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A B S T R A C T

New crop nutrition strategies are needed to accomplish the goal of “producing more while consuming less”. A 
field experiment was conducted under rainfed conditions in Viterbo (central Italy), during two growing seasons 
(2022–23 and 2023–24), to explore the effect of different combinations of biostimulants and N fertilization on 
the agronomic performances of durum wheat. A split-plot design with three replicates was used. Nitrogen fer
tilization level was tested in the whole plots, while biostimulant application in the subplots. Durum wheat cv. 
‘Iride’ was used, and three topdressing N fertilizer rates were tested: 50, 100 and 150 kg ha-1. In sub-plots, three 
experimental products containing different biostimulants (e.g., seaweed extracts, glycine betaine, micronized 
vaterite and plant growth-promoting bacteria) were compared. For each plot, the following traits were recorded 
at different growth stages: length and dry weight of roots, chlorophyll content, total yield, yield components, 
grain protein content and test weight. Wheat plants treated with biostimulant products outperformed the control 
plants for both root development (more than doubled in length and dry weight) and chlorophyll content (ranging 
from +75 % to +82 %). Regarding grain yield, the application of biostimulants was most effective at low and 
medium nitrogen doses. Specifically, a mixture of seaweed extracts and microorganisms at medium N dose 
(100 kg ha-1) allowed wheat to reach a grain yield similar to that of the control treatment at the standard N dose 
(150 kg ha-1), thus saving 33 % N. In terms of grain quality, the foliar treatments with biostimulants increased 
grain protein content by 4 %, and increased the test weight by 1 to 2 %, as compared to the control.

1. Introduction

Due to the relevant increase in the global fertilizer prices and 
awareness of the environmental impact of their excessive use, the ap
plication of synthetic fertilizers, especially nitrogen (N), to boost crop 
yield and quality is becoming increasingly questionable. Therefore, 
overcoming the excessive use of synthetic fertilizer without reducing 
crop yield and quality is one of the main goals of future agriculture 
(Mathlouthi et al., 2022a). Moreover, the higher frequency of drought 
and thermal stress events during crops cycle often makes traditional N 
fertilization practice (i.e., based on synthetic granular fertilizer) in
effective or even damaging for plants (Van Herwaarden et al., 1998). 
However, many crops are dependant from N to achieve high yields and 
quality standards. Among these crops, are bread and durum wheat, two 
staple crops securing food for 40 % of the world's population, with a 
current annual production of 790.6 million tons (USDA, 2023). Since 
durum wheat (Triticum turgidum L. subsp. durum (Desf.) Husn.) 

cultivation zones are mainly located in a relatively restricted geo
graphic area (the Mediterranean Basin), global supply for this com
modity is particularly vulnerable to the effects of climate change, and as 
a consequence, is highly sensitive to the agronomic strategies adopted 
for the mitigation of those effects (Rossini et al., 2024a).

Wheat production and N fertilization are intrinsically linked and, 
currently, a major challenge is to maintain (or increase) the former 
while decreasing the latter. As such, exploring alternative and sus
tainable products and their mode and timing of application may po
tentially allow a rethinking of crop nutrition in the coming years. The 
use of biostimulants as foliar treatment has been suggested as a valid 
option to increase plant growth, yield, quality, nitrogen use efficiency 
and tolerance to biotic and abiotic stresses (Calvo et al., 2014), while 
reducing the amount of chemicals used (Abbas et al., 2022; Li et al., 
2023). Recently, other studies have shown that foliar fertilization can 
limit the use of nitrogen fertilizer applied to the soil, while improving 
grain yield and grain protein content in bread wheat under 
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Mediterranean climatic conditions (Mathlouthi et al., 2022b). Many 
studies reported that PGPB (Plant Growth-Promoting Bacteria), sea
weed extract and glycine betaine applied as foliar spraying enhanced 
the performance of wheat and other crops under stress conditions 
(Bakaeva et al., 2022; Díaz-Zorita et al., 2001; Singh, 2018). The ap
plication of a consortium of rhizobacteria could guarantee enough nu
trients and increase the development of the crop under different en
vironmental conditions (Dal Cortivo et al., 2020; Zia et al., 2021). The 
use of glycine betaine and vaterite (CaCO3) was found to enhance the 
response of different crops to abiotic stresses such as drought, heat and 
salinity (Khalid et al., 2022; Sadak and Talaat, 2021) while seaweed 
extracts and Pseudomonas spp. were reported to promote plant growth 
and root development thanks to their phytohormones and micro
nutrient content (Najafi Vafa et al., 2022; Noreen et al., 2012). Since 
foliar application of biostimulants can alleviate the adverse effects of 
abiotic stresses on crop yield and quality, this method may probably be 
the best way forward for the management of crop nutrition in the 
Mediterranean environment. In most of the experiments that were 
conducted to explore the potential of biostimulants, the effect of just 
one product has been explored. At the same time, several studies re
ported that the use of a single biostimulant could not reduce the amount 
of nitrogen fertilizer without negatively affecting the yield of cereals 
like corn and wheat (Kapela et al., 2020; Valente et al., 2024). We posit, 
instead, that a combination of different biostimulants could really im
prove the crop performance and produce a significant reduction in the 
use of synthetic N fertilizers. The interaction between biostimulants and 
N fertilization has not been studied extensively, especially for durum 
wheat. Moreover, while many authors studied the effect of biostimu
lants on plant roots in an artificial environment (rhizotrons, pots, Petri 
dishes, etc.), very few experiments have sampled roots directly from the 
field. This is both a time-consuming and difficult task to accomplish but 
can provide precious information on root development under real field 
conditions.

The objective of this study was to assess the agronomic performance 
of durum wheat treated with different combinations of biostimulants 
under three different levels of N fertilization (low, medium and stan
dard). In particular, the following hypotheses were tested: (i) biosti
mulant application improves morpho-physiological traits of durum 
wheat compared to the control; (ii) biostimulant application enhances 
grain yield and quality compared to the control; (iii) biostimulant ap
plication allows durum wheat to reach similar agronomic performance 
as compared to the control treatment, but at a reduced N dose.

2. Material and methods

2.1. Location and experimental design

A rainfed field trial was conducted in Viterbo, central Italy (latitude 
42°43′N, longitude 12°07′E, altitude 310 m), during 2022–2023 and 
2023–2024 seasons (hereafter referred to as 2023 and 2024, respec
tively). Weather conditions during the crop cycles are reported in Fig. 1. 
Physical and chemical properties of soil are reported in Table 1. A split 
plot design with three replicates was used. Individual plots were 6 m2.

Three levels of N topdressing were tested in the whole plots: 1) a low 
input rate with 50 kg N ha-1 (hereafter referred to as N50), 2) a medium 
rate with 100 kg N ha-1 (hereafter referred to as N100), and 3) the 
standard fertilization for durum wheat in this area, with 150 kg N ha-1 

(hereafter referred to as N150). The N fertilization was applied 
broadcasting granular urea (46 % N) and splitting the total dose in two 
equal distributions: the first at the late tillering stage (BBCH stage 25), 
and the second at flag leaf emergence (BBCH stage 37). All the plots 
were subjected to a pre-sowing fertilization using diammonium phos
phate (18 % N – 46 % P) at a rate of 150 kg ha-1.

Three different experimental products were tested in the split plots 
in comparison with the control (T0). The formulations and dose of each 
treatment are reported in Table 2. All of the biostimulants were 

Fig. 1. Climatic patterns of the two growing seasons. The red arrows indicate the time of application of foliar treatment with biostimulants (T) and topdressing with 
nitrogen fertilizer (N).
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distributed as foliar treatments and applied two times during the crop 
cycle, the first during the end of tillering (BBCH stage 25–26) and the 
second at heading (BBCH stage 59).

Soil was ploughed at the end of summer (30 cm depth) and then 
arrowed twice before seeding. Plots were sown on 14 December in 2022 
and 26 November in 2023, respectively. The durum wheat cultivar Iride 
was used for its excellent environmental adaptability and yield stability 
(Graziano et al., 2020). Weeds were chemically controlled.

2.2. Sampling and measurements

During the experiment, the following traits were recorded: chlor
ophyll content (Chl content), length and dry weight of roots, grain yield 
(13 % moisture content), nitrogen use efficiency (NUE), number of 
spikes per square meter (NSM), number of kernels per spike (NKS), 
thousand kernel weight (TKW), grain protein content (GPC) and test 
weight (TW).

Chlorophyll content was measured during heading (BBCH stage 59), 
anthesis (BBCH stage 65) and late grain filling (BBCH stage 87) using a 
hand-held SPAD 502 m (Konica-Minolta Inc., Hino-shi Tokyo, Japan). 
The root analysis was performed on 3 wheat plants for each replica, 
during the late grain filling stage (BBCH stage 87). To minimize the risk 
of root damage, we performed a form of shovelomics methodology for 
plant excavation. A 50 cm × 50 cm x 30 cm (depth) portion of soil was 
dug in each subplot, using a standard shovel (Trachsel et al., 2011). 
Clods were extracted from the ground and were gently shaken to re
move as much soil as possible. Three plants with intact roots were 
chosen from the central part of the clods for the subsequent analysis. 
The roots were carefully washed, and manually separated into single 
roots, before analysis with WinRHIZO™ scanning and software (Regent 
Instruments, 2016). Root images were scanned at 600 dpi (945 pixels) 
resolution. Root length was calculated by the number of pixels in the 
root skeleton multiplied by the pixel size (Boudiar et al., 2021; Hobson 
et al., 2023). Later, to determine root dry weight, the roots were oven 
dried at 60 °C until a constant weight was achieved.

Grain yield was determined by harvesting the entire plot (excluding 
the external rows) with a plot harvester and weighing the resultant 
production. Subsequently, a subsample of grains (60 g) for each plot 
was oven dried (70 °C, until constant weight) to determine grain 
moisture percentage and then the yield was expressed at 13 % standard 
moisture content.

To determine the NUE, grain yield (expressed as kg ha−1) was di
vided by the total dose (pre-sowing + topdressing) of N fertilizer (ex
pressed as kg ha−1) (Goñi et al., 2021).

As for grain quality, grain samples (250 g) from each plot were 
ground through a PerkinElmer LM-3610 grinder (PerkinElmer Health 
Sciences Canada Inc., Winnipeg, MB, Canada) using a 1 mm sieve. Grain 
protein content (%) was determined by scanning the samples with a 
benchtop NIR (Near Infrared Reflectance) spectrometer DS2500 flour 
analyzer (FOSS-DS2500; FOSS Electric A/S, Hillerød, Denmark), while 
test weight was measured by the Schopper chondrometer, reporting the 
results as kg hL-1.

2.3. Statistical analysis

Analysis of variance (ANOVA) was performed using R software, version 
3.5.2 (R Core Team, 2021). The library aomisc was used to test the effect of 
nitrogen, biostimulants, and their interactions. Normality and homo
scedasticity were verified visually via the ‘plot’ function in R before con
ducting the ANOVA. The experimental year was considered as a random 
factor. Means were separated using Tukey test at 95 % probability level.

3. Results

3.1. Weather pattern

The two experimental years were characterized by similar climatic 
conditions (Fig. 1), particularly when considering total rainfall (mm). 
Taking the entire crop cycle into account (from sowing to harvest), 
rainfalls showed a slightly higher value in 2022–2023 than 2023–2024 
(448 mm vs. 404 mm). March 2023 was very dry (with just 9.6 mm), 
while March 2024 was the rainiest month of the second growing season 
(144.8 mm). When compared to the historical weather data for this 
location, May and June 2023 were unusually rainy (+100 % rains for 
both months). As for the average and maximum temperatures, there 
was not a clear difference between the two cropping seasons. In terms 
of minimum temperature, 2023 showed lower temperatures than 2024, 
especially in February (1.9 °C vs. 4.4 °C).

3.2. Root system

Both nitrogen and biostimulants significantly affected the measured 
root traits (Table 3). As for root dry weight, the interaction between 
factors was found to be significant.

No significant differences in root length were detected between 
N150 and N100 (respectively 352 cm and 338 cm), while the lowest N 
dose significantly reduced root length by more than 20 % (275 cm, 
Fig. 2A). Fig. 2B shows that all biostimulants strongly enhanced root 
length when compared to the control treatment (T0), with a mean in
crease ranging from 75 % (T1 and T2) to 160 % (T3).

As shown in Fig. 3, foliar application of biostimulants compensated 
the reduction of nitrogen in terms of root dry weight. All treatments at 
the lowest N dose showed a root dry weight that was significantly 
higher than that of control treatment at the highest N levels. T3 treat
ment showed the best results without any significant difference along 
the N dose gradient.

Table 1 
Physical and chemical properties of soil. 

Soil characteristic Value

Clay (%) 16.30
Silt (%) 14.60
Sand (%) 69.10
pH 7.34
Organic Matter (% w/w) 1.18
Total N (‰ w/w) 1.01
C/N ratio 6.78

Clay (Ø < 2 µm); Silt (2 µm < Ø < 20 µm); Sand (2 mm 
> Ø > 0.02 mm)

Table 2 
Formulations and doses of the different foliar treatments. 

Treatment Glycine Betaine 
(35 %)

Micronized vaterite (Ca 
29 %)

Extracts of Codium fragile and 
Opuntia ficus-barbarica

Pseudomonas protegens (109 

FCU g-1)
PGPB (5 *109 FCU g-1)

T0 - - - - -
T1 3 kg ha−1 2 kg ha−1 1 kg ha−1 - -
T2 3 kg ha−1 2 kg ha−1 1 kg ha−1 1 kg ha−1 -
T3 3 kg ha−1 2 kg ha−1 1 kg ha−1 0.5 kg ha−1

PGPB (plant growth-promoting bacteria): Pseudomonas protegens, Azospirillum brasilense, Bacillus subtilis, Bacillus megaterium, Bacillus amyloliquefaciens.
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3.3. Chlorophyll content

The foliar Chl content was significantly affected by biostimulants at 
all growing stages. During grain filling, the interaction between factors 
was found to be significant (Table 4).

In comparison to the control treatment, biostimulant application 
increased chlorophyll content by 9.6 % and 11.9 % during heading and 
anthesis, respectively (data not shown). During late grain filling stage 
(BBCH stage 87), biostimulants induced the stay-green phenotype in 
wheat plants, roughly doubling the Chl content. The T3 treatment 
showed the best results even at the lowest N dose, while all treatments 
performed equally at the highest N dose (Fig. 4).

3.4. Grain yield and NUE

All yield components were significantly affected by biostimulant 
application. The interaction between factors was significant for grain 
yield, NUE and the number of spikes m-2 (Table 5).

As shown in Fig. 5, T1 and T2 treatment did not significantly im
prove grain yield at the lowest N dose, compared to the control, while 
T3 resulted in an 18 % increase. A similar outcome was observed at 
N100, although, in this case, T2 also significantly increased grain yield 
compared to T0. Interestingly, wheat plants treated with T3 at N100 
showed a grain yield that was not statistically different to that of T0 at 
N150 (5.48 and 5.64 t ha-1, respectively). Overall, no differences among 
treatments were detected at the highest N dose.

As shown in Fig. 6, the reduction of N dose significantly reduced the 
spike number per unit area. Overall, wheat plants produced 249, 229 
and 202 spikes m-2 at N150, N100 and N50, respectively. Consequently, 
the reduction of N input from N150 to N50 caused a 23 % decrease in 
spike number. As observed in grain yield, the T3 treatment compen
sated the reduction of nitrogen, maintaining a spike number similar or 
even higher than that reached by the control treatment at the superior 
N level (e.g., the number of spikes observed in the combination T3-N50 
was not significantly different from T0-N100; spike number of T3-N100 
was significantly higher than T0-N150). As compared to T0, the 

application of the T3 treatment increased the spike number per unit 
area by 13 %, 19 % and 6 % at N50, N100 and N150, respectively.

All biostimulant treatments, except for T1, resulted in a NKS sig
nificantly higher than that of T0 (Table 6). In particular, when com
pared to control (43.1 grains per spike), the T2 and T3 treatment 
showed a 10 % and 13 % increase, respectively. As for TKW, T3 showed 
a value significantly higher than that of the control (Table 6), raising 
the grain weight by 7 % (55.5 mg vs. 51.9 mg).

The highest NUE was obtained at the lowest N dose, while at N100 
and N150 NUE dropped by 22 % and 37 %, respectively (Fig. 7). T1 and 
T2 did not significantly enhance the NUE compared to T0, while the T3 
treatment produced a significant rise in the NUE at both N50 and N100 
(30 % and 16 %, respectively). At N150 no biostimulant significantly 
affected the NUE in comparison to the control.

3.5. Grain quality

Grain protein content (GPC) was significantly affected by both ni
trogen and biostimulants, while test weight was significantly influenced 
by the interaction between the two factors (Table 7).

As expected, the N level had a strong effect on GPC (Table 8). This 
trait decreased by 23 % between N150 and N50 (14 % vs. 11.2 %). All 
the biostimulant treatments caused a slight (4 %) but significant in
crease in the GPC when compared to T0, with no significant differences 
among the biostimulant treatments.

The control treatment (T0) showed the lowest values, averaging 
77.8 kg hL-1. At N50 and N100, all biostimulant treatments allowed 
grains to reach a test weight (TW) significantly higher than that of T0 
(Fig. 8). At the highest N dose, only T3 showed a result significantly 
higher than T0. T2 and T3 treatment compensated for the reduction of 
nitrogen, allowing grains to reach a TW higher than that reached by the 
control treatment at the superior N level (e.g., the combinations T2-N50 
or T3-N50 evidenced a TW significantly higher than that of T0-N100; 
the same for T2-N100 and T3-N100 compared to T0-N150). Surpris
ingly, the TW obtained with T2 and T3 treatments at the lowest N dose 
were already at the highest level (78.9 and 78.8 kg hl-1, respectively).

4. Discussion

The use of biostimulants significantly increased the performance of 
durum wheat in comparison to the traditional use of synthetic fertilizers. 
Interestingly, foliar treatments (especially T3 treatment) often compensated 
the reduction of nitrogen, maintaining or even exceeding the results ob
tained by the control treatment at superior N levels. A similar result was 
obtained using a combination of bacteria and arbuscular mycorrhizae on 
tomato, which led to a 30 % reduction in synthetic fertilizer (Adesemoye 
et al., 2009). In another study, the application of Azospirillum and Bacillus 
spp. increased the grain yield of wheat and barley (Ozturk et al., 2003). As 

Table 3 
Results from the analysis of variance for the root system traits of durum wheat 
grown under three N top-dressing rates factorially combined with three dif
ferent biostimulants according to a split-plot design. 

Root length Root dry weight

Nitrogen *** *
Biostimulant *** ***
Nitrogen × Biostimulant ns *

Levels of significance: ***  < 0.001; ** <  0.01; *  < 0.05; ns: not significant.

Fig. 2. Root length of durum wheat plants (BBCH stage 87) as affected by nitrogen (A) and biostimulant (B) application. The vertical bars represent the standard 
error of the mean. Letters above the histograms correspond to the ranking of the Tukey’s test at p  <  0.05. N50, N100, N150: N topdressing rates, 50, 100 and 
150 kg ha-1, respectively; T0: no biostimulant treatment; T1: plants treated with a mixture of glycine betaine, micronized vaterite and extracts of Codium fragile and 
Opuntia ficus-barbarica; T2: plants treated combining T1 and Pseudomonas protegens; T3: plants treated combining T2 and PGPB.
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Fig. 3. Root dry weight of durum wheat plants (BBCH 
stage 87) as affected by the nitrogen × treatment inter
action. The vertical bars represent the standard error of 
the mean. Letters above the histograms correspond to the 
ranking of the Tukey’s test at p  <  0.05. N50, N100, N150: 
N topdressing rates, 50, 100 and 150 kg ha-1, respectively; 
T0: no biostimulant treatment; T1: plants treated with a 
mixture of glycine betaine, micronized vaterite and ex
tracts of Codium fragile and Opuntia ficus-barbarica; T2: 
plants treated combining T1 and Pseudomonas protegens; 
T3: plants treated combining T2 and PGPB.

Table 4 
Results from the ANOVA for Chl content recorded in different growing stages of 
durum wheat grown under three N top-dressing rates factorially combined with 
three different biostimulants according to a split-plot design. 

Heading Anthesis Grain 
filling

Chl content (BBCH 
stage 59)

(BBCH 
stage 65)

(BBCH 
stage 87)

Nitrogen ns ns ns
Biostimulant *** *** ***
Nitrogen × Biostimulant ns ns *

Levels of significance: ***  < 0.001; ** <  0.01; *  < 0.05; ns: not significant.

Fig. 4. Chlorophyll content of durum wheat during late grain filling stage (BBCH stage 87) as affected by the nitrogen × treatment interaction. The vertical bars 
represent the standard error of the mean. Letters above the histograms correspond to the ranking of the Tukey’s test at p  <  0.05. N50, N100, N150: N topdressing 
rates, 50, 100 and 150 kg ha-1, respectively; T0: no biostimulant treatment; T1: plants treated with a mixture of glycine betaine, micronized vaterite and extracts of 
Codium fragile and Opuntia ficus-barbarica; T2: plants treated combining T1 and Pseudomonas protegens; T3: plants treated combining T2 and PGPB.

Table 5 
Results from the ANOVA for grain yield, yield components and NUE of durum 
wheat grown under three N top-dressing rates factorially combined with three 
different biostimulants according to a split-plot design. 

Grain 
yield

NSM NKS TKW NUE

Nitrogen ** ns ns ns ***
Biostimulant *** *** ** ** ***
Nitrogen × Biostimulant * * ns ns **

Levels of significance: ***  < 0.001; ** <  0.01; *  < 0.05; ns: not significant. 
NSM: number of spikes m-2; NKS: number of kernels per spike; TKW: thousand 
kernel weight; NUE: nitrogen use efficiency.
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with our study, the PGPR were reported to perform better under low ni
trogen and stress conditions, in which they enhanced grain yield in com
parison to the use of chemical fertilizers (Artyszak and Gozdowski, 2021; 
Sedri et al., 2022; Tounsi-Hammami et al., 2022).

This was probably due also to the significantly higher NUE we found 
in plants treated with T3 as compared to the control ones. This result is 
consistent with other works reporting the efficacy of biostimulants. 
Particularly, seaweed extracts and PGPR were reported to improve NUE 

Fig. 5. Grain yield of durum wheat as affected by the nitrogen × treatment interaction. The vertical bars represent the standard error of the mean. Letters above the 
histograms correspond to the ranking of the Tukey’s test at p  <  0.05. N50, N100, N150: N topdressing rates, 50, 100 and 150 kg ha-1, respectively; T0: no bios
timulant treatment; T1: plants treated with a mixture of glycine betaine, micronized vaterite and extracts of Codium fragile and Opuntia ficus-barbarica; T2: plants 
treated combining T1 and Pseudomonas protegens; T3: plants treated combining T2 and PGPB.

Fig. 6. Number of spikes per square meter of durum wheat as affected by nitrogen × treatment interaction. The vertical bars represent the standard error of the 
mean. Letters above the histograms correspond to the ranking of the Tukey’s test at p  <  0.05. N50, N100, N150: N topdressing rates, 50, 100 and 150 kg ha-1, 
respectively; T0: no biostimulant treatment; T1: plants treated with a mixture of glycine betaine, micronized vaterite and extracts of Codium fragile and Opuntia ficus- 
barbarica; T2: plants treated combining T1 and Pseudomonas protegens; T3: plants treated combining T2 and PGPB.
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in different crops such as spinach, sunflower (Arif et al., 2017; La Bella 
et al., 2021) and wheat (Alaskar and AL-Shwaiman, 2023). The rhizo
bacteria appear to be involved in both ammonium and nitrite oxidation, 
leading to a faster and more efficient nutrient uptake (Di Benedetto 
et al., 2017). Moreover, root length is one of the most influential traits 
to improve NUE, because it allows crops to explore a wider portion of 
soil (Meena et al., 2016). Accordingly, in our study, biostimulant 
treatment doubled the root length of wheat plants compared to un
treated plants. Seaweed extract was previously found to boost the root 
system and especially the development of new tillers due to the pre
sence of phytohormones and micronutrients (Bakhoum et al., 2023). In 
particular, Codium fragile extracts showed this effect on wheat seedlings 
in other studies (Rossini et al., 2024c). The same effect was reported for 
PGPR, due to the capabilities of different microorganisms to synthetize 
hormones (such as cytokinins and auxins), and increase nutrient bioa
vailability (Vafa et al., 2021). Generally, biostimulant treatments 
showed the best results at low and medium level of nitrogen, in ac
cordance with previous studies (Dalla Santa et al., 2004).

The positive effect that T3 application had on grain yield at low N 
doses was the consequence of the strong influence this treatment had in 
increasing all yield components. Similar effects were reported in other 
studies conducted on wheat plants (Kumar and Sahoo, 2011; Shah 
et al., 2013).

Biostimulant treatments strongly enhanced the Chl content of wheat 
plants, especially during the grain filling stage, thus inducing a stay- 
green phenotype. This was probably due to the presence of i) calcium 

included in the vaterite that was able to increase the photosynthetic 
rate and the chlorophyll content in the leaves (Dolatabadian et al., 
2013), and ii) glycine betaine, that delayed the natural senescence of 
the flag leaf by enhancing the net photosynthetic rate (Islam et al., 
2021; Wang et al., 2014). Since wheat yield is not only determined by 
the carbohydrates stored during the early growth stages, but also by 

Table 6 
Number of kernels per spike (NKS) and thousand kernel weight (TKW) of durum 
wheat as affected by the biostimulant treatment (means ±  standard error). 

NKS (n) TKW (g)

T0 43.1  ±  2.36 b 51.9  ±  0.99 b
T1 47.3  ±  2.36 ab 54.0  ±  0.99 ab
T2 47.4  ±  2.36 a 54.3  ±  0.99 ab
T3 48.8  ±  2.36 a 55.5  ±  0.99 a

The letters correspond to the ranking of the Tukey’s test at p  <  0.05. T0: no 
biostimulant treatment; T1: plants treated with a mixture of glycine betaine, 
micronized vaterite and extracts of Codium fragile and Opuntia ficus-barbarica; 
T2: plants treated combining T1 and Pseudomonas protegens; T3: plants treated 
combining T2 and PGPB.

Fig. 7. Nitrogen use efficiency of durum wheat 
as affected by the nitrogen × treatment inter
action (kg of grains at 13 % moisture per kg of 
total N applied). The vertical bars represent the 
standard error of the mean. Letters above the 
histograms correspond to the ranking of the 
Tukey’s test at p  <  0.05. N50, N100, N150: N 
topdressing rates, 50, 100 and 150 kg ha-1, re
spectively; T0: no biostimulant treatment; T1: 
plants treated with a mixture of glycine be
taine, micronized vaterite and extracts of 
Codium fragile and Opuntia ficus-barbarica; T2: 
plants treated combining T1 and Pseudomonas 
protegens; T3: plants treated combining T2 and 
PGPB.

Table 7 
Results from the ANOVA for grain quality traits of durum wheat grown under 
three N top-dressing rates factorially combined with three different biostimu
lants according to a split-plot design. 

GPC TW

Nitrogen * ns
Biostimulant *** ***
Nitrogen × Biostimulant ns *

Levels of significance: ***  < 0.001; ** <  0.01; *  < 0.05; ns: not significant. 
GPC: grain protein content; TW: test weight

Table 8 
Grain protein content (GPC) of durum wheat as af
fected by the N top-dressing rates and biostimulant 
treatments (means ±  standard error). 

Treatment GPC (%)

Nitrogen
N50 11.2  ±  0.6 b
N100 13.1  ±  0.6 ab
N150 14.0  ±  0.6 a

Biostimulant
T0 
T1 
T2 
T3

12.4  ±  0.35 b 
12.8  ±  0.35 a 
12.9  ±  0.35 a 
12.9  ±  0.35 a

The letters correspond to the ranking of the Tukey’s 
test at p  <  0.05. N50, N100, N150: N topdressing 
rates, 50, 100 and 150 kg ha-1, respectively; T0: no 
biostimulant treatment; T1: plants treated with a 
mixture of glycine betaine, micronized vaterite and 
extracts of Codium fragile and Opuntia ficus-barbarica; 
T2: plants treated combining T1 and Pseudomonas 
protegens; T3: plants treated combining T2 and PGPB.
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photosynthetic production after heading, inducing a stay-green phe
notype during the grain-filling stage translates to an increase in accu
mulation of photoassimilates and to greater grain yield (Roychowdhury 
et al., 2023; Zhou and Yang, 2023).

In our study, N level did not significantly affect the Chl content 
during heading and anthesis. A similar result was obtained in wheat in 
Mexico and China (Ibarra-Villarreal et al., 2023; Noor et al., 2023). 
Noor et al. (2023) showed that, after booting, Chl content did not vary 
with N rate over a range of 0 to 210 kg N ha-1, while, before the booting 
stage, a significant difference in Chl content existed only between N 
treatments and control treatment (no N application). This led us to 
speculate that Chl content in wheat is responsive to N application de
pending on growth stage more than on N rate. Additionally, considering 
the total N availability (soil N + pre-sowing fertilization + topdres
sing), the plots treated with the lowest dose (N50) could benefit from 
more than 80–90 kg N ha-1 during the crop cycle. This availability could 
have been sufficient to reach good Chl values, thus eliminating any 
statistical differences among N treatments.

Nitrogen applications, especially late applications, are funda
mental to obtain durum grain with high quality attributes (Blandino 
et al., 2015; Tedone et al., 2014). In the present study, biostimulant 
application resulted in a higher protein content and test weight 
compared to control treatment, thus influencing its nutritional and 
economic value as well as its final use (Veraverbeke and Delcour, 
2002). The grain quality of wheat appeared to be positively influ
enced by the foliar applications of micronutrients, like those con
tained in the micronized vaterite (Mathlouthi et al., 2022b; Saquee 
et al., 2023). The same effect has also been found in wheat treated 
with PGPR able to mitigate abiotic stress, especially during grain 
filling stage (Pagnani et al., 2020).

The limits of the conventional fertilization strategy were highlighted 
by other studies, confirming that high chemical inputs cannot always 
sustain high yields and grain quality, especially when severe abiotic 
stresses occur during the growing season (Mitura et al., 2023; Yaghoubi 
Khanghahi et al., 2022).

We demonstrated that a new sustainable crop nutrition approach 
could be a valid practice to reduce the amount of nitrogen fertilizer in 
durum wheat cultivation (third hypothesis of our study). Biostimulant 
treatment enhanced chlorophyll content, root development, and grain 
yield and quality of durum wheat, thus verifying the first and second 
hypothesis of the present experiment. It is worth noting that the study 
was conducted during two optimal growing seasons, thus allowing 
wheat plants to avoid severe abiotic stress (e.g., heat stress and terminal 
drought). On one hand, these growing conditions have strongly en
hanced the yield performance of durum wheat, but on the other, they 
probably reduced the effect of the biostimulant application. Indeed, 
different authors reported a better performance of biostimulant pro
ducts under limiting environmental conditions when compared to op
timal growing conditions (Rossini et al., 2024b; Spada et al., 2024).

5. Conclusions

The application of an alternative crop nutrition protocol, based on 
the use of sustainable products in combination with reduced synthetic 
N fertilisation, clearly enhanced grain yield and quality as well as 
morphophysiological traits of durum wheat in central Italy. 
Biostimulant application dramatically developed the root system of 
wheat plants and induced a beneficial stay-green phenotype during late 
growth stages.

Our study suggests that the use of foliar biostimulants can help 
farmers to reduce the amount of synthetic nitrogen fertilizers up to 
33 %, without reducing durum yield and grain protein content. This 
result is a breakthrough in the development of sustainable wheat cul
tivation in line with the “Farm to Fork” European strategy, which aims 
to reduce the use of synthetic fertilizers by 20 % before 2030.

Additional studies are required to better understand the mechanisms 
of action of the single foliar biostimulants, and to verify whether this 
alternative fertilization program will be suitable for other major crops 
of the Mediterranean region (e.g., processing tomato, barley and maize) 
and also under abiotic stress conditions.

Fig. 8. Test weight of durum wheat as affected by the nitrogen × treatment interaction. The vertical bars represent the standard error of the mean. Letters above the 
histograms correspond to the ranking of the Tukey’s test at p  <  0.05. N50, N100, N150: N topdressing rates, 50, 100 and 150 kg ha-1, respectively; T0: no bios
timulant treatment; T1: plants treated with a mixture of glycine betaine, micronized vaterite and extracts of Codium fragile and Opuntia ficus-barbarica; T2: plants 
treated combining T1 and Pseudomonas protegens; T3: plants treated combining T2 and PGPB.
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