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of wheat crops
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Abstract

Background Bread wheat (Triticum aestivum) is one of the most widely cultivated crops globally; it is nutrition-
ally demanding and may be responsible for soil exhaustion, requiring adequate fertilization to maintain high yields
and grain quality. Targeted supplementation of macro- and micronutrients can also be used for the agronomic
biofortification of the grains. However, excessive chemical fertilizers can harm the environment and human health,
and more sustainable options are therefore required. This work proposes alternative strategies to chemical fertiliza-
tion, including applying organic fertilizers, biostimulants, and low-impact agronomical practices like foliar spraying,
to achieve high yields and enrichment in cationic nutrients calcium, magnesium, and potassium.

Experimental plan The study investigates the impact of different fertilization strategies on wheat yield and nutri-
ent composition using two wheat genotypes characterized by different nitrogen (N) grain content. The plants were
grown in pots and underwent differential root fertilization with 50 kg ha™' N at the tillering stage, comparing mineral
and organic products. At heading, foliar treatments (25 kg ha™" N) were applied, comparing a traditional urea supple-
mentation with a combination of biostimulants from organic wastes and calcium, magnesium and potassium nitrates.
The plants were analyzed for their health and the expression of genes for nutrient homeostasis during growth,

and for yield and grain quality at harvesting.

Results The two alternative fertilization approaches positively impacted plant health and yield in both cultivars.
Root fertilization accounted for most of the total variance, affecting both early and late-stage yield components;
the organic fertilizer produced results comparable to those of the mineral one. Furthermore, the foliar application
of base cations and biostimulants led to beneficial changes in nutrient homeostasis and grain mineral content,
although the increase in calcium, magnesium and potassium was moderate and genotype-specific.

Conclusions This work identifies organic amendments, foliar spraying and biostimulants as alternative and sustain-
able strategies that can be as effective as chemical fertilization in improving wheat plant health, yield and grain
composition. On the other hand, supplementing with cation nutrients at heading showed minimal biofortification
benefits. The study emphasizes the importance of considering genotype-specific needs to optimize nutrient uptake
and yield across different wheat cultivars.
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Introduction

Wheat is the second most important cereal for human
consumption (ca. 67 kg person™! year™!) after rice and
feed production after maize (data from FAOSTAT for the
year 2021: www.fao.org/faostat/). This crop, and in par-
ticular bread wheat (Triticum aestivum L.), is one of most
widely cultivated worldwide, ranking first in cultivated
area (more than 220 million ha) and fourth for annual
production (above 770 million t). Although 7. aestivum is
relatively adaptable and widespread worldwide, its yield
is strongly influenced by cultural conditions and varies
widely in different geographical areas (ranging from 0.4—
10 t ha™!, FAOSTAT 2021), due to both climatic differ-
ences (e.g., temperature, humidity, seasonal cycling) and
the availability of agricultural inputs [1-4].

Thanks to the long history of wheat breeding, wheat
grain has a relatively high protein content, even though
significant variability (7-22% dry weight, DW, [5];
13-20% DW, [6]) was identified and selected for differ-
ent uses in the food and feed industry [7, 8]. For this rea-
son, wheat has high nutritional needs in terms of both
nitrogen (N) and other nutrients, which are consistently
taken up during wheat cultivation, a fact that allowed
its acknowledgement as a soil-impoverishing crop [9].
Indeed, wheat was estimated to remove up to 200 kg
ha™! N and potassium (K) from soil yearly, as well as 50
kg ha™! phosphorus (P) [10, 11]. Given this evidence,
adequate wheat fertilization is necessary for high yields
and good grain quality [12—15] to avoid soil exhaustion.
On the other hand, massive chemical fertilization is
known to impact the environment negatively, impairing
soil, water and air quality and adversely affecting human
health [16, 17]. To counteract chemical fertilization as an
ongoing negative trend, several alternatives have been
proposed to sustainably deliver nutrients to plants, such
as organic or slow-release fertilizers, amendments, and
biostimulants, as well as the application of low-impact
agricultural practices, including, for example, foliar
spraying [16, 18—-20]. Among the former, biostimulants,
i.e, a variety of products able to improve plant produc-
tivity by processes not directly ascribable to plant growth
regulation [21, 22], have raised attention in recent years
for their peculiar properties. Recent research has associ-
ated biostimulants with increased yield and grain quality
in wheat, as well as amelioration of nutrient homeostasis
and improved response to stresses [23—-27]. In the view of
a sustainable and circular economy, it has been demon-
strated that effective biostimulants, similarly to organic
fertilizers, can be obtained from the appropriate con-
version of organic wastes of the agri-food and industrial
production chains, contributing to environmental and
economic sustainability [28]. As for agricultural prac-
tices, foliar spraying is considered a valid alternative to

Page 2 of 15

enhance plant nutrition: promising results have been
obtained in this direction in cereals and other crops [29,
30], taking into account several advantages of the tech-
nique, such as reduced leakage of nutrients, limited
accumulation of excess ions in the soil, and increased
efficiency in nutrient uptake [31, 32]. Weaknesses of this
practice are also worth noticing: foliar nutrients gener-
ally have low penetration due to the barrier properties
of cuticles and other epidermal structures, and fertilizer
solubility, together with developmental and environmen-
tal factors, can hinder the efficacy of nutrient transloca-
tion in leaves [31-33]. Therefore, this type of treatment
has been proposed as effective when in combination with
traditional soil fertilization to correct plant nutritional
disorders, promote plant growth and vyield, and enrich
edible plant tissues with mineral nutrients that are ben-
eficial for human health [31-33]. The latter, known as
agronomic biofortification, has been widely proposed in
wheat. Studies have mostly regarded micronutrients such
as iron (Fe) and zinc (Zn), which are among the most
common deficiencies in the so-called “hidden hunger”
[34-36]. However, deficiency in base cation nutrients cal-
cium (Ca), magnesium (Mg) and K is also widespread and
needs to be addressed [37]. Indeed, evidence supports
that Ca, Mg, and K intake has beneficial effects in lower-
ing the potential renal acid load (PRAL), a dietary param-
eter that estimates the impact of food on urine pH. High
PRAL values are associated with a diet high in proteins
and poor in base cations and have been correlated with a
higher incidence of clinical conditions such as osteoporo-
sis, hypertension and chronic kidney disease; cereals and
derived products have a positive (i.e., acidic) PRAL [38,
39]. In this view, identifying effective strategies for the
agronomical biofortification of wheat with Ca, Mg, and
K is a current concern; however, research in this field has
been limited, with moderately positive results [40].

The focus of this work was to propose viable alterna-
tives to traditional chemical fertilization, aiming to reach
equal or superior wheat health, nutrient efficiency and
yield; at the same time, the research wanted to achieve
higher grain quality by supplementing base cationic
nutrients. In a greenhouse-scale experiment, two differ-
ent wheat genotypes, Rebelde and Bagou, were subjected
first to root fertilization at tillering, followed by a foliar
treatment at heading. At the root level, a mineral ferti-
lizer and an organic amendment derived from manure
were compared for their effect on plant health and
macronutrient homeostasis. Foliar treatments during
heading included the application of N either as urea or as
nitrates (Ca(NOj3),, Mg(NO3), and KNO,), either in the
presence or absence of biostimulants from production
wastes. The final effect of the different strategies and the
contribution of the different treatments was evaluated in
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terms of plant growth, yield, and mineral content of the
grain; the expression of nutrient transporters was also
considered to further elucidate the plants’ nutritional
status and mineral homeostasis. The results highlight the
possibility of adopting alternative strategies for wheat
fertilization, allowing a reduced impact on the environ-
ment and the concurrent recycling of organic wastes.

Material and methods

Experimental setup and treatments

The experiment was conducted on two common win-
ter wheat (T aestivum L.) cultivars, Rebelde and Bagou.
Rebelde (seeds were obtained at APSOV Sementi, Pavia,
Italy—https://www.apsovsementi.com) is a superior
bread-making wheat genotype with high protein content;
Bagou (seeds were obtained at RV Venturoli, Bologna,
Italy—https://www.rv-venturoli.com) is a soft wheat gen-
otype with low protein content, used mainly for biscuits,
crackers and breakfast foods. Seeds were pre-treated
with the Celest Trio fungicide (Syngenta, Basel, Switzer-
land). Sowing was performed in 5 L pots (diameter 21
cm, height 17.5 c¢m) filled with 3 kg of a 1:1 mixture of
garden soil (Klasmann-Deilmann GmbH, Geeste, Ger-
many; specifics are reported in Supplementary Material
and Methods) and silica sand; the garden soil contained
already a basal NPK fertilization (N:P:K 14:10:18, 0.8 kg
m~3). Seeds were sown on 15 December 2020, maintain-
ing row distribution and seed density as in field condi-
tions (0.12 m apart rows and 220 kg ha™! seeds; [40]).
Each pot, containing 22 plants, represented a replicate.
Plants were vernalized in the field from January 2021
until April 2021, then moved into a greenhouse under
natural light conditions, with a minimum temperature of
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22 °C and about 60% relative humidity; pots were rand-
omized every 15 days to avoid the edge effect. Uniform-
ity of water regime was controlled by supplementing the
same volume of water (100 mL during winter, 150 mL
during spring and 200 mL from May to June) to each pot,
twice per week until the end of the experiment, to a total
of 8700 mL of water in each pot. The amount of water
was decided to exclude percolation from the pots, in con-
sideration of the different seasonal needs of the plants.

Nutrients were provided as split fertilization in three
different growth stages, according to the common prac-
tices of wheat cultivation in Northern Italy and consid-
ering an intermediate level of N supplementation in
consideration of the different characteristics of the two
genotypes used [41, 42]. Firstly, a basal NPK fertilization
(N:P:K 14:10:18, 0.8 kg m™3) was provided pre-sowing
to all pots as included in the growth substrate. Secondly,
root fertilization (50 kg ha™ N) was performed at tiller-
ing using N from different origins, all provided as pel-
leted solid fertilizer. Lastly, foliar supplementation (25
kg ha™' N) was applied at heading, providing N in differ-
ent forms, with or without the addition of biostimulants.
A schematic representation of the different fertiliza-
tion strategies, each applied to both wheat genotypes,
is reported in Fig. 1. The root and foliar strategies are
detailed in the next paragraphs.

Root fertilization

Root fertilization was applied at tillering in three dif-
ferent forms, ie., mineral P (MIN(P)), mineral N+ P
(MIN(N +P) and organic (ORG) (Table 1). Each treat-
ment was provided to 18 pots and supplemented 17.8 kg
ha™! P; N addition was applied only for the MIN(N +P)

MIN(P) MIN(N+P) ORG uTc
MINE) RIS e
UReacan | MING) L CMINGGR) o ORG
UREA+VEG U%TJCLG LI:/FI{I? ,:.T\;:é UR:;(\;IEG
o3 o
—
NO3+VEG N“g;’:{zG

Fig. 1 Experimental plan. Schematic representation of the experimental thesis applied in this work. Root fertilization approaches, applied
at tillering, are reported in columns and foliar treatments, performed at heading, in rows. The untreated control (UTC) received no nutrient

supplementation
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Table 1 Treatments for root fertilization at tillering
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Treatment Acronym Composition

Mineral fertilizer with P MIN(P) 17.8 kg ha™" P as soft rock phosphate (61 kg ha™")

Mineral fertilizer with N and P MIN(N +P) 50 kg ha™' Nasurea (109 kgha™") +17.8 kg ha™
P as soft rock phosphate (61 kg ha™)

Organic fertilizer ORG 50 kg ha™' Nand 17.8 kg ha™! P as pelleted

mature manure (592 kg ha™")

and ORG conditions and consisted of 50 kg ha™' N. Min-
eral treatments were applied as urea for N and soft rock
phosphate for P. The organic treatment was provided as
pelleted mature manure, produced by recovering and
treating wastes of poultry and cattle farming; the contri-
bution in terms of N and P was equal to the MIN(N + P)
treatment. The chemical composition of the mineral and
organic fertilizers is reported in Supplementary Material
and Methods. The MIN(P) treatment was used as a non-
N-treated control to evaluate the specific effect of N sup-
plementation. Three pots, as untreated control (UTC),
received no fertilization.

Foliar fertilization

Foliar fertilization was applied at early heading, sup-
plementing 25 kg ha™! N in a spraying water volume of
600 L ha™!. N was provided as urea in the UREA, UREA
+ AN and UREA +VEG treatments, and as Ca, Mg and
K nitrates in the NO3, NO3 + AN and NO3 + VEG treat-
ments (Table 2); in the nitrate treatments, nitrates were
applied as proposed by the 40% dosage in [40]. Urea was
added to equalize the N dosage. UREA +AN and NO3
+ AN treatments were supplemented with 2.5 kg ha™! of
a biostimulant of animal origin, derived from the hydrol-
ysis of bovine meat wastes. Similarly, UREA +VEG and
NO3 +VEG treatments also contained 2.5 kg ha™' of a
biostimulant of vegetal origin, obtained by hydrolysis
from residuals of castor oil (Ricinus communis) extrac-
tion. The specifics and chemical composition of the
biostimulants are reported in Supplementary Mate-
rial and Methods; biostimulant contribution to foliar
N fertilization was negligible. Each foliar fertilization

Table 2 Treatments for foliar fertilization at heading

was applied to nine pots, three for each root treatment
(MIN(P), MIN(N +P) and ORG). The UTC pots received
no foliar fertilization in addition to no root treatment.

Plant sampling and measurements

To evaluate the effect of root fertilization, leaves were col-
lected six weeks after root fertilization. The fourth leaf on
the main stem was chosen for developmental uniformity.
Leaves were pooled from five plants from three repre-
sentative pots (three biological replicates) for each treat-
ment, frozen in liquid nitrogen and stored for chlorophyll
and gene expression analyses. To analyze the impact of
foliar treatments, leaves were collected one week after
spraying. Flag leaves were pooled from five plants for
each pot from the same root and foliar fertilization (three
biological replicates), then frozen in liquid nitrogen and
stored for chlorophyll and gene expression analyses.

To evaluate yield and grain quality, ripe wheat heads were
collected at the end of June 2021. Yield parameters included
the number of spikes per plant (expressing tiller capacity),
the number of seeds per spike, the weight of 1000 grains
(TKW, thousand kernel weight) and the total yield. Each
vase constituted a biological replicate. The agronomic effi-

ciency of N fertilization was calculated as follows:

(kg yield lnfertilised’plﬂnts)f(‘k‘g yi?ld in UTC) [43, 44]‘
kg N supplied by fertilisation

The collected ripe grains were then used for multi-elemen-
tal determination.

agronomic efficiency =

Analysis of leaf chlorophyll content and ratio

Chlorophyll content and ratio were measured as a
well-established indicator of plant health and nutri-
tional status [45-47]. Fourth leaves collected after root

Treatment Acronym Composition
Urea UREA 25kg ha™" N as urea (54.5 kg ha™")
Urea +animal biostimulant UREA + AN 25 kg ha™' Nas urea +2.5 kg ha™' hydrolyzed bovine meat waste
Urea +vegetal biostimulant UREA +VEG 25 kg ha™' Nas urea +2.5 kg ha™' hydrolyzed castor-oil wastes
Ca, Mg and K nitrates NO3 25 kg ha™' N as nitrates +urea (38.8 kg ha™' Ca(NO,),, 45.6 kg
ha™" Mg(NO,),, 81.7 kg ha™' KNO,, 7.93 kg ha™" urea)
Ca, Mg and K nitrates +animal biostimulant NO3 +AN 25 kg ha™' Nasin NO3 +2.5 kg ha™' hydrolyzed bovine meat waste
Ca, Mg and K nitrates +vegetal biostimulant NO3 +VEG 25 kg ha™' Nasin NO3 +2.5 kg ha™' hydrolyzed castor-oil wastes
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fertilization and flag leaves after foliar treatment were
ground in liquid nitrogen and weighed. Total chloro-
phylls were extracted in buffered 80% aqueous acetone;
three technical replicates and three biological replicates
were considered for each treatment at each time point.
Total chlorophyll content and chla/chlb ratio were deter-
mined spectrophotometrically as in [48].

RNA extraction and gene expression analysis

Total RNA was extracted from frozen leaves collected
after root and foliar treatments, using the TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Puri-
fied RNA was submitted to DNase treatment followed
by first-strand cDNA synthesis with the SuperScript II
Reverse Transcriptase (Thermo Fisher Scientific), accord-
ing to the product protocol. Real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR) was performed
for 40 cycles with the Applied Biosystem QuantStudio 3
instrument (Applied Biosystems, Foster City, CA, USA)
using Platinum SYBR Green qPCR SuperMix UDG
(Thermo Fisher Scientific). Primers for the amplifica-
tion were designed on the Triticum aestivum genome
(IWGSC, INSDC Assembly GCA_900519105.1, Jul 2018;
[49]) and are reported in Supplementary Material and
Methods. The genes considered were TaNPF5.20 and
TaPHTI;6 after root fertilization, as markers for plant N
and P status respectively, and TaHAKI8, TaACA4 and
TaMGT1, to track K, Ca and Mg homeostasis after foliar
treatment. Each reaction was performed in triplicate;
each of the three pots for each treatment was considered
a biological replicate. Melting curve analysis was car-
ried out to ensure the amplification of a single product.
Quantitative data were normalized to the endogenous
reference genes actin and glyceraldehyde-3-phosphate
dehydrogenase, TaGADPH (Supplementary Material
and Methods). The 2724€T method was used to analyze
relative gene expression levels [50]. Primer efficiency
was determined to be above 95% using the LinRegPCR v.
2021.2 program [51].

Multi-element determination by energy-dispersive X-ray
fluorescence (EDXRF) spectrometry

After harvesting, elemental quantification was performed
on ripe grains from Rebelde and Bagou cultivars. UREA,
NO3, NO3 + AN and NO3 + VEG treatments were con-
sidered for this analysis, with UREA used as a control
for the absence of Ca, K and Mg foliar fertilization. The
analysis was performed in triplicate, with pots treated as
biological replicates. Seeds were dried, finely ground and
pressed in 40 mm pellets by a 40-ton pneumatic labo-
ratory press (International Crystal Laboratories, Gar-
field, NJ, USA) [52]. Multi-element determination was
performed by EDXRF spectrometry using an S2 Ranger
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spectrometer (Bruker, Hamburg, Germany), applying the
procedure described in [52].

Statistical analysis

Data in histograms is represented as mean = standard
error. The statistical significance of experimental data
was calculated using GraphPad Prism9 (GraphPad Soft-
ware). Statistical significance was evaluated by a two-way
ANOVA followed by a post hoc Tukey’s multiple com-
parison test. Statistically significant variations (P< 0.05)
are marked with letters, the same letter corresponding to
statistically non-significant differences. Principal com-
ponent analysis (PCA) was performed using GraphPad
Prism9. Data were standardized automatically before
analysis, and principal components were chosen based
on the percentage of total explained variance, with a per-
centage threshold set at 75%.

Results

Effect of root fertilization on wheat growth

Plant health was evaluated six weeks after root fertili-
zation employing chlorophyll quantification. In both
Rebelde and Bagou, MIN(N +P) and ORG treatments
showed increased total chlorophyll content, indica-
tive of improved plant health in both cultivars, with a
slightly higher increase in the MIN(N +DP) treated plants
(Fig. 2A): in Rebelde, the increment was of 27% and
14% for the MIN(N +P) and ORG treatments, respec-
tively, compared to MIN(P), whereas in Bagou chloro-
phyll content reached +24% and +14%, respectively.
The ratio between chlorophyll 2 and b was not signifi-
cantly altered upon fertilization. However, a decrease of
12% was observed upon MIN(N +P) in Bagou (Fig. 2B).
The number of productive tillers, measured as the num-
ber of spikes per plant, was evaluated at harvesting; only
the MIN(N +P) treatment produced a small increase in
the mean number of spikes in both genotypes (+ 11%
in Rebelde and +9% in Bagou compared to MIN(P))
(Fig. 2C).

To assess the nutritional status of the plants, expres-
sion levels for N transporter NPF5.20 and P trans-
porter PHT1;6 were evaluated by real-time RT-PCR six
weeks after root treatment. NPF5.20 is a member of the
NPF (Nitrate Transporter 1/Peptide) family, which is
involved in nitrate sensing, root absorption and trans-
location and is up-regulated by N supplementation
[53]. In both genotypes of this analysis, transcripts for
NPF5.20 were significantly higher in MIN(N +P) and
ORG treatments than in UTC and MIN(P) (Fig. 3); in
particular, ORG treatment up-regulated NPF5.20 to a
higher level, reaching a fold change of about 2 in com-
parison to the UTC and MIN(P) treatments. As the
other marker of plant nutritional status, PHTI;6 is a
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Fig. 2 Analysis of wheat health and development after root fertilization. Chlorophyll measurements were performed six weeks after root
fertilization, on three biological replicates (three pots) for each treatment type; five leaves were pooled from different plants for each biological
replicate. The number of productive tillers was evaluated at harvesting on 18 biological replicates. A Total chlorophyll content (biological replicates
=3). B Chlorophyll a/b ratio (biological replicates =3). C Number of productive tillers, measured as spikes per plant at harvesting (biological
replicates = 18). Different letters above the histograms indicate statistical significance, evaluated by two-way ANOVA followed by a post hoc Tukey's
multiple comparison test (P< 0.05)
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Fig. 3 Expression analysis of nitrogen and phosphorus transporters after root fertilization. Real-time RT-PCR analysis of TaNPF5.20 and TaPHT 1,6,
indicative of N and P nutritional status, respectively, measured in leaves six weeks after root fertilization (biological replicates = 3). Different letters
above the histograms indicate statistical significance, evaluated by two-way ANOVA followed by a post hoc Tukey’s multiple comparison test (P<
0.05)

phosphate transporter induced in both shoots and roots  the different treatments. In Rebelde, expression was up-
upon P starvation [54, 55]. In this experimental setting, regulated upon combined N and P fertilization in inor-
its expression varied only in Rebelde, whereas expres-  ganic and organic forms (Fig. 3).

sion in Bagou was significantly lower and constant in
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Effect of combined root and foliar fertilization on wheat
growth

Chlorophyll content was measured one week after foliar
treatment, considering each combination of root and
foliar fertilization separately. In Rebelde, ANOVA anal-
ysis revealed that total chlorophyll concentration was
influenced by root fertilization, while foliar fertilization
and the interaction between root and foliar fertilization
had no significant impact; in particular, MIN(N +P)
treatments led to higher chlorophyll levels, with UREA,
NO3 and NO3 + VEG foliar fertilization producing sig-
nificant increases (+ 19%, +23% and +21% in compari-
son to UTC, respectively) (Supplementary Table 1). On
the other hand, the chlorophyll a/b ratio was influenced
by both foliar and root treatments; however, the impact
was only moderately significant, and the pairwise com-
parison was significant only in the UTC treatment (Sup-
plementary Table 1). In Bagou, both root and foliar
fertilization, as well as their interaction, had effects on
total chlorophyll content; in particular, the MIN(N +P)
treatment had the highest positive impact on chlorophyll
content, with the NO3 + AN foliar treatment producing
a44% increase in comparison to UTC and a 17% increase
to the MIN(N +P) +UREA treatment (Supplementary
Table 1).

Effect of combined root and foliar fertilization on yield
parameters

The PCA analysis on wheat yield data evidenced the pres-
ence of two synthetic variables explaining more than 90%
of the total explained variance (Fig. 4). Based on variable
loadings, in both genotypes PC1 significantly influenced
the number of seeds per spike and the total yield, whereas
PC2 had the highest impact on seed weight; however, in
Bagou both variables had a significant effect on yield and
seed weight (Fig. 4, Table 3).

In Rebelde, the yield was significantly increased upon
fertilization (Fig. 5) and influenced by both root and
foliar treatments; in particular, the yield parameter was
a result of the combination of spike number and seeds
per spike, both influenced by root fertilization, and the
seed weight, mainly associated with foliar fertilization
(Fig. 2, Supplementary Table 1). Overall, the MIN(N + P)
root treatment had the most beneficial effect on yield by
acting on the number of spikes per plant and seeds per
spike; moreover, this root treatment shows the most
evident effects upon foliar spraying. Notably, three sub-
sets from the MIN(N +DP) treatment had significantly
higher yields in comparison to UTC and MIN(P) plants:
UREA +VEG (+ 49% to UTC), NO3 (+ 50% to UTC)
and NO3 +VEG (+ 55% to UTC); the VEG biostimu-
lant produced the most positive effect on grain yield
(Fig. 5). Regarding the contribution of foliar fertilization
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on yield components, the NO3 treatments (with or with-
out biostimulants) provided the highest increase in TKW
across all root amendments (Supplementary Table 1). In
the MIN(N + P) background, this generates an increment
in yield of +13%, +10% and +17% in the NO3, NO3
+ AN and NO3 + VEG foliar treatments in comparison
to UREA, respectively; similarly, the yield increase was of
+9%, +15% and +14% in the ORG background (Fig. 5,
Supplementary Table 1). In Bagou, yield parameters were
mostly stable upon the different treatments; no statisti-
cally significant influence of either root or foliar fertiliza-
tion was identified by two-way ANOVA analysis (Fig. 5,
Supplementary Table 1).

Consistent with yield results, agronomic efficiency (i.e.,
the efficiency of N used to produce increased yield) in
Rebelde was influenced by both root and foliar fertiliza-
tion, as highlighted by the two-way ANOVA results. In
particular, the NO3 treatment had an overall increased
efficiency of N use across all three root strategies; agro-
nomic efficiency was especially high upon the MIN(P)
treatment, where the lack of root N fertilization leads to
more effective uptake of foliar N (Supplementary Table 1).
On the other hand, the response of Bagou wheat to the
different treatments was not well defined; however,
ANOVA analysis identified root fertilization as account-
ing significantly for variation. As in Rebelde, agronomic
efficiency was particularly high in some foliar treatments
associated with the MIN(P) root fertilization, although
statistical significance was generally poor (Supplementary
Table 1).

Effect of foliar fertilization on the mineral composition

of wheat grain

Foliar fertilization with Ca, K and Mg nitrates had limited
effects on the content of these elements in wheat grain,
as measured in ripe grains after harvesting. A moderate
increase was observed for Ca in Rebelde, although mul-
tiple comparison tests identified no significance; simi-
larly, Mg content was increased by NO3 fertilization in
Bagou (Supplementary Table 2). However, the two-way
ANOVA analysis of elemental composition evidenced a
different behavior of the two genotypes in response to
the applied treatments. Rebelde was more sensitive to
root fertilization, which affected Ca, Cl, K, Mg, sulfur
(S) and P. In contrast, only Ca, Cl and S variations were
associated with foliar fertilization (Fig. 6, Supplemen-
tary Table 2). On the other hand, variations in Bagou
were driven mainly by foliar treatment, which affected
Cl, Mg, S and P content in grains (Fig. 6, Supplementary
Table 2). Overall, despite the limited results produced by
nitrate fertilization on Ca, K and Mg grain content, this
foliar treatment had a significant effect in reducing Cl
content, as well as increasing S accumulation in grains;
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Fig. 4 PCA analysis of yield data after root and foliar fertilization. Left side: wheat cultivar Rebelde; right side: wheat cultivar Bagou. Upper figures:
PCA loadings for the three main yield parameters with late onset, i.e, seeds per spike, thousand kernel weight (TKW) and total yield. Middle graphs:
sample distribution with respect to the two main principal components (PC1 and PC2); samples are marked with different colors according to their
corresponding root treatment. Lower tables: proportion of variance for each principal component

Table 3 Variable loadings within synthetic variables PC1 and
PC2. Highly informative variables (loadings >|0.4|) are highlighted
in bold. TKW: thousand kernel weight

Variable REBELDE BAGOU

PC1 PC2 PC1 PC2
Seeds per spike —0.932 0.087 —0.947 —-0.057
TKW 0.335 —0.921 0.428 0.884
Yield —0.820 —0.475 —0.794 0.545

no specific effect was observed upon biostimulant appli-
cation (Fig. 6, Supplementary Table 2).

The expression of cation transporters ACA4, MGT1
and HAKI18 was measured in the MIN(N + P) root back-
ground to estimate Ca, Mg and K nutritional status upon
foliar treatment; the MIN(N +P) fertilization was cho-
sen as the one showing overall the biggest differences in
the parameters considered till now. ACA4, a tonoplast
ATPase induced upon Ca stress [56], was down-regulated
upon Ca supplementation in both genotypes, with the
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Fig. 5 Analysis of wheat yield after root and foliar fertilization. Yield per hectare in Rebelde and Bagou, measured at harvesting of ripe heads
(biological replicates =3). Different letters above the histograms indicate statistical significance, evaluated by two-way ANOVA followed by a post

hoc Tukey’s multiple comparison test (P < 0.05)

exclusion of the NO3 + AN treatment in Rebelde (Fig. 7).
Expression of MGTI and HAK18, Mg and K transporters,
respectively [57, 58], has similar profiles in both geno-
types. Their expression in Rebelde is low in all treatments
apart from NO3 + AN; conversely, transcription in Bagou
is higher in the NO3 foliar application, although the dif-
ference is statistically significant only for MGT1 (Fig. 7).

Discussion

Fertilization is a core point in recent agricultural research.
Novel fertilization strategies aim to effectively improve
plant growth, yield, and food quality while promoting
economic and environmental sustainability [16, 19]. In
this context, organic amendments and biostimulants are

emerging as viable alternatives to conventional chemical
fertilization [16, 22]. This study investigates the applica-
tion of alternative fertilization methods at a microcosm
scale in wheat, seeking more sustainable approaches for
plant nutrition, yield, and grain quality.

The split fertilization regime, splitting or delaying the
fertilizer application across different stages of plant life
to meet the crop’s demand, has been widely applied in
wheat cultivation and is supported by scientific evidence
that recognizes its effect of increasing yield and/or grain
quality [59, 60]. Among the available strategies, root
fertilization has been recognized as the best N supple-
mentation method, whereas foliar treatments have been
recommended for corrective and/or boosting approaches
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Fig. 6 Elemental composition of wheat grain upon foliar fertilization. Concentrations of the most significant macronutrients in Rebelde (left)
and Bagou (right) grain, measured on ripe grains after harvesting by energy-dispersive X-ray fluorescence (EDXRF) spectrometry (n=3). A Ca, BK,
C Mg, D Cl, ES, F P. Different letters above the histograms indicate statistical significance, evaluated by two-way ANOVA followed by a post hoc

Tukey's multiple comparison test (P < 0.05)
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Fig. 7 Expression analysis of cation transporters after foliar fertilization. Real-time RT-PCR analysis of TaACA4, TaMGT1 and TaHAK18, considered

for Ca, Mg and K respectively, measured one week after foliar fertilization in flag leaves (biological replicates =3). The analysis was performed

in the MIN(N +P) root fertilization background as the one showing the biggest differences between foliar treatments when considering the health
and yield parameters. Different letters above the histograms indicate statistical significance, evaluated by two-way ANOVA followed by a post hoc

Tukey's multiple comparison test (P< 0.05)

[31, 32]. The application of foliar fertilization in the
heading stage allows the easy delivery of readily avail-
able nutrients, including cationic nutrients, during grain
development and filling [32]. Furthermore, this method
aligns well with agricultural practices in the Italian Po
plain, where it can be combined with pest management
strategies required in late spring in this area.

Root and foliar fertilization contribute differently to plant
health and productivity

Consistent with existing literature [31, 32], root treat-
ment emerged as the primary determinant of plant health
and productivity differences in both cultivars consid-
ered in this work. Indeed, it influenced chlorophyll con-
tent, the number of spikes in both Rebelde and Bagou,
the number of seeds per spike, and the global yield in
Rebelde. On the other hand, foliar spraying impacted
chlorophyll content in Bagou, in combination with root
supplementation, and modulated seed weight in Rebelde.
The effect of foliar fertilization on yield is still a debated
issue. Although evidence suggests that it can be as effec-
tive as basal nutrition [30], its impact is higher when
combined with root fertilization. It can be significantly
modulated by the dosage of the latter [61, 62]. As for this
study, the more significant impact of root fertilization

can likely be ascribed to the higher dosage and applica-
tion timing. Indeed, in this case, root and foliar supple-
mentation act on different yield components, which are
generated at various moments of the wheat developmen-
tal timeline [63]. In Rebelde, where treatment contribu-
tion was more evident, root fertilization brought changes
to yield components that have an early origin, i.e., the
number of spikes and seeds per spike; conversely, foliar
treatment played a crucial role in determining a late com-
ponent, seed weight, with nitrate application and vegetal
biostimulant producing the best outcomes. Late-season
foliar fertilization, in particular with urea or nitrates, has
been proven effective in boosting grain filling [64, 65];
also, the application of biostimulants, e.g, hydrolyzed
extracts from different sources, has been reported to
increase plant yield [21-24, 27].

Organic root fertilization is effective in improving grain
yield

The application of organic products in wheat nutrition
has been widely discussed, in view of increasing the
sustainability of the agricultural process, although most
experiments rely on a partial substitution of chemical
fertilization [66—69]. In this work, the most significant
effects on plant health and yield were achieved with the
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mineral root treatment, confirming that chemical fer-
tilization is more readily available and more efficient
in boosting plant growth than organic [70, 71]. On
the other hand, organic root treatment also produced
comparable results when considering chlorophyll con-
tent and yield. Notably, the expression of the nitrate
transporter NPF5.20, reported as induced by N sup-
plementation [53], was higher in organic fertilization
in both genotypes, suggesting that a greater N supply
is still available in the soil upon this condition after six
weeks. Together with the results achieved for chloro-
phyll content and spike number, this is consistent with
the slower release of N in organic fertilizers, indicating
that organic amendments can contribute beneficially to
long-term agricultural strategies [72].

Fertilization efficacy depends on the genotype cultivated
Our results highlighted that different cultivars or gen-
otypes may display distinct nutrient requirements,
which must be considered when planning fertilization.
Indeed, yield components in Rebelde were significantly
modulated by fertilization, whereas yield in Bagou
remained largely unaffected by either fertilization type.
This is coherent with previous evidence demonstrating
different nutritional needs in different cultivars, and it
has been proposed that yield and grain protein content
are the major determinants of N requirements, together
with other components of genetically determined N
use efficiency [73-75]. Under this point of view, Bagou
may be considered a low-N cultivar, thus likely requir-
ing lower levels of N than Rebelde to achieve compara-
ble yields. Also, P content in Bagou seeds is markedly
lower. Consistent with this, yield increases upon fer-
tilization are non-significant in Bagou while reaching
about +50% in Rebelde. This hypothesis is also sup-
ported by the transcript levels of N and P transporters
upon root fertilization, which are significantly lower in
Bagou. In particular, the expression of P transporter
PHT1I;6, usually induced upon P deficiency [54, 55], was
especially low in Bagou and did not respond to nutrient
supplementation, suggesting that Bagou was already in
a P-sufficient condition in the untreated control. On
the contrary, PHTI1;6 in Rebelde was responsive to N
supplementation. Although the response of wheat P
transporters to N availability has not yet been reported
in the literature, evidence suggests that N and P home-
ostasis are interconnected, and N level and form can
influence P uptake [76]. In this view, Rebelde’s higher
N requirements may also reflect on its management of
P nutrition. Overall, these data support the necessity of
considering genotype specificity to tailor the fertiliza-
tion strategies according to their needs.
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Foliar treatment modulates the grain ionome
In this experiment, foliar treatments also aimed to
enhance the nutritional quality of grains by increasing the
content of cation nutrients Ca, Mg, and K. Overall, nutri-
ent content was more stable in Bagou. Still, it showed
greater variability in Rebelde across both root and foliar
treatments. Biofortification with cations was only par-
tially successful in both wheat cultivars. A statistically
significant increase (up to +15% compared to foliar urea)
was achieved for Ca in Rebelde, enhanced by biostimu-
lants, and Mg in Bagou. Despite being modest, the results
obtained in biofortification were comparable with previ-
ous observations that highlighted the dependence on the
cultivar considered [40]. Analogously, although biostimu-
lants were proposed to promote nutrient uptake through
multiple mechanisms [21, 22, 77], only minimal changes
in Ca, Mg and K were reported in wheat when combin-
ing biostimulants with macro- and micronutrient for-
mulations [23, 27, 78]. The expression profiles of cation
transporters observed in this work reflected the nutrient
levels accumulated in grains. For instance, ACA4 was
proposed as induced upon Ca stress, both as deficiency
and excess [56], and indeed, Ca supplementation down-
regulates ACA4 expression in this experiment, indicating
a likely alleviation of Ca deficiency. On the other hand,
both MGTI and HAKI8 are not consistently modulated
in the different treatments, reflecting negligible changes
in Mg and K content following foliar applications. MGT1
is an Mg transporter that was proposed to be down-reg-
ulated during long-term Mg deficiency [57]; HAK18 is a
high-affinity K transporter that was reported to be up-
regulated upon K deficiency [58]. The choice of marker
genes, which may be correlated to micronutrient status,
is a limitation of this approach. In wheat, these genes are
part of large families and, despite recent research, have
still poorly characterized tissue specificity and expression
profile, thus making the choice of an adequate marker dif-
ficult. Moreover, most findings were derived from growth
protocols that do not mimic field conditions [56-58],
and, therefore, are difficult to extend to more complex
environmental conditions. Despite these limitations, all
three transporters were significantly upregulated in the
nitrate +animal biostimulant foliar treatment. Biostimu-
lants have generally been shown to induce modulation
of gene expression. Specifically, there is evidence for the
effects of animal hydrolysates on the transcript levels of
genes involved in nutrient transport [79, 80].
Interestingly, further changes were observed in the
grain ionome upon foliar treatment. Nitrate application
significantly decreased Cl and increased S in both cul-
tivars and P levels in Bagou. In these cases, biostimu-
lants had a mixed effect on elemental composition. Both
Cl and S play an important role in grain quality. Low-S
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grains have been associated with altered amino acid and
protein composition, impaired baking properties, and
reduced nutritional quality, since S-containing amino
acids are essential for the human diet [81, 82]. On the
contrary, Cl plays a more controversial role in crops: it is
crucial for plant nutrition [83-85] and enhances wheat
flour properties [86], but excessive Cl can hinder plant
growth and yield [83, 85]. Cl is an essential nutrient in the
human diet, but its requirements are difficult to define
since Cl is assumed chiefly in combination with sodium
(Na) [87]; however, the differences observed in Cl con-
tent are not enough to raise health concerns. It is inter-
esting to note that these ionome changes were detected
even in front of an equal S and P supplementation. In
this view, it should be remembered that all these homeo-
static pathways are strictly interconnected; for example,
N nutritional status strongly influences and is at the same
time modulated by S and P assimilation, and NPK ferti-
lization has been shown to affect grain S content in rela-
tion to protein quality [88—91]. Additionally, Cl competes
with nitrate ions for uptake and transport [83, 85, 92],
which explains the reduction observed with nitrate foliar
fertilization.

Conclusion

This work proposes alternative strategies that have
proved similarly effective to chemical fertilization. Root
fertilization was found to be the primary driver of plant
health and yield, although the contribution of foliar treat-
ment was not insignificant. Regarding the former, organic
root fertilization, considered in view of sustainable agri-
cultural waste recycling, was validated as an effective
alternative to mineral application, producing comparable
yield while offering extended nutrient availability. More-
over, foliar treatment with nitrates, also combined with
biostimulants from plant and animal residuals, positively
influenced the elemental composition of wheat grains.
However, the supplementation at heading with cation
nutrients Ca, Mg and K led to minimal results and could
not produce meaningful biofortification in wheat grain.
Most importantly, the genotype-specific effect of the dif-
ferent fertilization strategies on yield and global nutrient
assimilation is significant. This evidence underscores the
necessity of conducting preliminary assessments of spe-
cific nutritional needs to optimize results across different
cultivars.
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