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Abstract: The aim of the paper is to assess the impact of Foliar Fertilizations (FF) on the yield and
quality of sunflower seeds. This research was carried out in the agricultural years of 20192021 in the
experimental field of the university. The method of planting in the field was carried out in subdivided
plots with three repetitions and six fertilization options. The experimental variants were as follows:
Control (Mt), V1—FF 10:10:10+ME (microelements), V2—FF 8:10:0+8B (Boron)+ME, V3—FF 15:0:0+2S
(Sulfur)+1B+ME, V4—FF 15:0:0+4B+ME, and V5—FF 8:8:8+ME. FF treatments were carried out in the
vegetation phases specific to the sunflower crop. These varied from 2-6 L ha~!, depending on the
chemical composition of the product. The application of treatments with FF to the sunflower culture
positively influenced both production and its quality expressed by specific quality indices, namely
the content of proteins, lipids, carbohydrates, fibers, and minerals. The results were discussed not
only in view of classical statistics but also using the Principal Components Analysis (PCA), which
allows a more complex evaluation of the effects of foliar treatments on the production and quality of
sunflower seeds.

Keywords: liquid fertilizers; macroelement fertilization; microelement fertilization; macroelement
sunflower seed composition; microelement sunflower seed composition; nutrient content in sunflower
seeds; visual statistical interpretation of data

1. Introduction

Sunflower (Helianthus annuus) is an important oilseed crop and one of the most
versatile crops; it is adaptable to various environmental conditions, hence occupying an
important agricultural area not only in Romania [1] but also at the European level [2] and
worldwide [3]. In the context of the current political and social crisis at the European level,
sunflower culture has attracted increased agricultural, industrial, and economic interest
in many countries, including Romania [1]. Since 2015, Romania has consistently ranked
first in the European Union with respect to sunflower production (with an average of
approximately 2.3 t/ha), cultivated area, and export potential. Although this crop primarily
produces edible oil for human consumption, it is also an important source of protein for
livestock production. This study was designed to assess, from both the quantitative and
qualitative points of view, the influence of foliar fertilizers on the yield and quality of
sunflower seeds—an important link in the sunflower production chain. The chemistry of
agricultural production is of particular importance regarding the yield per hectare and for
facilitating the increase in agricultural output [4,5]. The aim of the present research was
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hence to investigate the problems related to increasing sunflower production and quality,
at the expense of the controlled use of chemical fertilizers, in order to obtain new data
and information that would serve to change the current concept of agriculture toward
sustainable agriculture [6].

Modern agriculture relies on the extensive use of fertilizers to obtain high-quality
production while keeping expenses as low as possible. As the cost of fertilizers has increased
greatly over the past few decades due to high energy consumption (especially fossil energy),
the use of foliar fertilizers is again a very hot topic. These fertilizers are characterized by a
lower content of classical mineral fertilizers and the addition of oligo and microelements,
which can favor the absorption and use of macroelements by plants. Their application is
made in an aqueous solution, which implicitly provides plants with an important amount
of water, one of the most important factors for plant development.

Since the 19th century, when it was first demonstrated that nutrients can be absorbed
via leaves, foliar application (liquid fertilizer that is applied directly to plant leaves and
not to the soil) has been a routinely used fertilization method. Although the movement of
nutrients in the root system is well studied, relatively little is known about the absorption
of nutrients by the follicle. Cuticles, stomata, and trichomes have all been proposed as
potential pathways for the movement of nutrients applied to the leaves, but their relative
contributions to foliar absorption are still unclear. Due to the chemical and structural
complexity of the cuticle, the mechanisms and overall efficiency of follicle absorption are
yet to be fully understood [7,8]. For the epidermis, it was suggested that there are two
different pathways of epidermal penetration: (1) The lipophilic pathway for non-ionic,
non-polar, and lipophilic compounds (e.g., insecticides) and herbicides; and (2) hydrophilic
pathways for ionic, polar, and hydrophilic substances (e.g., mineral nutrients) [9,10].

The intensive cropping system has diminished the intrinsic soil fertility, resulting in a
lack of key plant nutrients and, ultimately, inadequate productivity. Therefore, increasing
the nutrient supply is critical for elevating sunflower productivity. Sustainable production
requires efficient input utilization, including adequate and balanced fertilization [11]. The
yield and its creation process are modulated via genetic, environmental, and agronomic
factors, as well as by their interactions. Nitrogen (N), Phosphorus (P), and Potassium (K),
in particular, play a key role in promoting crop development, yield, and quality [12]. For
example, it was found that sunflower yield increased by 19 to 40% in response to Nitrogen
application [13]. After Nitrogen, Phosphorus, and Potassium, Sulfur is the fourth most
important macronutrient for plant growth. A Sulfur deficit is largely seen as being a result
of increased crop yield, which results in a faster rate of Sulfur removal by crops, as well as
a decrease in the use of Sulfur-containing fertilizers. Boron foliar sprays appear to mitigate
the negative impacts of drought by overcoming drought-related molecular reactions and
hence appear to improve sunflower growth under minimal-water circumstances [14].

Sulfur (S). Although Sulfur is less abundant in the soil crust (it occupies only 13th
place in distribution), for the mineral nutrition of plants, it occupies an important 4th place,
after Nitrogen, Phosphorus, and Potassium. In plants, it participates in the formation of
chlorophyll and is necessary in the biosynthesis of S-amino acids such as cystine (27% S),
cysteine (26% S), and methionine (21% S). Sulfur is also the cofactor/prosthetic group for the
Fe-S grouping required in various redox enzyme systems. Sulfur can be absorbed in plants
through the roots as sulfate or through the leaves as Sulfur dioxide gas from the atmosphere.
In the environment, Sulfur is found mostly in an oxidized, inorganic form, while in living
organisms, it is found in the reduced form of organic thiols. Only plants, algae, fungi, and
some bacteria can assimilate inorganic Sulfur in oxidized form and convert it into organic
Sulfur in reduced form in the form of various biomolecules. In plants, Sulfur participates in
the metabolism of Nitrogen and Potassium, improving their efficiency [15,16]. Sulfur aids
photosynthesis by being a constituent of succinyl CoA, which is involved in chlorophyll
and speeds up photosynthesis, promoting vegetative development. Sulfur aids in the
conversion of carbohydrates into oil, as well as the synthesis of the fatty acid-containing
enzyme thiokinase, which is Sulfur-dependent. Although the symptoms of S deficiency
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resemble those of Nitrogen deficiency, i.e., leaf yellowing (chlorosis), in S deficiency, this
symptom first appears in young leaves and persists even if the Nitrogen deficiency has been
remedied. Sunflower, similar to other oilseed crops, generally requires more S than P, unlike
other cereal crops. These elements can significantly increase oil production. It is considered
that for a good qualitative and quantitative production of achenes, approximately 16-25 kg
Sha~! is required, applied to the ground [17,18].

Boron (B). Sunflower is a plant that has a high need for Boron (B) and, depending
on soil conditions, other trace elements. To some extent, nutrient uptake by plant roots
is influenced by soil characteristics (especially soil pH) and the availability of micronutri-
ents in the soil. At the time of sunflower emergence, the critical Boron content is 20 mg
kg1 of soil [19,20]. This is costly to achieve by application of Boron to soil directly, this
being the reason that farmers prefer foliar nutrition when applying micronutrients. Some
researchers [21,22] have described the effects of Boron foliar application on sunflower
growth and development, stating that the Boron content corresponding to the deficit
is 32.5 mg Bkg ! of dry matter. The Boron requirement in sunflowers varies based on
the stage of plant growth. The Boron critical concentration in sunflowers at 4 weeks is
46.0-63.0 mg B kg~! dry matter, but 8-week-old plants require just 36.0 mg B kg~! [23].
Sunflower plants with tissue Boron content ranging from 16.5 to 23.0 mg kg ! dry mat-
ter require 300 g B ha™!, while plants with tissue Boron content ranging from 23 to
32.5mg B kg~! dry matter require 150 g B ha~!. In Indian conditions, Vala (2014) [15]
obtained a substantial increase in sunflower production and quality by applying only
80 kg N ha~! through calcium ammonium nitrate combined with considerable amounts
of S (25 kg Sha~!) and B (1.50 kg B ha~!). Other researchers have also obtained good
results through the foliar application of Boron, in much smaller quantities. Thus, through
the application of Boron fertilizer at BBCH 15-16 stage (5-6 unfolded leaves), increased
N content in the plant was achieved. Boron foliar spraying at a 0.2%-0.3% concentration
twice at the BBCH 15-16 and BBCH 20-22 (10-12 unfolded leaves) stages was substantially
greater than foliar spray at a 0.2% concentration at the BBCH 20-22 stage. The combined
data demonstrated that Boron foliar application of 0.3% Boron twice at the BBCH 15-16 and
BBCH 20-22 stages enhanced the amount of this element in the plant and increased sun-
flower plant yield. Boron fertilizer use at the BBCH 15-16 stage enhanced N content in the
plant. Sunflower seed output was significantly higher with Boron foliar application at a
0.3% concentration twice during the BBCH 15-16 and BBCH 20-22 stages, and comparable
with treatment at a 0.2% concentration at the BBCH 15-16 and BBCH 20-22 stages [15].
Treatments had no discernible influence on oil content or production [24]. Our research in
the present study, with much lower amounts of Boron (0.01% w/w concentration solutions)
but with foliar application together with macroelements, as well as some of the essential
microelements, also resulted in higher yields than the control, both quantitatively and
qualitatively (see experimental results).

The most important microelements that play a role in plant nutrition and are usually
found in foliar fertilizers are Cu, Fe, Mn, and Zn.

Copper (Cu) is an essential metal micronutrient in the metabolism of plants and is
involved in numerous physiological processes, such as photosynthetic and respiratory
electron transport chains (photosystem II) and as a cofactor or as a part of the prosthetic
group of many key enzymes involved in different metabolic pathways, including ATP
synthesis [25]. It is also assumed that Cu is involved in the process of lignification of cell
walls, but the mechanism is not yet fully elucidated [26,27]. On the other hand, the excess
of Cu is toxic. It has also been shown to cause cell membrane damage by attaching to the
sulfhydryl groups of membrane proteins and inducing lipid peroxidation. Furthermore,
Cu is highly toxic and can catalyze the formation of reactive oxygen species in the cell via
the Haber—Weiss reaction [26]. This dual behavior requires limiting the use of Cu to very
small amounts in foliar fertilizers, as well as closely tracking the effects after treatment.

Iron (Fe) is also an important metal microelement for plant growth and development
and is an integral part of many enzymatic functions. The most important participation of Fe
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is in the redox system that performs the biosynthesis of hemo-coenzymes, the chlorophyll
molecule, and Fe-S proteins. Another important function of Fe is in the development of
chloroplasts where, under conditions of Fe deficiency, protein synthesis is greatly reduced.
The significant improvement could be attributed to the effective involvement of foliar-
applied organic iron salts (for example, Fe-Aspartate) in improving the biosynthesis of
photosynthetic pigments for better photosynthesis, enhanced maintenance of plant water
relations through amino acid metabolism, and efficient improvement in nutrient acquisition
and antioxidative defense mechanisms [27]. The tilacoid membrane contains approximately
20 Fe compounds that are involved in the I and II photosystems (PS I and II). Fe deficiency
can also have a negative effect on the production of metabolites that have a direct impact
on lipid metabolism since deficiency in Fe can cause lipid peroxidation in oilseeds. This
has a direct impact on the stability and polymerization of lipid molecules and the viability
and storage of seeds, respectively [28]. The translocation of foliar iron differs by species.
This variation may be explained by the species” stomatal and venal patterns. The grass
species’ stomata are placed in regular longitudinal rows interspersed with venal tissue, so
the distance between an individual stoma and conducting components is never very wide.
Broadleaf species, similar to the sunflower, on the other hand, have a palmate venation
pattern and a random distribution of stomata, so the distance from an individual stoma to
conducting tissue varies greatly; in other words, the pathway to conducting tissue is more
tortuous in broadleaf species than in grass species. As iron passes through the stomata, it
is most likely absorbed by the parenchyma cells surrounding the substomatal chambers
and symplastically translocated to the phloem, and the more cells it must pass through, the
less iron that eventually reaches the phloem. In comparison to ferrous sulfate, the use of a
surfactant and organic iron salts (for example, Fe-aspartate) significantly increased iron
absorption [27,29]. Deficiency of Fe in plants is manifested especially in the early stages by
yellowing of the intervals between the ribs of the young leaves [28].

Manganese (Mn) has a wide impact on plant growth and development, especially
chloroplasts, given its decisive role in the functioning of Photosystem II (PS II) and the
formation of the superoxide dismutase molecule (MnSOD). When Mn is deficient, the
evolution of O, in the younger and developing leaves can decrease by almost half, so the
impact of Mn deficiency on the plant’s metabolism can be severe, participating in the onset
of chlorosis. Manganese, as an element with low bioavailability, cannot be translocated
from the lower leaves to the upper leaves. Deficiency symptoms manifest especially in
young leaves. Furthermore, the tilacoid membrane of plants can be adversely affected
by the lack or improper degradation of glycolipids and polyunsaturated fatty acids. The
influence of Mn can be seen especially in seeds and developing embryos. Proteins and
lipids in seeds are affected differently. As the concentrations of Mn in the oil crop, along
with the increase in concentrations in sunflower seeds, the amount of oil in the seeds
increases, but the quantity of protein decreases.

Qualitative observations indicate an influence of Mn on the oleic acid /linoleic acid
ratio, with manganese favoring the formation of oleic acid [28,30]. Zinc (Zn) is present in
many plant enzymes, especially those involved in the enzyme chain of carbonic anhydrase,
and it has extensive involvement in carbohydrate metabolism as an activator of fructose
1.6-bisphosphatase and aldolase. The cellular organelles of sunflower leaves involved in
foliar absorption of zinc are not stomata, but trichomes. The cuticle was also discovered
to be significant, with Zn moving over it before accumulating in the walls of underlying
cells. There was no significant accumulation of Zn within the stomatal cavity, indicating
that Zn transport through the stomata was unlikely to be significant. Zn was found in
the epidermal cells on both sides of the leaf after absorption. The BSEs (bundle sheath
extensions) attached to the trichomes appear to be critical for the transport of Zn away from
the overlaying trichomes in this regard. Furthermore, the absorption of nano-ZnO was
significantly lower than that of ZnSO,, indicating that Zn was most likely moving across
the leaf surface as soluble Zn rather than nanoparticles. Zn is also linked to the stability,
integrity, and longevity of membranes. In particular, Zn helps bind with various complexes
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to create polypeptide and cysteine structures that, in turn, help protect against oxidative
processes harmful to lipids [9].

Foliar fertilization of sunflowers with macroelements such as Boron, Sulfur, and
so on is ideal for this crop. When administered early in the growth cycle, it promotes
physiological processes such as budding, flowering, fertilization, and seed filling, as well
as the development of roots and foliar mass. To optimize the stimulating effect of various
types of foliar fertilizers, it is critical from an agronomic point of view to identify the time,
frequency, methods, and doses of their administration [31].

The purpose of our research presented in this study is to evaluate the effect of different
treatments with foliar fertilizers (FF) on the production and quality of sunflower seeds. The
quality of sunflower seeds was evaluated using the following determinations: Moisture, ash,
macro and microelements, lipids, raw protein, fiber, and carbohydrates. The evaluation of
complex interactions between FF treatments and production was carried out using the PCA
method. This chemometric technique allowed us to select the best model for determining
the most effective foliar treatment for the production of sunflower seeds, both quantitatively
and qualitatively.

2. Materials and Methods
2.1. Natural Framework of Experimentation

The study was conducted in 2019-2021 in the Cioreni experimental fields (N 45°48.298’,
E 21°09.350', 79 m altitude, Garmin device GPSMAP 64 st) of the University of Life Sciences
“King Michael I” from Timisoara, located in the Western Plain of Romania. The climate of
this area is temperate-continental, with slight Mediterranean and Oceanic influences [32].
The average annual temperature is 10.6 °C and the warmest month is July. (Figure 1) It
can therefore be inferred that, from a climatic point of view, the selected provides optimal
conditions for the cultivation of sunflowers [33].
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Figure 1. The average monthly temperatures (°C) recorded in Timisoara, (2019-2021) [32].

The average annual precipitation is frequently around 600 mm. In June, as a rule, the
maximum pluviometric occurs (Figure 2).
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Figure 2. The monthly rainfall (mm) recorded in Timisoara, (2019-2021) [32].

2.2. Geomorphology and the Physical and Chemical Properties of the Soil

The soil was a cambic low-gleyed chernozem, which otherwise displays the typical
features of local soils. From a geomorphological point of view, the studied area is part of
the low subsistence plain. It is a typical region of holocene divagation, in which both local
subsidence and general subsidence in the lower Tisa River resulted in partial coverage of
loessoid deposits and older alluvium and their mixing with recent alluvial materials. The
minimum elevation of the relief is approximately 80.8 m, in which case the groundwater
level is found very close to the surface [34].

Granulometric analysis was carried out using the Kacinschi method. The distribution
of granulometric fractions was balanced, which gives a medium-fine texture. The compo-
sition of the granulometric fractions was specific to a quiet sedimentation area, in which
the materials were sorted in an aquatic, basic, quiet environment. This statement is con-
firmed by the way in which the fine sand fractions (28-33%) and clay fractions (40—42.0%)
predominate. Coarse sand fractions (0.3-0.6%), which indicate a mean of transport and
hectic deposition, occurred in a small proportion; the dusty fractions occurred in a normal
proportion (27-30%). The measured density (2.45-2.73 g cm~3) was quite high, indicat-
ing advanced mineralization of organic matter and increased melanization of the upper
horizons.

The highest values of the apparent density were determined in the processed horizon
(Ap) of 1.50 g cm 3. The total porosity revealed small to medium values (43-47%), with the
aeration porosity being very low in the processed horizon (12%)—most likely due to the
destruction of non-capillary pores. At depth, where anthropic action (with machines and
agricultural equipment) is lower, the aeration porosity was markedly increased towards
average values—normal values for soils evolved on loessoid deposits and in the middle
stages of evolution [35].

The reaction of the soil solution is weakly acidic in the upper horizons (pH = 6.16)
to weakly alkaline (pH = 8.4) in the lower horizons. They are closely correlated with the
values characteristic of the carbonate content. As a result of the accentuated debasification
of the upper horizons, the carbonates were eluvied in depth, at 95 cm. Calcium salts are
completely removed from the upper third of the soil profile, leaving behind a eubasic
environment, where calcium ions in the soil solution are still found in significant amounts.
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The humus content is between 1.8% and 3.3%, which reflects a good supply of organic
matter; these values are specific to mollisols. Total Nitrogen oscillates from 0.120% to 0.221%,
being strongly dependent on soil humus content. The supply of mobile Phosphorus is
small, being between 4.1 and 23 ppm, which also explains the need to administer chemical
fertilizers along with Phosphorus. The supply of mobile Potassium ranges from 120 to
138 ppm, with data indicating a medium supply of this nutrient [36,37].

2.3. Sowing and Fertilization, Experimental Scheme

The sowing was performed in the optimal period, based on our previous experience.
The Neoma hybrid from Syngenta Company was used as a sunflower model, with the
sowing density at 58,000 seeds ha!. The sunflower crop was fertilized with 120 kg ha~!
solid chemical fertilizer 18:46:0 (N, P,Os, K,O-in the autumn), followed by two foliar
fertilizations in the doses recommended by the manufacturer and in the vegetation phases
specific to the sunflower crop, according to the data in the literature, respectively, in
stages: BBCH scale 15-16 (5-6 unfolded leaves) for the first application and BBCH scale
20-22 (10-12 unfolded leaves) for the second application when there is intense growth
and the requirements of plants are at a maximum [4,15]. Because sunflower has a slow
growth rate in the early vegetation phases, early weed control was ensured by herbicide
application [38]. Doses of foliar fertilizer ranged from 2 to 6 L ha~!, depending on the
chemical composition of the product. Single fertilization was applied using solid chemical
fertilizers in the autumn. The method of settlement in the field was in subdivided plots
with three repetitions and six fertilization variants; the harvestable area of the experimental
plot was 24.5 m? (length = 7 m, width = 3.5 m), with the path between variants having a
width of 1 m. The treatments applied were V1—FF 10:10:10+ME dose of 6 L ha~!; V2—FF
8:10:0+ 8B+ME, dose of 2 L ha—!; V3—FF 15:0:0+2S+1B+ME, dose of 6 L ha—1; V4—FF
15:0:0+4B+ME, dose of 4 L ha™!; V5—FF 8:8:8+ME, dose of 6 L ha™!; Mt-control; where
FF is the foliar fertilizer with different doses of soluble Nitrogen (N-first digit), soluble
Phosphorus (P,Os-second digit), and soluble Potassium (K,O-third digit), expressed in %,
w/w. B (0.01% w/w) represents forms of soluble Boron and S (1% w/w) represents forms of
soluble Sulfur, also expressed in % w/w. ME is a sum of trace elements, that is Fe (0.057),
Cu (0.006), Mn (0.026), Zn (0.008), and Co (0.002), chelated with EDTA and soluble Mo
(0.004), with concentrations also expressed as % w/w.

2.4. Methods of Chemical Analysis and Statistical Processing of Data

Sample processing and chemical analyses were carried out in the Soil Science Labora-
tory of O.S.P.A. Timisoara from U.S.V.T., RENAR authorized laboratory (the organization
in charge of standardization in Romania [39]). The methods used to characterize the quality
of sunflower seeds were in agreement with the Romanian ISO-accredited standards [40].
These methods are:

o  Humidity (%): Drying at 130 °C, using ovens (POL-EKO-Aparatura, Nitech, Bucharest,
Romania), SR EN ISO 712:2010 [41].

e  Ash (%): Calcination at 550 °C, using a calcination furnace (Lenton Thermal Design,
Derbyshire, UK), SR ISO 2171:2002 [42].

e  Raw protein (%): Classical Kjeldahl method, using VELP kit (DK20 heating digestion
and UDK 149 distillation unit) [43].

e  Lipids (%): Soxhlet extraction, SR ISO 1443:2008; of which saturated fatty acids using

the G5_MS method, by GCMS QP 2010 (Shimadzu, Kyoto, Japan) equipment [44,45].
Dietary fiber (%): Using the FOSS Fibertec device and method 2010 & M6 [46].
Carbohydrates (%): Determined by the calculation.
Metal analyses were performed by the atomic absorption method, in an air-acetylene
flame, using a VARIAN AA 240 FS (Australia) fast sequential atomic absorption
spectrometer [47,48] and total Phosphorus content was assessed by the colorimetric
method using a CINTA (GBC Australia) spectrophotometer.
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Vegetal samples mineralization was run by calcination and wet mineralization using
concentrated HNO3 + HCl in a ratio of 1:3 (aqua regia), followed by an appropriate dilution.

Mathematical processing and interpretation of primary data were conducted via clas-
sical statistical methods [49], using the Statistica software package. Because the volume
and complexity of agricultural data are always increasing, statistical methods able to re-
duce their dimensionality in an interpretable way are needed in order to reliably analyze
such datasets and draw pertinent conclusions. Principal Component Analysis (PCA) is
frequently applied to obtain a small number of linear combinations (principal components—
PCs) of a set of variables that retain as much information from the original variables as
possible [50]. In this study, PCA analysis was performed using PAST software. PCA es-
timates the correlational structure of the variables by finding hypothetical new variables
(PCs) that account for as much as possible of the variance (or correlation) in a multidimen-
sional data set. These PCs are linear combinations of the original variables (in our case, the
yield and concentration of qualitative parameters of sunflower seeds) [51]. This method
helps us to identify groups of variables (i.e., qualitative parameters of sunflower seeds)
based on the loadings and groups of samples (i.e., type of foliar treatment) based on the
scores. The PCA model is not restricted in the number of variables, and is thus distinct
from the rule for Multiple Regression: That the number of variables must be smaller than
the number of objects.

The closer the similarity between the samples, the fewer the number of terms needed in
the expansion to achieve certain approximation fitness, and only two or three variables (the
first 2-3 components) may be used for reduction of the dataset in order to simplify plotting
and to better explain the dispersion structure [50,51]. Given the wide range of values for
macronutrients and mineral concentrations (from units to thousands), logarithmic data
transformation was conducted to standardize datasets [52,53]. In order to better visualize
and understand the complexity of the correlations between the applied treatments and the
analyzed parameters, two PCA models were used; namely, PCA-nutrients, which describes
the interactions between treatments and the production of the main quality parameters of
sunflower seeds (moisture, protein, lipids, saturated fatty acids, carbohydrates, and fibers);
and PCA-minerals, which describes the interactions between foliar treatments and ash,
along with macro and micromineral content.

3. Results and Discussion

Abiotic stress can have a detrimental effect on the yield and on the growth of plants
and the quality and quantity of oil obtained [15,33]. A relevant example is the imbalance in
the nutrition and fertility of plants. Plants require macro- and micronutrients to optimize
their growth process and yield and complete their life cycle, especially at critical times in
their development [13,31]. Foliar fertilization can replenish the lack of nutrients at such
critical times, with a direct impact on yield, especially in sunflower crops [54].

3.1. Impact on Production

The production achieved and the humidity of the seeds using the foliar treatments
used here is shown in Table 1.

In all the foliar fertilized variants, the production obtained was significantly elevated
compared to the control (Mt). The highest yield, approximately 3700 kg ha~!, was obtained
in the V2 and V4 variants, for which Nitrogen and Phosphorus were supplemented with
microelements, especially Boron. Generally, foliar Nitrogen fertilizers are known to exert
favorable effects on grain production in most crops [55].

The humidity of sunflower seeds in all foliar fertilized variants was lower than in
the control group (Mt), especially for the V2 variant, in which case the difference was
statistically significant. The positive impact of Boron on seed production was observed
in other oilseeds such as brassica, especially if they were associated with Zn and Mo
application [56]. These data suggest that Boron may be a limiting factor in the production
of oilseeds [28].
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Table 1. Influence of foliar fertilizers on sunflower seed production and water content at harvest.

Measured Parameters Seeds Yield Humidity
Units Kg ha—l (0/0) %
Variants Mean/SD Mean/SD
o 4.23/0.62
V1 3483 *** /76 133.29 NS
V2 3743 *** /40 143.24 3.44 **/0.39
V3 3588 ***/13 137.31 4.460/0.94
NS
V4 3713 ***/35 142.09 4.22/0.61
NS
V5 3406 ***/31 130.36 447/0.13
NS
Mt 2613/71 100.00 5.03/0.42

*,**, or ** indicate statistically significant differences between sample means and Mt based on t-test, at p < 0.05,
p <0.01, or p < 0.001, respectively. NS (not significant) indicates the -test difference between sample means was
p>0.05.

3.2. The Impact on the Content of Proteins, Lipids, Carbohydrates, and Fiber

The content of raw protein, total lipids, and the fraction of saturated lipids, carbohy-
drates, and fiber are given in Table 2.

Table 2. The protein, lipids, saturated fatty acids (SFAs), carbohydrates (glucides), and fiber content
of sunflower seeds following different foliar treatments (% dry matter).

. . .. Carbohydrates .
Analyzed Nutrients Proteins Lipids SFAs (Glucides) Fibers
Unit %
Variants Mean/SD
V1 21.19* 53.80 * 3.84 ** 17.46 ** 1106939
0.67 1.00 0.25 0.70 NS
V2 21.41 ** 54.02 ** 4.19* 18.38 * 8.50 *
0.42 0.49 0.13 0.60 0.53
20.90 53.79 * 4.59 17.73 # 10.81
V3 0.75 0.61 0.15 662 0.93
NS NS ’ NS
20.69 * 53.79 ** 4.48 18.18 ** 9-87
V4 0.35 0.35 0.06 026 1.1
’ ’ NS ’ NS
V5 20.42 * 53.25 * 322 18.69 ** 12.15*
0.38 0.43 NS 0.21 0.51
M 19.73 51.32 4.78 20.69 10.52
0.20 0.73 0.22 0.89 0.72
*,** or *** indicate statistically significant differences between sample means and Mt based on T-test, at p < 0.05,

p <0.01, or p <0.001, respectively. NS (not significant) indicates the T-test difference between sample means was
p>0.05.

Similar to other crops, the impact of mineral fertilization on the qualitative parameters
of production is particularly relevant [57,58]. Thus, the average content in the raw protein
varied here between 19.73% in the control and 21.41% in the V2, variant. The difference
seen for the later experimental group, showing an increase of approximately 2%, was
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statistically very significant. The presence of Nitrogen in the foliar fertilizer implies that
the raw protein content in all the fertilized variants was higher than in the control, with
variable statistical assurance, from insignificant (V3) to significant (V1, V4, and V5) and
very significant (V2). The lipid content ranged from 51.32% in the control to 54.02% for the
V2 variant, which again showed statistical significance—for an increase of approximately
3%. For all fertilized variants, increased average values were recorded compared to the case
of the control variant, generally well and very well statistically assured. Similar results on
the production and quality of sunflower seeds were obtained by Milev [31] under similar
soil and climate conditions [31]. An interesting situation can be seen in the percentage of
saturated fats, which, under the influence of foliar treatments, decreased, especially when
Nitrogen predominates—as in the case of the V1 variant, which had the lowest percentage
of saturated fats, a value very well assured statistically. The carbohydrate content lay
between 7.46% for the V1 variant and 20.69% for the control variant. Similarly, the foliar
treatment with predominant Nitrogen (V1) reduced the carbohydrate content. This effect
was statistically well ensured for all foliar fertilized variants. The fiber contents ranged
between 10.52% in controls and 12.15% in the V5 variant, which shows the highest value
(an increase of approximately 2%), well statistically assured, and a minimum of 8.00% for
the V2 variant, also well assured statistically.

An interesting perspective of the effect of different types of foliar fertilizers on the
production and composition of macronutrients (or minerals) is obtained by treating data
using analysis of principal components (PCA) [50,51]. Principal Component Analysis was
used with PAST software to understand the relationship between yield and plant data
analysis and foliar fertilizer treatments. PCA was used to obtain a small number of linear
combinations (principal components) of a set of variables that retain as much information
on the large original variables (in our case, yield, humidity, ash, protein, lipid, fiber, and
carbohydrates contents, and also macro and micromineral contents) as possible [59].

To avoid overloading the graphic representations, the associations between the types of
fertilization and macronutrients using the PCA-nutrients model (Figures 3-5) and minerals
using the PCA-minerals model (Figures 5 and 6) were analyzed separately. From the screen
plot graph of eigenvalues of the PCA-nutrients model (Figure 3A), it can be seen that the
first three PCs are enough to explain more than 92% of the pattern variation. PC1 explained
60% of the pattern variation, PC2 explained 20%, and PC3 explained 12%.

These graphic images (Figures 4 and 5) showed that the V2 variant (8:10:0+B+ME)—
representing foliar fertilization with Nitrogen, Phosphorus, Boron, and microelements—is
clearly differentiated, in all aspects, both from the control and from the other fertilization
options, especially influencing production (highest) and humidity (lowest). The variants
V1 (10:10:10+ME) and V5 (8:8:8+B+ME), which have a similar composition of Nitrogen,
Phosphorus, Potassium, and microelements, also displayed a similar influence on the
composition in macronutrients, especially regarding fibers and carbohydrates. The V3
variant (15:0:0+1B+2S) and the V4 variant (15:0:0+4B+ME), which also shared a similar
composition in macroelements (Nitrogen) and microelements, exerted comparable effects
on the investigated parameters, and especially on yield, saturated fatty acids, and humidity.
The total protein and total lipid content were affected to a similar extent by all types of FF
treatments used, especially when Boron and Sulfur were present, as already reported by
other authors [14,31,60].
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Figure 3. Eigenvalueplot (A) and loadings for PC1 (B), PC2 (C), and PC3 (D) in the PCA-nutrients
model.
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Figure 4. Variance-covariance view of biplot scatter for the first two PCs, PC1, and PC2, in the
PCA-nutrients model. The colored areas represent the distribution of experimental data over the
three years of study, with the colors being specific to each experimental variant.
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Figure 5. Variance-covariance view of biplot scatter for the PC1 and PC3 in the PCA-nutrients model.
The colored areas represent the distribution of experimental data over the 3 years of study, with the

colors being specific to each experimental variant.
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Figure 6. Eigenvalue plot (A) and loadings for PC1 (B) and PC2 (C) in the PCA-minerals model.

3.3. Impact on Mineral Contents

Minerals along with proteins, lipids, and polyglucides are the basic constituent of
plants, participating both in the formation of their body (macrominerals: K, Ca, and Mg)
and in key enzymatic processes (microelements or trace metals, especially Fe, Mn, Zn,
Cu, and Mo). This polyfunctionality of metals involves strong genetic control and a wide
variety in terms of their content in the plant kingdom [16]. In addition to the genetic control
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of metal content in plants, environmental conditions, especially their content in soil, water,
and air, can influence their rate of penetration and accumulation in crops. Numerous
studies carried out in different environmental conditions and on different plants clearly
show an increase in metal content when their concentration in the soil, groundwater, or
irrigation water, as well as the air, is high [61]. Both organic and mineral fertilization can
contribute, within certain genetically controlled limits, to the increase in the content of
macrominerals (K, Ca, and Mg) and micro-favorable elements (Zn, Cu, Fe, Mn, and Mo),
from plant sources used in human or animal food. In addition to this favorable effect,
serious contamination of plants and vegetable food can occur when metal exposure is too
high. These contamination events can have no visible effects on plants as they generally
have a high defense capacity against metals but can exert serious harmful effects on their
consumers [62].

3.3.1. The Impact on Macroelements

These are primarily represented by K, Mg, and Ca, in the form of various inorganic
or organic salts [63]. The impact of foliar fertilization on the macromineral content of
sunflower seeds is shown in Table 3.

Table 3. Ash content and macroelements of sunflower seeds in the studied variants.

Minerals Ash Ca Mg K Na P
Units % mg kg1
Variants Mean/SD
3.32 78.55 325.33 *** 645.67 ** 9.10 *** 660.67
V1 0.08 0.70 1.15
NS NS 0.58 1.15 0.26 NS
307 * H4oF *% H3F *
V2 0.06 79.55 329.67 652.33 10.93 664.67
NS 0.51 0.58 3.21 0.32 1.53
303 *% *3% e R *
V3 0.02 80.73 325.67 650.33 11.17 663.00
NS 0.69 1.15 1.53 0.25 1.00
312 *% EE * R *
V4 011 81.47 327.67 644.33 10.33 663.67
NS 0.98 0.58 1.15 0.06 1.15
V5 31(7) 81.21 ** 3%25'27 644.67 ** 9.53 *** 662.67 **
NS 1.14 NS 0.58 0.12 0.58
Mt 3.23 77.34 320.33 641.00 6.47 660.33
0.18 0.79 0.58 1.00 0.45 0.58

*,**, or *** indicate statistically significant differences between sample means and Mt based on T-test, at p < 0.05,
p <0.01, or p <0.001, respectively. NS (not significant) indicates the T-test difference between sample means was
p>0.05.

Potassium is involved in the regulation and transport of water and backup substances,
positively inflating photosynthetic capacity, flowering, and firmness of tissues, as well
as carbohydrate synthesis, nitrate absorption, and enzymatic activity. A deficiency in
Potassium favors the attack of fungi, as well as a reduced resistance to the stress of drought
or low temperatures [12]. This, in turn, results in a lack of balance among other nutri-
ents, such as calcium, magnesium, and Nitrogen. Physiologically, the deficiency in this
important macroelement is apparent as dark spots on the leaves [17,63]. In the seeds of
the V2 variants (8:10:0+1B+ME) and V3 variants (15:0:0+1B+25+ME), there was a signifi-
cant enhancement in Potassium content; that is, approximately 9 and 11 ppm (1.4-1.7%),
respectively, compared to the control variant.



Agronomy 2023, 13, 2074

14 of 19

Magnesium, the main mineral constituent of chlorophyll, is the macromineral decisive
for photosynthesis and plant development, being the main activator of most enzymes. It
has a decisive influence on the absorption and transport of Phosphorus, as well as the
storage of sugars in plants. Magnesium deficiencies yield weak stalks, a loss of greenness
in the oldest leaves, and the appearance of yellow and brown spots, even though the leaves’
veins remain green [17]. Although the increase in magnesium was relatively low compared
to the control, it was constantly found in the seeds of all foliar fertilized variants, with
a maximum of 6-9 ppm (1.9-2.8%) in the V2 variant (8:10:0+1B+ME) and the V4 variant
(15:0:0+4B+ME).

Calcium is involved in the growth and development of plant cells, especially the
components of the walls of plant tissues, both in the stem and in the roots. It occurs
primarily in the walls of plant tissues, contributing to the improvement of plant vigor and
stimulating root formation and the transport of other mineral nutrients. This macroelement
also helps to neutralize the toxic effects of various toxic substances and produce healthy
seeds. Calcium deficiency causes yellow and brown spots on the leaves, while also retarding
plant growth and development [17]. The improvement of calcium content was seen here in
the seeds of all foliar fertilized variants; it ranged from 2 ppm to 4 ppm (2.6-5.2%), with the
best increase being identified in the V4 (15:0:0+4B+ME) and V5 (8:8:8+ME) variants.

Phosphorus—along with calcium, Potassium, and magnesium—is one of the main
macroelements necessarily involved in the fertilization of sunflowers. It not only positively
influences the formation of roots and the flowering process but is also actively involved in
all the physiological processes of growth, development, and fruiting, being indispensable in
the various organic substances participating in energy metabolism. Phosphorus deficiency
reduces the ability of sunflowers to withstand the different forms of stress that occur
during the growing season, thereby reducing both production and quality. The external
manifestation of such a deficiency is similar to calcium deficiency, i.e., the browning and
curling of leaves [17]. The seeds of V2 (8:10:0+1B+ME), V3 (15:0:0+1B+25+ME), and V4
(15:0:0+4B+ME) displayed the best content in Phosphorus versus the control variant, with
the growth being small (2—4 ppm and 0.3-0.6%) but significant.

Although the ash content is statistically influenced to an insignificant extent by the
foliar treatments applied, a difference was observed between the minerals. Thus, calcium,
magnesium, Potassium, and Phosphorus, which are the dominant macroelements, showed
a higher concentration, well highlighted statistically, especially in the V2 variant, where the
presence of Boron was noticeable. Moreover, with different degrees of statistical significance,
it can be appreciated that foliar fertilizers increase the content of the main macroelements
in all treated variants (Table 3).

3.3.2. The Impact of Foliar Fertilization on the Content of Essential Microelements

Although micronutrients are needed in smaller amounts than macronutrients inside
the plant, they are necessary elements. When the levels of a microelement fall below a
critical range, negative impacts on plant growth and development, physiological functions,
and metabolic pathways are observed, influencing both seed and embryo development [28].
The content in the main microelements (Fe, Zn, Cu, and Mn) are shown in Table 4.

Table 4 displays Fe, Mn, Zn, and Cu, found in the form of various salts with organic
acids from plants. These elements play an important physiological role, both for sunflower
plants and their animal consumers, with vegetal food being the main supplier of microele-
ments for animals, including humans [62,63]. Fe, Cu, and Mn revealed, in all the treated
variants, values above those measured in controls with variable statistical meanings, from
insignificant to very significant. The V2 variant had significantly higher Fe and Mn contents
compared to the control. Similar results were obtained for Cu in the V3 variant. In addition,
Zn showed significantly lower values than the control group, especially for the V1, V2, and
V4 variants.
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Table 4. The content of microelements in sunflower seeds under the influence of applied foliar

treatments.
Minerals Fe Zn Cu Mn
Unit mg kg1
Variants Mean/SD
V1 5.23* 5.09 ** (1)(7)2 1.92*
0.17 0.02 NS 0.03
V2 6.15 ** 4.70 *** (1)22 2,15 **
0.06 0.10 NS 0.05
V3 5.31 ** g}g 1.90 ** 2.00
0.12 NS 0.00 0.09 *
V4 6.04 ** 4.83 *** 1.87* (1)32
0.14 0.04 0.06 NS
5 55 5.18 1.83 208 **
V5 017 0.19 0.06 0.02
’ NS NS ’
Mt 4.74 5.20 1.73 1.80
0.17 0.01 0.06 0.05

*,**, or *** indicate statistically significant differences between sample means and Mt based on T-test, at p < 0.05,
p <0.01, or p < 0.001, respectively. NS (not significant) indicates the T-test difference between sample means was
p>0.05.

From the plot of eigenvalues of the PCA minerals model (Figure 6A), it can be seen
that the first two PCs are enough to explain more than 90% of the pattern variation; PC1
explains more than 85% and PC2 explains approximately 5% of the pattern variation. From
the loading coefficients (Figure 6B,C) it can be seen that only Fe, Zn, and Na were the
main variables explaining most of the variation observed in the two PCs. Based on these
results, a sharp differentiation of the applied treatments was obtained—as can be seen in
Figure 7. Thus, all fertilization variants were grouped separately compared to the control.
The V2 and V4 variants (15:0:0+4B+ME), and separately the V3 variant (15:0:0+5+1B+ME),
with a highly differentiated chemical composition, both with respect to macro- and micro-
fertilizers, form two distinct central clusters corresponding to the variants V1 (10:10:10+ME)
and V5 (8:8:8+4ME)—which are pooled together, being similar in qualitative chemical
composition.

The fertilization of V2 (8:10:0+B+ME) and V4 (15:0:0+4B+ME), both with Boron and
ME, had a positive effect on the content in Fe, while the fertilizing composition of V3
(15:0:0+5+1B+ME), with Sulphur and Boron, primarily influences the Na content (positively)
and the Zn content (negatively) of sunflower seeds. The fertilizers in V1 (10:10:10+ME) and
V5 (8:8:8+ME), both variants with the same qualitative composition, similarly influenced
the composition of macro (K, Ca, Mg, and P) and some microminerals (Cu, Mn, and Zn)
of sunflower seeds. In general, except for Fe and Zn among the microelements and Na
among the macroelements, the contents of the other micro- and macroelements were not
influenced by any of the applied foliar treatments.
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Figure 7. Variance-covariance view of biplot scatter for the first two PCs, PC1 and PC2. The color
has the same significance as in Figures 4 and 5. The colored areas represent the distribution of
experimental data over the 3 years of study, and the colors are specific to each experimental variant.

4. Conclusions

All tested foliar fertilizers had a positive effect on seed yield. The V2 variant with
the fertilizer recipe 8:10:0+B+ME, 2 L ha~! had the most significant positive influence
on seed yield and also on protein and lipids content, and also had the minimum % of
humidity. It also displayed the highest contents in Mg, K, P, Fe, and Mn. These results
indicate that this foliar treatment has the strongest effect in terms of both the quantity and
quality of sunflower seeds. This differentiation of the V2 variant, both from the control
variant and from all the other four variants, is also very clear from the two PCA models
used (Figures 4, 5 and 7). From the PCA-nutrients model, it can be seen that the variants
V1 (10:10:10+ME) and V4 (15:0:0+4B+ME) are the closest to the superior foliar fertilization
variant V2, especially in terms of quality, while variant V5 (8:8:8+ME) has the highest
fiber content and the V3 variant (15:0:0+5+1B+ME) the highest saturated fatty acid content.
According to the mineral content, the closest variant to V2 is V4 (15:0:0+4B+ME), as can be
seen from the PCA-minerals model (Figure 7). It was hence concluded that the combined
foliar application of Nitrogen, Phosphorus, microelements, and Boron was the optimal
treatment for maximum plant seed yield of sunflower crops.

Using the PCA analysis of the complex interactions between foliar fertilizers and
chemical composition allows a more suggestive and pragmatic approach to the use of
different compositions of foliar fertilizers to obtain products (in this case, seeds) with
certain compositional characteristics desired or, in contrast, to be avoided. We believe that
the information from this study will help to improve the design and use of foliar fertilizers,
as necessary, to increase the quality and quantity of crop plants, and to be able to ensure
both security and food safety in sustainable agriculture.
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