheat sowing.

pH Total Exchan DTPA-
Geograph (2.5:1 Organic nitro Olsen- geable extracta
Experim ic Soil  Water matter gen P K ble
ental coordinat  type :soil  (g/kg) (grkg (mg/k (mg/kg Zn
year Site es ratio) ) g) ) (mg/kg)
Calcare
ous
2020- Jiya 116°58'E, alluvial
2021 ng 36°58'N soil 8.1 12.7 0.94 23.1 103.5 1.7
Calcare
Liu ous
2022- yua 115°07'E, alluvial
2023 n 35°02'N soil 8.3 13.5 0.82 15.3 98.7 1.2

2.2. Experimental Design and Crop Management

For the soil fertilization experiment, the single-factor randomized block design was applied with
5 treatments and 4 replicates. Corresponding to 5 treatments, five different compound fertilizers,
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(NPK 15-15-15 as a control, 15-15-15+Micronutrient, 17-17-17, 26-10-15 and 30-10-11, Stanley
Agricultural Group Co., Ltd., Linshu, China), were evenly distributed and incorporated into the
upper 20 cm of the soil prior to wheat planting, respectively, with a quantity of 750 kg-ha'. The
planting area of each treatment was 400 m?2 (10 m % 40 m).

For the foliar spraying experiment, the single-factor randomized block design was applied with
3 treatments (Table 2) and 3 replicates. These three treatments included: (1) spraying of deionized
water as a control (CK); (2) spraying of a mixed solution with deionized water and ZnO (2.0%, w/v);
and (3) spraying of a mixed solution with deionized water and ZnSOs-7H20 (2.0%, w/v), labeled Zn.
All solutions contained 0.01% (v/v) TWEEN 20 as a surfactant and each time a dosage of 10 L/ha was
sprayed to the area of 660 m? (44 m x 15 m) for each treatment using an agricultural drone (DJ AGRAS
T40, DJI Agriculture, Shenzhen, China). All foliar spraying treatments were conducted three times.
The spraying occurred for the first time 5 days after wheat flowering on May 8, and was repeated on
May 17 and May 23, respectively, at 6-9 day intervals (Table 2).

Table 2. Treatments of drone-based foliar spraying.

Treatment Number of sprays/ Deionized water ZnS0+7H:0 ZnO
spraying date (L/ha) (kg/ha) (kg/ha)
CK!1 150 L/ha 0 0
ZnO First/2023-05-08 150 L/ha 0 3 kg/ha
Zn 150 L/ha 3 kg/ha 0
CK 150 L/ha 0 0
ZnO Second/2023-05-17 150 L/ha 0 3 kg/ha
7n 150 L/ha 3 kg/ha 0
CK 150 L/ha 0 0
ZnO Third/2023-05-23 150 L/ha 0 3 kg/ha
Zn 150 L/ha 3 kg/ha 0

1CK: spraying of deionized water; ZnO: spraying of a mixed solution with deionized water and
ZnQO; Zn: spraying of a mixed solution with deionized water and ZnSOu-7H:20.

In addition, for each treatment of the two experiments above-mentioned, a 112.5 kg of N ha!
(supplied as urea) was top-dressed with irrigation/rainfall during the regreening-jointing stage.
Winter wheat (Triticum aestivum L.) variety “Jimai 22” was sown around 20 October in autumn and
harvested around 10 June in the following year. All plots were adequately irrigated and no obvious
biotic (weeds, pests, disease, etc.) and abiotic (drought, cold damage, etc.) stress was observed during
the wheat growing season. To control aphids, omethoate (2-dimethoxyphosphinoylthio-N-
methylacetamide) was sprayed at the booting stage, and no fungicide was applied.

2.3. Plant Sampling and Nutrient Analysis

At maturity, a 1-m? area of spikes in each plot of the two experiments was manually harvested
to determine the wheat grain yield and yield components (SN: spike number, KNPS: kernel number
per spike, and TKW: thousand kernel weight). In addition, 10 random plants of each plot were used
to determine the average above-ground plant height (PH) and spike length (SL).

After determination of the grain yield and yield components, grain samples were rapidly
washed with deionized water, oven-dried at 65 °C for 72 h until constant weight, and then ground
with a stainless steel grinder. Sub-samples after ground were digested with HNOs-H:20: in a
microwave accelerated reaction system (CEM Corp. Matthews, North Carolina, USA). The
concentrations of Zn, Fe, Mn, Cu, P, K, Ca and Mg in the digested solutions were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES, Avio™ 200, PerkinElmer,
Waltham, Massachusetts, USA). A certified reference grain material (IPE556, Wageningen University)
and two blanks were included in each digestion batch to ensure analytical quality. The grain N
concentration was determined by the H:504-H20: digestion-micro-Kjeldahl method. Phytate-P
concentration was determined by the method of Haug and Lantzsch [31], and converted to PA by

d0i:10.20944/preprints202408.0768.v1
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dividing by 0.282. The molar ratios of PA/Zn, PA x Ca/Zn, PA/Fe and PA x Ca/Fe were calculated to
predict the bioavailability of Zn and Fe in wheat grains.

2.4. Statistical Analysis

Data from the single-factor randomized block design experiments were subjected to one-way
analysis of variance (ANOVA) using The SAS System for Windows V8 (SAS Institute Inc., Cary, North
Carolina, USA) and the mean value was compared according to Fisher’s protected least significant
difference (LSD, p < 0.05). Pearson’s correlation analysis and principal component analysis (PCA)
were performed by OriginPro 2021 (OriginLab Corp., Northampton, Massachusetts, USA).

3. Results
3.1. Grain Yields, Yield Components and Other Agronomic Traits

Soil fertilization had non-significant impacts on plant height, spike number and thousand kernel
weight (Table 3). Among different soil fertilization treatments, the spike lengths varied from 6.5 to 7.3
cm, and were in the order of “30-10-11" > “26-10-15" > “17-17-17" > “15-15-15+Micronutrient” > “NPK
(15-15-15)". The treatment of 15-15-15+Micronutrient had the lowest kernel number per spike, which
was significantly lower than 17-17-17, which had the maximum value. The grain yield was
significantly increased from 7.1 t/ha in the control treatment of 15-15-15 to 7.4~7.6 t/ha in other soil
fertilization treatments, with increases of 4.2~7.0%. Compared to the control of 15-15-15, only the
treatment of 26-10-15 decreased the harvest index significantly (Table 3).

Table 3. Grain yields, yield components and other agronomic traits of wheat as affected by different
soil fertilization treatments and different drone-based foliar spraying treatments.

Spike Grai
Plant Spike number KNP TK n
Experiment Treatment heigh lengt (10000/666. S W yield HI
t h 7 m2) (g) (t/ha) (%)
(cm) (cm)
Soil N-P205-K20 (15- . 34.5a
Fertilizatio 15-15) 72.4a 6.5¢ 34.4a b 482a 7.1b  63.2a
n 15-15- 611
15+Micronutrien  74.5a 6.7bc 36.5a 323b 48.2a 7.5a b a
t
2.
17-17-17 723a  69abc  39.2a 36520 473a 76a ° boa
26-10-15 755a 7.lab 35.7a 331.)4a 482a 75a 59.8b
30-10-11 75.6a  7.3a 36.8a 361;25‘ 467a  7.4a 611;53
Foliar CK 77.7a 8.3a 39.8a 36.8a 439b 7.5b 59.4a
Spraying ZnO 84.5a 8.4a 41.4a 37.5a 45.7a 8.6a  61.5a
Zn 78.7a 8.1a 41.8a 399a 46.2a 8.8a 61.8a

! Values are means of four replicates for the soil fertilization experiment, in which the nutrient
component ratio of the compound fertilizer varies for different treatments, and values are means of
three replicates for the foliar spraying experiment. CK: spraying of deionized water; ZnO: spraying

of a mixture of deionized water and ZnO; Zn: spraying of a mixture of deionized water and
ZnSOs-7H20. KNPS: kernel number per spike; TKW: thousand kernel weight; HI: harvest index.
Values in each experiment followed by different lowercase letters in the same column are
significantly different among treatments at p < 0.05.

Among all agronomic traits, significant effects of foliar spraying treatments were observed on
the thousand kernel weight and grain yield. Foliar spraying of Zn-containing fertilizers significantly
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increased the thousand kernel weight from 43.9 g in the control to 45.7~46.2 g by 4.1~5.2%, and
significantly increased the grain yield from 7.5 to 8.6-8.8 t/ha by 14.7~17.3% (Table 3).

3.2. Grain Nutrient Concentrations and Acquisition

For the soil fertilization experiment, the grain Zn concentration increased from 19,9 mg/kg in the
control treatment of 15-15-15 to 23.5 mg/kg by 18.1% in 15-15-15+Micronutrient, to 22.5 mg/kg by 13.1%
in 26-10-15, and to 27.0 mg/kg by 35.7% in 30-10-11 (Table 4). There were significant differences
between treatments of 15-15-15 or 17-17-17 and 30-10-11. Similar trends occurred in grain Zn
acquisition, and grain Cu concentrations and acquisition. Compared to the control, the grain Fe
concentrations were significantly reduced by treatments of 26-10-15 and 30-10-11, and the grain Mn
concentration was significantly reduced by 26-10-15. However, no significant differences in grain Fe
and Mn acquisition were found between the control and other treatments (Table 4).

Table 4. Grain nutrient concentration and acquisition of wheat as affected by different soil
fertilization treatments.

Parameter  Treatment Zn Fe Mn Cu N P K Ca Mg
Concentrati mg/kg g/kg
on N-P20s-
K20 19.9b 0.33 1.39a
(15-15-15) 1 26.4a 26.5a 2.4ab 192a 3.1a 45a a b
15-15-15+
Micronutri  23.5a 26.0a 25.2a 0.34 14la
ent b b b 2.6ab 18.6a 3.0a 4.7a a b
25.0a 26.1a 0.34
17-17-17 19.4b b b 2.3b 170a 3.0a 46a a 137b
22.5a 0.32
26-10-15 b 22.2¢ 239b 2.4ab 186a 3.0a 46a a 1.38b
25.7a 0.33
30-10-11 27.0a 24.2b b 2.8a 199a 32a 48a a 1.45a
Acquisitio g/ha kg/ha
n N-P20s-
K20 1412 1877 188.1 136.9 32.2
(15-15-15) b ab a 17.4b a 126b a 23a 99a
15-15-15+
Micronutri  176.2  195.0 189.0 19.3a 139.7 14.6a 35.0
ent ab a a b a b a 2.5a 10.6a
1445 189.1 196.6 128.1 14.1a 34.5
17-17-17 b ab a 17.4b a b a 2.6a 10.3a
168.9 1676 180.1 17.8a 140.4 34.3
26-10-15 ab b a b a 15.2a a 24a 10.4a
1976 1783 1885 1459 14.7a 35.2
30-10-11 a ab a 20.8a a b a 2.5a 10.7a

!Values are means of four replicates. Values followed by different lowercase letters in the same
column are significantly different among treatments at p < 0.05.

Compared to grain micronutrients, the concentrations and acquisition of grain macronutrients
(N, P, K) and medium nutrients (Ca, Mg) were less affected by different compound fertilizers.
Significant differences were observed between the treatments of 17-17-17 or 26-10-15 and 30-10-11
only in grain Mg concentrations, and between 15-15-15 and 26-10-15 only in grain P acquisition (Table
4).

For the foliar spraying experiment, concentrations and acquisition of grain Zn, Fe, Mn, and Cu
in treatments of foliar spraying with Zn (ZnO or ZnSOs+7H:0) were all significantly higher than those
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in the control treatment (Table 5). The grain Zn, Fe, Mn, and Cu concentrations were significantly
increased from 33.5 mg/kg to 41.9~43.6 mg/kg by 25.1~30.1%, from 25.9 mg/kg to 28.3~29.0 mg/kg by
9.3~12.0%, from 13.3 mg/kg to 14.4~15.9 mg/kg by 8.3~19.5%, and from 4.5 mg/kg to 4.8~5.4 mg/kg by
6.7~20.0%, respectively, with highest values observed in the treatment of ZnSO4+7H-O (except for Mn).
Moreover, there were significant differences in grain Zn, Mn and Cu concentrations between the
foliar spraying treatments of ZnO and ZnSO+7H:0. Correspondingly, the grain Zn, Fe, Mn, and Cu
acquisition were significantly increased by 42.9~51.9%, by 24.7~30.7%, by 26.8~36.7%, and by
22.6~40.4%, respectively, with maximum values noticed in the treatment of ZnSO+7H20 (except for
Mn). Significant differences in grain Fe, Mn and Cu acquisition were found between the foliar
spraying treatments of ZnO and ZnSO4+-7H:O (Table 5).

Table 5. Grain nutrient concentration and acquisition of wheat as affected by different drone-based
foliar spraying treatments.

Treatmen

Zn Fe Mn Cu P K Ca Mg
Parameter t
Concentratio mg/kg g/kg
n
CK 331‘5C 259b 133c  4.5c 352 4.3a 0'332a 1.5a
ZnO 419b 283a 159a 4.8b 3.6a 4.0a 038D 1.5a
Zn 43.6a 29.0a 14.4b b5.4a 3.7a 42a 0430a 1.5a
Acquisition g/ha kg/ha

CK 252.5 11.0

b 195.0c 100.0c 33.7c 26.5b  32.1c 3.0c b
700 360.8 2432 136.7 413 31.0a 34.7a 12.8

a b a b b b 3.3b a
7n 383.5 2549 1268 473 13.0

a a b a 32.5a 36.9a 3.8a a

! Values are means of three replicates. CK: spraying of deionized water; ZnO: spraying of a mixture
of deionized water and ZnO; Zn: spraying of a mixture of deionized water and ZnSOs+7H20. Values
followed by different lowercase letters in the same column are significantly different among
treatments at p < 0.05.

Compared with the control, both foliar spraying treatments of ZnO and ZnSO+7H20 did not
lead to significant changes in grain P, K, Ca, and Mg concentrations, but were associated with
significantly higher grain P, K, Ca and Mg acquisition in most situations, with highest values
observed in the treatment of ZnSO+7H:0 (Table 5).

3.3. Concentrations of Phytic Acid and Phytate-P, Phytate-P/P Ratios, and Molar Ratios of PA/Zn, PA x
CalZn, PA/Fe and PA x Ca/Fe in Wheat Grains

Variations in compound fertilizers had non-significant impacts on concentrations of phytic acid
and phytate-P, and ratios of phytate-P/P in wheat grains (Table 6). Molar ratios of PA/Zn and PA x
Ca/Zn decreased from 40.2~46.5 in treatments of N-P20s-K20 (15-15-15) and 17-17-17 to 33.5~38.4 in
other treatments, and from 327.1~394.7 to 278.5~307.6, respectively. Both treatments of 15-15-
15+Micronutrient and 30-10-11 had significantly lower molar ratios of PA/Zn and PA x Ca/Zn than
17-17-17. In addition, the molar ratio of PA x Ca/Zn in the treatment of 26-10-15 was also significantly
lower than that of 17-17-17 (Table 6). Compared with the control, molar ratios of PA/Fe and PA x
Ca/Fe were all significantly increased by the treatment of 26-10-15, and the molar ratio of PA/Fe was
also significantly increased by 30-10-11. There were no significant differences in molar ratios of PA/Fe
and PA x Ca/Fe between treatments of 15-15-15 and 15-15-15+Micronutrient or among treatments of
17-17-17, 26-10-15 and 30-10-11 (Table 6).
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Table 6. Concentrations of phytic acid (PA) and phytate-P, ratios of phytate-P/P, and molar ratios of
PA/Zn, PA x Ca/Zn, PA/Fe and PA x Ca/Fe in wheat grains as affected by different soil fertilization

treatments.
Phytate-  Phytate- PA x PA x
Treatment PA P P/P PA/Zn Ca/Zn PA/Fe Ca/Fe
(g'’kg) (g/kg)
N-P205-K20 (15-15-
15) 8.1at 2.3a 0.74a 40.2ab  327.1ab 26.0c 212.5b
15-15-

15+Micronutrient 8.1a 2.3a 0.75a 34.3b 290.3b 26.6bc 225.9ab
17-17-17 8.9a 2.5a 0.82a 46.5a 394.7a 30.1abc  257.5ab
26-10-15 8.8a 2.5a 0.82a 38.4ab 307.6b 33.4a 268.6a
30-10-11 8.8a 2.5a 0.79a 33.5b 278.5b 31.0ab  259.2ab

! Values are means of four replicates. Values followed by different lowercase letters in the same
column are significantly different among treatments at p < 0.05.

3.4. Principle Component Analysis (PCA) of Various Parameters of Wheat as Affected by Soil Fertilization
and Foliar Spraying

The principle component analysis revealed the data distribution in the soil fertilization
experiment (Figure la) and in the foliar spraying experiment (Figure 1b). It showed a better
visualization of the relationships and great variation present among all the investigated parameters
and among different treatments performed on wheat (Figure 1). Two principal components (PCs)
accounted for 46.3% (PC1-24.6%, PC2-21.7%) of the total variance of all data in the soil fertilization
experiment (Figure 1a), and accounted for 67.1% (PC1-47.7%, PC2-19.4%) of the total variance of all
data in the foliar spraying experiment (Figure 1b). There were clear separations in data distribution
areas among five soil fertilization treatments (Figure 1a), and especially among three foliar spraying
treatments (Figure 1b).

PC2(21.7%)

B CK
B ZnO|
18 2Zn

T T T T T T T T
| 10 -8 6 4 -2 0 2 4 6 8 10
PC1 (24.8%) PC1 (47.7%)

Figure 1. Principle component analysis (PCA) of the effects of different soil fertilization treatments (a)
and foliar spraying treatments (b) on various investigated parameters of wheat plants. 15-15-15, 17-
17-17, 26-10-15, and 30-10-11 are ratios of N-P20s-K20 in compound fertilizers (a). In panel (b), CK:
spraying of deionized water; ZnO: spraying of a mixed solution with deionized water and ZnO; Zn:
spraying of a mixed solution with deionized water and ZnSO4+7H:0. The abbreviations of various
parameters investigated are as follows: yield (Y), plant height (PH), spike length (SL), spike number
per 666.7 m? (SN), kernel number per spike (KNPS), thousand kernel weight (TKW), HI (harvest
index), concentrations of Zn, Fe, Mn, Cu, N, P, K, Ca, Mg and phytate-P, ratios of phytate-P/P, and
molar ratios of phytic acid (PA)/Zn, PA x Ca/Zn, PA/Fe and PA x Ca/Fe in wheat grains.

3.5. Relationships among Grain Yield Traits and Nutritional Quality-Related Parameters

Across all data in the soil fertilization experiment, SN was positively correlated with grain yield,
but negatively correlated with TKW (Figure 2a). There were significantly positive correlations
between PH and SL, and between KNPS and HI. Both the grain yield and SN were negatively
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correlated with grain Cu concentration. In addition, the grain yield and SN were negatively correlated
with grain Mn concentration and grain Zn concentration, respectively. Significantly positive
correlations were observed between PH and grain K concentration, between SN and molar ratios of
PA/Zn or PA x Ca/Zn in wheat grains, and between HI and grain Ca concentration (Figure 2a).
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Figure 2. Corrplot representing correlations among measured grain yields, yield components, other
agronomic traits, and grain nutritional parameters of wheat crop across different soil fertilization
treatments (a) and across different foliar spraying treatments (b). Positive correlations are displayed
in blue and negative correlations in red. The color legend on the right-hand side of corrplot shows
correlation coefficients and the corresponding colors. The intensity of the color is proportional to the
correlation coefficient, and the ellipse size indicates the range of scattered experimental data points.
o, e and 7 indicate significant correlations at p < 0.05, 0.01 and 0.001, respectively. The
abbreviations are as follows: yield (Y), plant height (PH), spike length (SL), spike number per 666.7
m? (SN), kernel number per spike (KNPS), thousand kernel weight (TKW), harvest index (HI),
concentrations of Zn, Fe, Mn, Cu, N, P, K, Ca, Mg and phytate-P, ratios of phytate-P/P, and molar
ratios of phytic acid (PA)/Zn, PA x Ca/Zn, PA/Fe and PA x Ca/Fe in wheat grains.

Grain concentrations of Zn, Mn, Ca, and Mg were all positively correlated with Cu, and Zn was
positively correlated with Mg. Both Zn and Cu were negatively correlated with molar ratios of PA/Zn
and PA x Ca/Zn, and Fe was negatively correlated with molar ratios of PA/Fe and PA x Ca/Fe (Figure
2a).

For N and Mg, they were all negatively correlated with molar ratios of PA/Zn and PA x Ca/Zn.
For P, K, Ca and Mg, there were positive correlations among grain concentrations of each other (with
an exception of K and Ca). In addition, Ca was positively correlated with phytate-P and the molar
ratio of PA x Ca/Fe. There were significantly positive correlations among grain phytate-P
concentrations, phytate-P/P ratios, and molar ratios of PA/Fe and PA x Ca/Fe (Figure 2a).

Considering all date in the foliar spraying experiment, all significant correlations observed
between two different parameters were positive, there were no significantly negative correlations
(Figure 2b). Among parameters of the grain yield, SN, TKW, grain concentrations of Zn, Fe and Cu,
any two of them (with an exception of the grain yield and SN) were all positively correlated with
each other. The HI was positively correlated with SN and grain concentrations of Zn and Fe. The
grain Mn concentration was positively correlated with PH and grain concentrations of Zn and Fe.
There was a significantly positive correlation between grain concentrations of Cu and Ca (Figure 2b).

4. Discussion

4.1. Appropriate Soil Fertilization can Simultaneously Increase the Wheat Grain Yield while Improving
Grain Zn Nutritional Quality, but the Overall Effect is Limited

Previous studies reported Zn concentrations in wheat grains increased with moderate Zn or N
fertilizers [13,32] but decreased with P fertilizer [33-36]. And both the phenomena of “N-Zn
synergism” and “P-Zn antagonism” and underlying mechanisms have been well established and also
summarized in several latest review papers published [12,23,37,38]. In accordance, our study showed
that the mixture of Zn, or increasing N but simultaneously reducing P and K in compound fertilizer
were all practical to increase the grain yield of wheat and grain Zn density in the calcareous soil tested
(Tables 3-4).
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Regarding the addition of Zn into compound fertilizers, previous researches also indicated the
biofortification effect of Zn in compound fertilizers was not interfered by other component elements
[39]. Liu et al. [40] found that Zn application to soil at 50 kg ZnSO4-7H20O/ha increased the wheat grain
yield by 8.8%, which was due to the improvement of thousand kernel weight and tillers number. In
the current study, compared to the control, an increase of 5.6% of wheat grain yield was achieved by
addition of micronutrient into the compound fertilizer, possibly due to the slightly increase of spike
number (Table 3).

However, here the overall effects of Zn addition or changing the composition ratio of N-P20Os-
K20 in compound fertilizers are limited, with a maximal increase of the wheat yield by only 7.0%,
and a maximal increase of the grain Zn concentration from 19.4 to 27.0 mg/kg, which is far below the
target value of 40-50 mg/kg for biofortification. Moreover, there may be a negative side effect, which
decreased grain Fe and Mn concentrations, and Fe bioavailability (Table 6). The limited effect of soil
fertilization may be attributed to the relatively low soil DTPA-Zn (only 1.7 mg/kg prior to sowing) of
the experimental site and insufficient Zn addition into the compound fertilizer. Liu et al. [40] showed
that when the DTPA-Zn in the typical calcareous soil of North China Plain exceeded 4.09 mg/kg after
Zn fertilizer application, a 45 mg/kg of wheat grain Zn concentration can be achieved to be within the
range of the target biofortification value of 40-50 mg/kg.

4.2. Foliar Zn Spraying using Agricultural Drones is a High-efficient Approach to Biofortify Wheat Grains
with Zn while Enhancing Grain Yields, thus Showing a Great Potential to be Adopted in Large Areas by
Farmers

Most studies showing significant effects of foliar Zn spraying in increasing wheat grain Zn
concentrations/bioavailability to the target biofortification value were conducted using small
watering cans in pot/plot experiment or using knapsack sprayers in a lager field area [10,13,23,41].
However, primarily due to the low work efficiency and high labor costs, such foliar spraying methods
aiming to Zn biofortification are not conductive to be adopted by farmers, thus inevitably hinders the
wide promotion of foliar Zn spraying in large areas. Our study innovated a high-efficient way to
conduct the foliar Zn spraying on wheat plants, i.e., using an agricultural drone (e.g., DJ AGRAS T40,
DJI Agriculture, Shenzhen, China) in combination with the suitable Zn spraying solution
concentration, which greatly saves labor, improves the work efficiency and achieves the target
biofortification value of grain Zn simultaneously.

Promisingly, the wheat grain yield was increased from 7.5 to 8.6~8.8 t/ha by 12.0-17.3%,
meanwhile, the grain Zn concentration was increased from 33.5 to 41.9~43.6 mg/kg by 25.1~30.1%,
indicating a double-win in yield and nutrition (Tables 3 and 5). The yield increase caused by foliar
Zn spraying has been observed under drought, even in a high soil DTPA-Zn condition [42]. The
exogenous foliar Zn supply may supplement the Zn demand of wheat plants due to the drought-
induced insufficient Zn uptake from soil and simultaneously reduce the drought-induced oxidative
cell damage by improving the antioxidative defense ability [43]. Our study demonstrated that the
yield increase was mainly due to the increased thousand kernel weight, and there was a significantly
positive correlation between the wheat grain yield and TKW (Table 3; Figure 2b).

In agreement with other studies [41,44—46] and our previous study [13], foliar Zn spraying
significantly increased wheat grain Zn concentrations as well as total Zn accumulation (Table 5),
indicating the critical role of the pool of available Zn within and on leaves in determining grain Zn
deposition, especially when the Zn availability in soils (mostly calcareous or drought conditions, with
low organic matter contents and moisture) is restricted during the wheat grain-filling period [47]. The
foliar-sprayed Zn could penetrate into leaves, be transported/remobilized from leaves to wheat grains
via phloem, where the mobility of Zn is high due to concentrated chelating solutes, such as organic
acids, peptides, etc. [48-56].

When using small watering cans in pot/plot experiments or using knapsack sprayers in larger
field areas, the suitable concentrations of foliar Zn spraying generally fall in the range of 0.1~0.5%
ZnSO4-7H20 (w/v) in water, with a dose of normally 500~1000 L/ha each time (at least two or three
times), and excessive concentrations would cause obvious foliar damage and a yield penalty
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[13,41,44,45]. However, in our current study, a drone-based spraying of 3 kg ZnSO4-7H20/ha, i.e., 2.0%
ZnSO047H20 (w/v) in water, which is four times of the recommended maximal concentration of 0.5%
as known from the traditional foliar Zn spraying method, with a dose of 150 L/ha each time (three
times in total), did not lead to a yield penalty but simultaneously improved wheat grain yields and
increased grain Zn concentrations to the target biofortification value of 40~50 mg/kg. In addition to
the obvious characteristics of high concentrated Zn spraying solution and low dose of water used,
the drone-based spraying is high-efficient and both labor- and time-saving. Here, the work efficiency
using the current model of drone (DJI AGRAS T40, DJI Agriculture, Shenzhen, China) can reach 40
ha per day. Therefore, compared with the traditional foliar Zn spraying method, the present drone-
based technology showed obvious advantages and progress, updated our understanding on
manipulation of foliar Zn spraying, and would undoubtedly have great potential to be adopted in
large areas by farmers in the very near future.

4.3. A Double-win in Wheat Grain Yield and Micronutrient Nutrition rather than a “Dilution Effect” on Zn
due to Yield Increase could be Effectively Achieved through Appropriate Soil Fertilization and Foliar Zn
Spraying

The breeder’s dilemma-yield or nutrition arises from the negative relationship between crop
yield and its nutritional quality [20,21,57]. A “dilution effect” between wheat grain yields and grain
micronutrient concentrations (especially for Zn) has been observed during breeding [15,16], and such
correlation could be precisely describe by a negative linear relationship [22]. However, in the present
study, appropriate soil fertilization by the addition of Zn or changing the component ratio of N-P20s-
K20 in compound fertilizers, and especially foliar Zn spraying, increased wheat grain yields and
simultaneously elevated grain Zn concentrations, achieving a double-win in yield and Zn nutrition.

Moreover, foliar Zn spraying simultaneously increased concentrations of Fe, Mn and Cu in
wheat grains (Table 5), demonstrating multiple benefits. There were positive correlations between
concentrations of Zn and Fe, Mn or Cu in wheat grains (Figure 2b), indicating synergistic but not
antagonistic interactions. Rakshit et al. [58] reported the concentrations of Zn and Fe in wheat grains
were both elevated by foliar Fe fertilization. Our previous study on maize also showed that foliar
spraying of Zn alone increased grain Zn and Fe concentrations simultaneously, i.e., “killing two birds
with one stone” [59]. The underlying mechanisms regulating these positive crosstalks need a further
in-depth investigation.

There were significantly positive correlations between wheat grain yields and concentrations of
Zn, Fe or Cu (Figure 2b), indicating a double-win in wheat grain yields and micronutrient nutrition.
Thus, our study clearly proved that the yield increase and nutrition improvement could be realized
simultaneously by appropriate agronomic management practices (e.g., fertilization), suggesting a
critical role of agronomic management practices on balancing the seesaw of yield-nutrition. The
current study may shed light on closing the divide between more nutritious wheat grains and higher
grain yields to maximize the benefits to food security and human health [57].

4.4. Integrated Practical Strategies for Simultaneously Improving Yield and Micronutrient (Particularly for
Zn) Nutritional Quality of Wheat Grains

To maximize grain Zn/micronutrient nutritional quality while maintaining high wheat grain
yields, a comprehensive approach integrating soil and foliar fertilization is needed [10,22,60]. For
example, compared to soil or foliar Zn application alone, a combined application resulted in an
increase of 109% and 47% in the grain Zn concentration, respectively [61]. The current results
indicated that soil fertilization alone is limited to increase wheat grain yields and especially for grain
Zn concentrations (Tables 3-4). For instance, the maximal value of grain Zn concentrations due to soil
fertilization was only 27.0 mg/kg, far below the target biofortification value of 40-50 mg/kg. On the
other hand, there is a possibility to make grain Zn concentrations increase from the current levels of
41.9~43.6 mg/kg further to approach or exceed 45~50 mg/kg, if incorporating the appropriate soil
fertilization (the addition of Zn and/or changing the component ratio of N-P20s-K20 in compound
fertilizers) into the foliar Zn spraying experiment. Here, we strongly suggest the integration of
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appropriate soil fertilization (the addition of Zn and/or moderately increasing N but decreasing P in
compound fertilizers of N-P205-K20) with foliar Zn spraying in farming management systems to
maximize the yield-nutrition benefits (Figure 3).

Conceptual framework or traditional way )9 Innovated practical integration way

Traditional foliar sprayiug Drone-based foliar spraying:

using small watering cans or 2. 2.0% ZuS0, TH,0 (wh),
knapsack sprayers: 5 “ 150 L/l each time (three
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Figure 3. A schematic diagram showing integrative strategies for simultaneously achieving yield
increase and wheat grain Zn biofortification.

These combined measures are in accordance with the conceptual framework previously
proposed by plant nutritionists for integrative strategies to attain wheat yield goal and to harvest
more grain Zn [11,12,23]. In the conceptual framework for wheat grain Zn biofortification, at least
three aspects should be considered and gracefully managed: (i) a moderate N supply to soil, to fully
explore the potential of “N-Zn synergism”; (2) a slimming P supply to soil, to effectively alleviate the
“P-Zn antagonism”; and (3) an adequate Zn supply to soil for essential root uptake during the whole
growth period of wheat, and a sufficient physiologically available Zn pool in leaves by foliar Zn
spraying during the wheat grain-filling stage after anthesis (Figure 3). As farmers seldom apply Zn
or P alone, the development of simple and practical integration technologies, e.g., the addition of Zn
and/or tailoring the component ratio of N-P20s-K20 in compound fertilizers based on soil testing
should be easy-done and embraced by farmers, and especially the drone-based technology for foliar
spraying with Zn aiming at Zn biofortification would be particularly welcomed due to its high
effectiveness in terms of both labor- and time-saving.

Remarkably, our study showed a spraying of ZnSOs+7H:0 increased the grain Zn concentration
and accumulation more so than ZnO (Table 5), indicating the importance of chemical forms of Zn in
determining the effectiveness of foliar Zn spraying. The ZnO nanoparticles have been proved to be
more effective than ZnSO+7H20 and/or ZnO for Zn biofortification of wheat [46,62-65]. In addition,
the spraying timing, frequency, and amounts all influenced the effectiveness of foliar Zn applications
[12,65]. However, the previous studies are mostly conducted using the spraying devices of small cans
or knapsack sprayers, there is a lack of information on using drones [65].

Our findings underscore the potential of using drones to boost wheat grain yields and Zn
enrichment. Foliar spraying of a mixture of Zn and pesticide could reduce the cost without apparent
compatibility issues [66-68]. Plant hormones (auxin, cytokinin, abscisic acid, ethylene) may influence
grain Zn accumulation of cereal crops [30,69-71]. To fully explore the potential and finally establish
the drone-based precision and high-efficient integrated fertilization technology for wheat grain Zn
biofortification, the spraying timing, frequency, chemical forms (e.g. nanoparticles), and amounts, in
combination with the latest drone product (new model) and other chemical agents (pesticides, plant
hormones, etc.), should be optimized and integrated further. Researches have demonstrated that
foliar spraying of both ZnSOs and FeSOs simultaneously improved grain Zn and Fe concentrations
[72], and a cocktail micronutrient solution was effective to biofortify wheat grains simultaneously
with Zn, selenium, iodine, and partly with Fe while ensuring the yield productivity [73]. Therefore,
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it is promising to upgrade the drone-based technology from biofortification of only Zn to co-
biofortification of multiple micronutrient elements, achieving a multi-win for a better human health.

5. Conclusions

Our study proved that a double-win in wheat grain yield and micronutrient nutrition rather
than a “dilution effect” on Zn due to yield increase could be effectively achieved through appropriate
fertilization management practices. Appropriate soil fertilization by moderately enlarging N or
micronutrients and shrinking P in compound fertilizers can simultaneously increase the wheat grain
yield while improving grain Zn nutritional quality in calcareous soils, but the overall effect is limited.
Foliar Zn spraying using agricultural drones is a more high-efficient approach to biofortify wheat
grains with Zn while enhancing grain yields than soil fertilization, thus showing a great potential to
be adopted in large areas by farmers. Here, we strongly recommend the integration of appropriate
soil fertilization (the addition of Zn and/or tailoring the component ratios of N-P205-K:0 in
compound fertilizers based on soil testing) with the drone-based foliar Zn spraying in farming
management systems to maximize the yield-nutrition benefits. Our current findings underscore the
potential of using drones to boost wheat grain yields and Zn enrichment. In the future, it is promising
to upgrade the drone-based technology from biofortification of only Zn to co-biofortification of
multiple micronutrient elements, achieving a multi-win for a better human health.
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