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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Biofertilizers and biochar are sustain-
able alternatives to chemical fertilisers. 

• Factors driving the most changes in 
wheat are the seasons climate and 
cultivars. 

• Biofertilisers and biochar did not alter 
the rhizospheric soil community. 

• Gliadins and LMW-glutenin subunits are 
modulated by biofertilisers and biochar.  
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A B S T R A C T   

The European Union is among the top wheat producers in the world, but its productivity relies on adequate soil 
fertilisation. Biofertilisers, either alone or in combination with biochar, can be a preferable alternative to 
chemical fertilisers. However, the addition of biofertilisers, specifically plant growth promoting microbes 
(PGPM), could modify grain composition, and/or deteriorate the soil composition. In this study, the two wheat 
cultivars Triticum aestivum (Bramante) and T. durum (Svevo) were cultivated in open fields for two consecutive 
years in the presence of a commercial PGPM mix supplied alone or in combination with biochar. An in-depth 
analysis was conducted by collecting physiological and agronomic data throughout the growth period. The ef-
fects of PGPM and biochar were investigated in detail; specifically, soil chemistry and rhizosphere microbial 
composition were characterized, along with the treatment effects on seed storage proteins. The results demon-
strated that the addition of commercial microbial consortia and biochar, alone or in combination, did not modify 
the rhizospheric microbial community; however, it increased grain yield, especially in the cultivar Svevo 
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(increase of 6.8 %–13.6 %), even though the factors driving the most variations were associated with both 
climate and cultivar. The total gluten content of the flours was not affected, whereas the main effect of the 
treatments was a variation in gliadins and low-molecular-weight-glutenin subunits in both cultivars when treated 
with PGPM and biochar. This suggested improved grain quality, especially regarding the viscoelastic properties 
of the dough, when the filling period occurred in a dry climate. The results indicate that the application of 
biofertilisers and biochar may aid the effective management of sustainable wheat cultivation, to support envi-
ronmental health without altering the biodiversity of the resident microbiome.   

1. Introduction 

Wheat ranks third in terms of total grain production after maize and 
rice, and the global requirement in 2023/24 was forecast at 783 million 
Mg (https://www.fao.org/worldfoodsituation/csdb/en/, data released 
on 30.8.2023) (Igrejas et al., 2020). The global importance of wheat is 
associated with its metabolic grain composition: 75 %–80 % carbohy-
drates (with approximately 58 % starch and approximately 13 % non- 
starch polysaccharides), 9 %–18 % proteins, 2 % fibres, lipids, and 
minerals, 0.1 % vitamins (especially B and E types), and phytochemicals 
(i.e. phenolic compounds, flavonoids, and carotenoids) (Wieser et al., 
2020a, 2020b). Several components of wheat display a wide range of 
pharmacological properties, including anticancer, antimicrobial, anti-
oxidant, and antidiabetic activities (Moshawih et al., 2022). 

Wheat gluten is composed of a very heterogeneous group of proteins 
that can be divided into α, β, γ, and ω-gliadins, high-molecular-weight 
glutenins (HMW-GS), and low-molecular-weight glutenins (LMW-GS). 
The complex network of gliadins and glutenins imparts the unique 
property of viscoelasticity to dough, thus, these storage proteins have 
been intensively studied (Guzmán et al., 2015). Interestingly, gluten 
protein composition is also a bioindicator of transition agriculture 
(Visioli et al., 2018). Many factors modify the distribution of these 
compounds, for example, seeds infected with powdery mildew contain 
higher concentrations of glutenins and gliadins, but their ratio remains 
constant (Li et al., 2018); however, drought stress only increases gliadin 
content and heat stress decreases the LMW-GS content (Olckers et al., 
2022; Phakela et al., 2021). Apart from biotic and abiotic stresses, other 
factors may also influence protein concentration; for example, nitrogen 
(N) fertilisation, the type of N, and time of fertilisation can modify the 
composition of protein fractions (García-Molina and Barro, 2017; 
Rekowski et al., 2020). In addition to the glutenins to gliadins ratio, 
metabolic and nutritional parameters are key characteristics influenced 
by the environment (i.e., fertilisation and presence of stresses) (De Santis 
et al., 2018; Janni et al., 2020; Zhong et al., 2018). 

High temperatures, increased frequencies of heat waves, torrential 
rain, and long periods of drought are adverse consequences of climate 
change and result in reduced productivity (Bailey-Serres et al., 2019; 
Janni et al., 2020). Chemical treatments are frequently employed to 
address these issues; however, extensive use of N and phosphorus (P)- 
based fertilisers has various adverse effects on agricultural ecosystems, 
and human health, and it results in spread of inorganic and organic 
contaminants (Rashmi et al., 2020). To identify novel sustainable al-
ternatives, biofertilisers have attracted attention, specifically, bacteria 
and/or fungi, collectively referred as Plant Growth Promoting Microbes 
(PGPM), which help improve plant growth, yield, and health by pro-
moting the uptake of nutrients such as N and P by enhancing root growth 
and architecture (Assainar et al., 2018; Tshering et al., 2022) and 
potentially by strengthening the “plant immune system” (Graziano et al., 
2022; Kumar et al., 2022; Tabacchioni et al., 2021; Vocciante et al., 
2022). The use of PGPM can be supplemented by the simultaneous 
addition of soil amendments such as biochar, which is produced through 
heat treatment of agricultural and/or food processing waste under 
limited oxygen supply; a process thus supporting, the “end of wastes” 
objective (Spani, 2020). Biochar improves soil quality and fertility by 
increasing water and nutrient retention and supporting soil microbial 
population (Gujre et al., 2021; He et al., 2021a; Marmiroli et al., 2022; 

Sun et al., 2021). 
Omics techniques have been applied to evaluate the effects on wheat 

harvested in 2020 and 2021 to different sustainable treatments (CHAR, 
Micosat F1, and CHAR with Micosat F1 addition). Micosat F1 is a 
commercial microbial consortium comprising bacteria and fungi that 
can solubilise P, mitigate biotic and abiotic stress, promote plant 
growth, and fix N (Naik et al., 2019; Tabacchioni et al., 2021). To study 
the effects of these treatments, physiological and agronomical data were 
collected during the growth period and at maturity; at the same time, the 
effects of the treatments were examined following various omics ap-
proaches to look at the rhizospheric soil microbiome (with regards to 
both fungi and bacteria), while the gluten components were analysed 
using a proteomic approach. This study provides new insights into the 
responses of wheat to various sustainable treatments, thereby promoting 
a holistic understanding of the effects of biostimulants on wheat. 

2. Materials and methods 

2.1. Plant material and growth conditions 

Two wheat cultivars were utilized in this study: Triticum durum Desf. 
cultivar Svevo and Triticum aestivum Desf. cultivar Bramante both 
released by Produttori Sementi Bologna PSB s.p.a. (Bologna, Italy) in 
1996 and in 2003, respectively. Svevo grain has high protein content 
and an extraordinary aptitude for industrial transformation and Bra-
mante has excellent productivity, high hectolitre weight, and high 
resistance to Fusarium (as reported in Graziano et al., 2020 and on the 
PSB s.p.a. catalogue). The main features of the two cultivars are shown 
in Table S1. The wheat field experiments were performed in a farm 
(Azienda Stuard, close to the city of Parma, Italy; Lat. 44_4802300N; 
Long. 10_1603000E; 58 m above sea level). The agricultural soil is a 
silty-clay-loam soil (clay 40 %, silt 48 %, and sand 11 %), with a pH 
around 8, an organic content of 16.6 g kg− 1, and salinity of 312.5 meq 
100 g− 1, data were analysed following standard protocols (Ministro per 
le Politiche Agricole, 1999) Meteorological data were collected daily by 
an automatic weather station installed close to the experimental field. 
Fig. S1B reports the rainfall distribution and maximum and minimum 
(over a 10-day period) mean of temperatures during the 2020 (Fig. S1A) 
and 2021 (Fig. S1B) cropping seasons. 

Both Bramante and Svevo were sown at a density of 400 seeds m− 2 in 
the winter period. The experiment was set up with a split-plot design 
with parcels of 3 m2 (eight rows, 0.20 m distance between rows and 3 m 
long) considering the two cultivars and the different treatments with 
five (2020) or three (2021) replicates for two consecutive years. The 
different growth conditions were: i) CTR, control condition; ii) CHAR, 
with biochar obtained by slow pyrolysis of wood pellet (for its full 
characterization see what described as biochar A4 previously (Marmir-
oli et al., 2018)), applied before sowing at a rate of 0.25 kg m− 2 (2.5 Mg 
ha− 1), and buried mechanically at a depth of 10 cm; iii) F1, with Micosat 
F1 granular microbial mix including both bacteria and fungi, provided 
by CCS Aosta Srl (Aosta, Italy), was applied at the ratio 1:1 w/w of seeds 
(which correspond to 14 g m− 2 for Bramante and 20 g m− 2 for Svevo); 
iv) CHAR_F1, with biochar and F1 in the same amount described above. 
Microbial consortia were mixed with the seeds and then delivered to the 
soil during sowing (see Fig. S2). The amount of seeds needed to cover 
one plot at the density of 400 seeds m− 2 was prepared and weighted. 
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Next, the same weight of Micosat F1 was added to the seeds, and the 
whole mix was placed in a collection chamber of the sowing machine 
(Fig. S2A) and distributed in 8 rows (Fig. S2B and C). Seeds and powder 
were visible few centimetres below the soil surface (see Fig. S2D). 

The soil was fertilized with N at 50 kg ha− 1 just enough to replenish 
what had been used the year before. No potassium (K) or P was added. 
Consortium F1 has a specific weight of 1.127 kg L− 1 and is composed of: 
Trichoderma harzianum TH01 (concentration ≥3 107 spores g− 1, repre-
senting 0.8 % w/w of the dry product), Glomus mosseae GP11, Glomus 
coronatum GU53, Glomus caledonium GM24, Septoglomus viscosum GC41 
(Glomus sp. represent 40 % w/w of the dry product), Rhizophagus 
irregularis RI31, Bacillus amyloliquefaciens BA41, Pseudomonas fluorescens 
PA29, Azospirillum brasilense AB86, Komagataella pastoris PP59 (all five 
having a concentration ≥6.5 107 spores, or CFU g− 1, representing 18.6 
% w/w of the dry product), stabilization of the microbes was performed 
on zeolite. 

2.2. Plant phenological analysis 

Phenotypic parameters such as plant height, spike length, and 
biomass, were measured on three plants taken from each plot. Biomass 
yield of each plant was measured separately from the dry weight (DW) of 
the shoots at the end of the vegetative cycle in June. Plant tissues were 
dried out in an oven at 70 ◦C for 24 h and the weight of each single plant 
was measured. Chlorophyll content was evaluated using the portable 
Chlorophyll Meter SPAD-502 plus (Konika Minolta, Europe GmbH) at 
booting and flowering periods, leaf transpiration resistance, LTR, was 
measured by AP4 Porometer (Delta-T Device, Lombard & Marozzini 
SRL, Rome, Italy). Recorded data include grain yield (GY) (kg ha− 1), 
thousand kernel weight (TKW) (g), and test weight (TW) (kg hL− 1). TKW 
was obtained as the mean value of 3 replicates of 100 seeds from each 
plot. TW was calculated using a Shopper chondrometer equipped with a 
1 L container and reported as kg hL− 1 (Rieger GmbH, Austria). 

2.3. Soil chemical and biological analysis 

Soil samples were collected according to the table reported in the 
Supplementary data (see Table S.2). 

Chemical analysis. Samples of bulk soil (around 0.5 kg) from each plot 
were collected at 10 cm depth. Each sample was air-dried and stored at 
room temperature, while the rhizospheric soil (attached to roots) was 
collected and immediately stored at − 80 ◦C. Soil pH and Electrical 
Conductivity (EC) (Mettler-Toledo S.p.A., Milan, Italy) were measured 
by performing potentiometric measurements in a 1:2.5 soil–water sus-
pension as reported previously (Ministro per le Politiche Agricole, 
1999). The chemical analyses of organic carbon (C) and N were per-
formed according to standardized protocols (Ministro per le Politiche 
Agricole, 1999). Determination of P, calcium (Ca), iron (Fe), zinc (Zn), 
and K concentrations were carried out by Inductively Coupled Plasma 
Mass Spectrometry (MS) using the iCAP™ TQe ICP-MS (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) following standard protocols (In-
ternational Organization for Standardization (ISO), 2016; UNI.EN, 
2012). 

Biological analysis. Five g of rhizospheric soil samples were collected 
for each growth condition and each plot, and stored at − 80 ◦C. Meta-
barcoding analysis of microbial DNA from rhizospheric soil was per-
formed as described (Graziano et al., 2022). Briefly, genomic DNA was 
isolated from 250 mg of rhizospheric soil using NucleoSpin® Soil 
(Macherey-Nagel, Duren, Germany). 50 ng of DNA was used from each 
sample to amplify the genes encoding 16S rRNA (V3-V4 region), and 18S 
(ITS2 region) as reported previously (Graziano et al., 2022; Takahashi 
et al., 2014; White et al., 1990). Amplification followed a standard 
protocol (Graziano et al., 2022) and amplicons were subjected to Next 
Generation Sequencing (Basciani et al., 2020; Juhmani et al., 2020) 
(BMR Genomics Srl, Padua, Italy). 

2.4. HMW-GS genotype of Bramante 

The allelic structure at the Glu1 locus for HMW glutenins in Svevo 
was already known from literature studies (Graziano et al., 2020); but 
was unknown in Bramante. The allelic composition at the Glu1 locus was 
obtained through genomic, and proteomic analysis (in both cases details 
are given in Supplementary Material paragraph “HMW-GS genotype of 
Bramante”). 

2.5. Extraction, separation, and characterization of seed storage proteins 

Wheat seeds from each cultivar (35 g of samples) were milled with 
Knifetec 1095 (Foss, Hillerød, Denmark) to produce a fine powder of 
whole-meal semolina. Gluten proteins (gliadins, HMW-GS, and LMW- 
GS) were extracted from wheat semolina (30 mg) as previously 
described (Graziano et al., 2019) and their concentration was measured 
by Bradford assay (Bio-Rad, Hercules, CA, USA). Total N in the flour was 
determined by Kjeldahl method (Ministro per le Politiche Agricole, 
1999). The proteins fractions were separated by SDS-PAGE followed by 
densitometric analysis, to obtain a relative quantification of the protein 
bands, as previously described (Graziano et al., 2019). Gliadins were 
subdivided into four classes (ω, α, γ, and β), similarly, LMW-GS were 
subdivided into 42, 37, 32, and 31 kDa, as previously reported (Graziano 
et al., 2019). Relative amounts of sub-fractions were calculated by 
considering all bands present in each lane. Three replicates were per-
formed for each fraction. Protein bands, identified as differently abun-
dant, were then taken from the polyacrylamide gel, digested, and 
prepared for mass spectrometry (MS)-based characterization (Shev-
chenko et al., 2007). In particular, samples were run on a HPLC-LTQ 
Orbitrap XL (Thermo Fisher Scientific, Waltham, MA, USA), and the 
raw data were analysed using the Viridiplantae proteomic databases 
(Graziano et al., 2019). 

2.6. Statistical analysis 

Statistical analysis was performed using the statistical package SPSS 
(v25.0) for Windows (© Copyright IBM Corporation 1989, 2012) or Past 
4.03 (© Copyright Hammer 1999–2020). Phenotypic data are presented 
as mean ± SD and were analysed by ANOVA, non-parametric Kruskal- 
Wallis test with Bonferroni correction (significance level of p = 0.05). 
The storage proteins amount was evaluated by densitometric analysis, 
on three replicates, using the Image Lab 4.5.1 software (Bio-Rad, Her-
cules, CA, USA). Mean values were compared by ANOVA followed by the 
post-hoc Dunn’s test. p-value ≤0.05 was considered statistically signif-
icant. The amounts of the different gliadins, LMW-GS, and HMW-GS sub- 
units, which were calculated as reported above, are shown as heat maps, 
which were obtained using the Heatmapper software (http://www. 
heatmapper.ca/). For metagenomic data, PERMANOVA results were 
calculated with Bray-Curtis as a distance metric. 

3. Results and discussion 

3.1. Environmental conditions in the two growing seasons 

The two growing seasons had different weather conditions (Fig. S1). 
From February 2020, during which temperatures started to increase and 
wheat growth was initiated, the total rainfall was 186 mm, and the mean 
air temperature was 14.4 ◦C (min − 3.5 ◦C -max 33.5 ◦C). In 2021, the 
total rainfall was 150 mm, and the mean air temperature was 12.5 ◦C 
(min − 6.9 ◦C -max 36.2 ◦C). High temperature during seed development 
is known to constitute a stress affecting the duration and rate of the 
grain-filling period (Flagella et al., 2010; Zingale et al., 2023). Water 
availability during vegetative growth determines the pattern of plant 
development; however, excess water during this same period reduces 
the amount of gluten protein (Graziano et al., 2019; Zingale et al., 2023). 
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3.2. Results of field trials performed in two seasons 

Analysis of production traits and plant biomass of cultivars Svevo 
and Bramante (Fig. 1 and Table S3) in 2020 showed that grain yield was 
in line with the average yield observed for both durum and bread wheat 
during the same season in Italy (Regione Emilia-Romagna, 2021). In 
2021, the yields of both cultivars were in line with the production 
amount registered in the Region Emilia-Romagna in the same year, as 
indicated by the Italian Agriculture Consortia (https://www.consorziagr 
ariditalia.it/ and (Regione Emilia-Romagna, 2022), with a 20 % increase 
compared with the previous season. For both seasons, supplementation 
with consortium F1 elicited a grain yield increase in Svevo, i.e. 6.84 %– 
13.64 % (Fig. 1 and Table S3), while the CHAR treatment determined an 
increase of 6.72 %–16.06 %. Cultivar Svevo has been reported to exhibit 
improved N use efficiency under conventional N and water regimes 
(Lupini et al., 2021), good drought resistance (Gullì et al., 2022), and to 
be positively affected by the presence of arbuscular mycorrhizal fungi 
(Fiorilli et al., 2022). Biochar improves water and nutrient retention as 
well as soil quality and fertility (Ding et al., 2016; Igalavithana et al., 
2015). PGPMs can fix N and solubilise P, thereby making these nutrients 
available to plants. Moreover, PGPMs regulate phytohormone produc-
tion and promote plant tolerance to abiotic stress by increasing the 
antioxidant levels (Lopes et al., 2021; Naik et al., 2019). Considering 
that in Svevo the final yield under PGPM treatment was higher than that 
in the control condition, it can be stated that both biochar and PGPMs 
can provide positive stimuli for plant growth. 

In Bramante, an increase in yield was observed only in 2020 when 
the soil was supplemented with F1 and CHAR (Fig. 1 and Table S3). This 
may also be attributed to the different climates in 2021 during the 
critical heading and flowering stages of Bramante (Mäkinen et al., 2018; 
Sadeghi-Tehran et al., 2017). These stages had different seasonal dis-
tributions in Svevo, which entered the heading and flowering stages 
earlier than Bramante. Principal component analysis (PCA) of the data 
from 2020 and 2021 for both cultivars showed grouping depending on 
the season and the cultivar (Fig. 2A), which implied that the two climate 
parameters (i.e. temperature and rain) and cultivar were the factors 
explaining more of the variance than the treatments. Similar results 

were obtained by network analysis (Fig. 2B). Nodes belonging to the 
same season and cultivar clustered together, with stronger connections 
between samples belonging to the same cultivar and grown in the same 
season (Fig. 2B). In the PCA, PC1 explained 58.2 % of the variance and 
was positively correlated with TKW, shoot dry biomass and plant height. 
Plant height is strongly regulated by genetics (Würschum et al., 2015) 
and very little variation is expected with one cultivar, regardless of the 
growing conditions. The pattern of shoot-dry biomass variation followed 
that of the increase in yield in 2021. TKW is an important component of 
yield with a complex genetic basis determined by grain width, length, 
thickness, shape, and density (Cao et al., 2020; Ji et al., 2023; Liu et al., 
2020). Moreover, larger seeds are known to result in better seedling 
vigour, a trait that is positively correlated with yield and is expected to 
increase flour yield (Farahani et al., 2011). For TKW, positive variation 
was observed in both cultivars treated with CHAR or F1 in 2020. A more 
comprehensive overview of the content of Svevo grains has been pro-
duced recently using metabolomics. Data showed biochar and F1 
treatment increased the production of lipids (particularly affecting the 
glycolipid desaturation pathway), and flavonoids, whereas that of car-
bohydrates was reduced (Riboni et al., 2023). These modifications exert 
multiple positive effects. Glycolipids are involved in the synthesis of the 
hormone jasmonic acid, a metabolite that regulates growth and devel-
opment and plays a role in plant stress responses (Li et al., 2022). 
Moreover, upregulation of these metabolites improves the quality of 
flour and loaf volume after fermentation (Min et al., 2020). Increased 
flavonoid content may occur in plants in response to biotic and abiotic 
stressors (De la Rosa et al., 2009; EL Sabagh et al., 2021). In addition, 
these compounds are recognised for their antioxidant and beneficial 
properties in the treatment of various diseases (Shen et al., 2022; Shewry 
and Hey, 2015). Finally, a reduction in small fermentable carbohydrates 
can be beneficial to people affected by irritable bowel or inflammatory 
bowel syndrome (Shepherd, 2014). 

PC2 explained 27.7 % of the variance and it was positively correlated 
with changes in chlorophyll content measured during the various 
growth stages (Fig. 2A and Table S3). Indeed, Svevo, when treated with 
F1, CHAR, or a combination of the two, displayed an increase in this 
physiological trait (Table S3) during both seasons (range of variation 3 

Fig. 1. Heatmaps of physiological data from the 2020 and 2021 seasons for both cultivars Svevo and Bramante. Data were standardized (standardized data were 
calculated as: measure – average/standard deviation), traits decreasing with respect to the average measurements are in green, while traits increasing correspond to a 
scale of orange-red, as reported in the figure. The treatments are reported as: CTR: control, F1: Micosat F1, CHAR: biochar, and CHAR_F1: biochar with Micosat F1. 
Full data are available in Table S3. 
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% - 8 %), suggesting stimulation of photosynthesis, which is related to 
yield increase (Long et al., 2006; Makino, 2011), as was observed 
(Table S3), this may be attributed to the PGPM treatment. Indeed, some 
of the bacteria present in Micosat F1 produce siderophores, i.e. com-
pounds that render Fe3+ bioavailable to plants; this elemental is 
involved in the biosynthesis of chlorophyll and it is found in the iron- 
containing (haeme) proteins of plants, such as cytochromes, which are 
important members of the electron transfer systems in chloroplasts. 
These are some of the activities that help define a PGPM as such (Lopes 
et al., 2021; Naik et al., 2019; Yadav et al., 2022). Moreover, the pres-
ence of biochar can help retain water, and nutrients, making them 
available to crops (He et al., 2021b; Sun et al., 2021). 

Before harvesting, the plants were examined for morphological 
damage caused by abiotic or biotic stress. No cold or lodging damages 
were observed. No traces of Septoria, Fusarium (head blight), Puccinia 
(brown rust), or powdery mildew, were detected in any plot. Deoxy-
nivalenol was measured using a commercial ELISA on the wheat flours 
(Svevo and Bramante) from the 2020 and 2021 field trials, but was not 
detected in any of the samples (data not shown). 

3.3. Soil chemical composition 

Soil plays a crucial role in plant growth and food production, and it 
constitutes the basis for >95 % of global food production. Macronutri-
ents (P, N, Ca, K, and Mg) and micronutrients (Zn, Fe, and Mn) are 
essential for crop production and their concentrations are crucial in 
determining soil health. Soil microorganisms can influence the con-
centrations of some nutrients as they can fix N and solubilise P, K, and Zn 
(Gruber, 2015). Therefore, the concentration of organic C, total N, P, Ca, 
Fe, Zn, and K were determined for each treatment and year. Soil was 
collected at the plant maturity stage to evaluate whether yield (increase 
or loss) was related to soil quality. The results (Table S4) showed that the 
concentrations of these elements were within the respective average 
range for healthy soil (Noulas et al., 2018; Pratim et al., 2022; Shiwakoti 
et al., 2020, 2019). No differences were observed between treatments or 
cultivars but between growing seasons. In 2020, the soil Ca content was 
lower than that in 2021, and Fe, Zn, and K contents were lower in 2021 
(Tables S4 and S5). Nevertheless, all values remained within the average 
range. The pH was also slightly higher in 2020 than in 2021. Moreover, 
at the concentration of biochar added during the experiments, no 

significant increase in pH was observed. This may be related to the fact 
that the soil pH (7.8–8.6) and biochar pH (8–8.2, see biochar A4 in 
Marmiroli et al., 2018) were relatively similar. Moreover, the quantity of 
biochar used in the fields represented approximately 0.05 % of the 
topsoil C. 

3.4. Rhizospheric soil analysis 

3.4.1. Rhizospheric bacterial population 
Rhizosphere samples from Svevo and Bramante were collected in 

May and June 2020. At both time points, the phyla and classes were 
analysed in detail. The most abundant phyla (percentages are rounded 
values; Fig. 3A and Fig. S3) were: Proteobacteria (37 %), Actinobacteria 
(24 %), Acidobacteria (16 %), Bacteroidetes (9 %), Gemmatimonadetes 
(3 %), Chloroflexi (3.5 %), Verrucomicrobia (26 %) and TM7 (0.7 %). 
The most variable populations were Bacteroidetes, Verrucomicrobia, 
and TM7 in Bramante and Bacteroidetes, Gemmatimonadetes, and TM7 
in Svevo. A PCA did not show any clustering, and a PERMANOVA did 
not show any significant differences between the sampling times, cul-
tivars or treatment. The taxa with the most pronounced variance were 
Actinobacteria, which positively correlated with changes in PC1, and 
Bacteroidetes, which correlated with variations in PC2 (Fig. S4A). 
Actinobacteria is a very diverse bacterial phylum in which Streptomyces, 
Nocardiopsis, and Arthrobacter are the most common genera. In our 
samples, S. mirabilis represented 1 % of the total population, and this 
bacterium forms biominerals (Yang et al., 2012). Strains belonging to 
the Actinobacteria group can solubilise K and P to act as PGPM, 
biocontrol agents and increase plant resilience to abiotic stress (van 
Bergeijk et al., 2020). Indeed, Actinobacteria and Bacilli, can avoid 
drought stress by assuming dormancy and resurrecting when environ-
mental conditions improve (Bouskill et al., 2016; Naylor et al., 2017). 
Their positive effects on crop yield have frequently been reported 
(Boukhatem et al., 2022; Sansinenea, 2019). Bacteroidetes are involved 
in the degradation of complex organic matter, and their abundance is an 
indicator of agricultural soil usage (Wolińska et al., 2017). The most 
abundant classes (Fig. 3B, percentages are rounded values) were: 
Alphaproteobacteria (22 %), Actinobacteria (14 %), Acidobacteria-6 (8 
%), Betaproteobacteria (6 %), [Chloracidobacteria] (6 %), Gammapro-
teobacteria (6 %), Thermoleophilia (4 %), and Sphingobacteriia (1 %). 
The high abundance of Alphaproteobacteria was expected, because 

Fig. 2. Principal component analysis (PCA) of physiological data (fully reported in Table S3) in two cultivars (T. aestivum cv Bramante and T. durum cv Svevo) 
throughout two growing seasons, 2020 and 2021; (A); network analysis of physiological data (B). In both cases, samples were colour-coded according to the legend 
presented below in panel B. The treatments are reported as: CTR: control, F1: Micosat F1, CHAR: biochar, and CHAR_F1: biochar with Micosat F1. 
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Fig. 3. Rhizospheric bacterial communities at the level of phyla (A) and classes (B) and rhizospheric fungal communities at the level of classes (C), collected from 
Svevo’ soils of plants untreated (CTR) or treated with Micosat F1 (F1), biochar (CHAR), or biochar with Micosat F1 (CHAR_F1). (A), (B) and (C) report the relative 
abundance (based on OTUs) of the most abundant phyla or classes found in the rhizospheric soil of wheat in duplicate and collected in May and June 2020 and in 
June 2021. The colours are ordered according to the legend reported at the right of the image. 
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together with Beta- and Gammaproteobacteria, this class belongs to the 
phylum Proteobacteria (Spain et al., 2009), which was the most abun-
dant phylum in our soil samples. 

This analysis was repeated in 2021; however, only one-time point, i. 
e. June, was considered. No significant differences were observed be-
tween the two sampling periods during the previous year. When mi-
crobes are added to the soil, modifications of the rhizospheric 
microbiome may only persist for a short period of time, as previously 
suggested (Fierer, 2017), unless the microorganisms can survive and 
outgrow the previously resident community. In 2021, the distributions 
of the phyla and classes were similar to those observed in 2020 (Fig. 3A 
and B). The PERMANOVA did not reveal any differences between cul-
tivars, treatments or years. A PCA of the 2021 microbial population did 
not produce any grouping (Fig. S4B). Acidobacteria were the main 
components correlated with variance in PC1, displaying a large reper-
toire of genes responsible for regulating several metabolic functions (i.e. 
N, S, carbohydrate metabolism, cellulose, and siderophore synthesis) 
(Kalam et al., 2020). In contrast, Bacteroidetes were positively corre-
lated with changes in PC2 (Fig. S4B). α-Analysis (Table S6) revealed a 
Shannon diversity index of approximately 4.4 for all soil samples and a 
Chao-I richness index of approximately 170 in the rhizospheric pop-
ulations of Bramante and Svevo. None of the treatments significantly 
changed the diversity or richness indeces of microbial populations. 

3.4.2. Rhizospheric fungal population 
Fungal phyla were dominated by Ascomycota and Basidiomycota, 

representing approximately 80 % and 10 % of the phyla, respectively 
(data not shown), while the most abundant class was Sordariomycetes 
(approximately 30 % of all classes), followed by Dothideomycetes, 
Tremellomycetes, Agaricomycetes, Eurotiomycetes, and Leotiomycetes 
(Fig. 3C and S3C). The first classes are the most representative of agri-
cultural soils (Dang et al., 2018), and the last three classes exhibited 
variable proportions; however, statistical analysis did not indicate any 
correlation with the treatment. Significant differences were observed 
when the samples were grouped according to season and cultivar. 
Indeed, by comparing these four groups using PERMANOVA (see the 
table in Fig. S5), significant differences were evident between the cul-
tivars in 2020 and between the two seasons for Bramante (Fig. S5). 
Variation in PC1 was positively correlated with Dothideomycetes, 
whereas that in PC2 was positively correlated with Agaricomycetes. 
Taxa belonging to the Agaromycetes can recycle organic matter because 
their genome contains many genes encoding hydrolytic and oxidative 
enzymes for lignocellulose; moreover, Agaricomycetes can degrade hy-
drocarbons in the soil (Mohammadi-Sichani et al., 2017; Ruiz-Dueñas 

et al., 2021). The Dothideomycetes group contains a wide range of 
fungal decomposers of wood and is involved in biogeochemical cycles 
(Hyde et al., 2013). This was linked to a significant difference in the total 
number of fungi present in the soil, which was lower in 2021, as indi-
cated by the Shannon diversity and Chao-I richness indeces (Table S6). 
Fungal abundance and richness are strongly associated with climate 
conditions (Bakar et al., 2020; Marčiulynienė et al., 2022). Therefore, to 
improve soil health, it is important to define the weather conditions that 
promote the growth of favourable fungi and to identify all the elements 
that can promote the growth of the taxa that are considered soil pre-
biotics (Du et al., 2021). 

3.5. Gluten protein content 

Gliadins were the most abundant component of the gluten fraction 
followed by LMW-GS and HMW-GS. The amounts of each fraction in the 
investigated samples are listed in Table 1. 

Gliadin content was significantly lower (p < 0.05) in 2020 (53.61 % 
in Svevo and 53.06 % in Bramante) than in 2021 (62.92 % in Svevo and 
69.84 % in Bramante), regardless of the treatment. In 2020, treatment 
with F1 resulted in a significant increase in gliadins compared to the 
control, but only in Bramante. In 2021, the amount was higher in both 
cultivars under the control conditions than in the treatments. Regarding 
the LMW-GS content, only for Svevo, there was a significant (p < 0.05) 
increase with the F1 treatment in 2020, while in 2021, a significant 
increase was observed in Svevo with the combination of CHAR and F1 (p 
< 0.01), compared to the control. 

The amount of HMW-GS was higher in 2020 than in 2021 for all 
treatments in both cultivars. In 2020, no difference was observed be-
tween treatments, whereas in 2021, Svevo cultivated with CHAR as well 
as with F1 showed higher HMW-GS amounts, as did Bramante treated 
with F1, compared to the control. 

Although the HMW-GS fraction only accounts for up to 10 % of total 
flour protein, it affects gluten viscoelastic properties (Graziano et al., 
2020). In Svevo, the HMW-GS allele combination of Bx7 and By8 is 
important for dough quality and loaf volume. Similarly, in Bramante, 
the Glu-Ax2*, Glu-Dx5, and Glu-Dy10 alleles confer excellent visco-
elastic properties to flour (Gale, 2005). The N content, determined using 
the Kjeldahl method, and the glutenin/gliadin (GLU/GLI) and the HMW- 
GS/LMW-GS ratio, are important parameters for technological quality, 
which are shown in Table 1. The differences in the abundance of the 
gluten fractions and the corresponding GLU/GLI and HMW-GS/LMW-GS 
ratios differ significantly between both treatments and seasons 
(Table 1). The GLU/GLI ratio was higher in 2020 than in 2021, whereas 

Table 1 
Reserve proteome composition of gliadins and glutenins fractions of Svevo and Bramante cultivated in 2020 and 2021. The treatments are reported as: CTR: control, 
F1: Micosat F1, CHAR: biochar, and CHAR_F1: biochar with Micosat F1.  

Year Cultivar Treatment %N GLI% LMW% HMW% GLU/GLI HMW/LMW 

2020 Svevo CTR  5.92  52.97a  20.88b  26.16a  0.89a  1.25a   

CHAR  9.63  53.64a  20.20b  26.16a  0.86a  1.30a   

F1  10.54  52.78a  21.65a  25.57a  0.89a  1.18b   

CHAR_F1  6.78  53.37a  20.69b  25.94a  0.87a  1.25a  

Bramante CTR  12.36  51.80b  20.19a  28.02a  0.93a  1.39a   

CHAR  10.37  53.61ab  18.79a  27.60a  0.87a  1.47a   

F1  10.94  53.73a  19.08a  27.19a  0.86a  1.42a   

CHAR_F1  12.36  53.10b  19.85a  27.05a  0.88a  1.36a 

2021 Svevo CTR  11.45  66.12a  20.87ab  13.01b  0.51b  0.62b   

CHAR  11.62  63.20b  20.25ab  16.55ab  0.58b  0.82ab   

F1  11.57  65.67ab  17.39b  16.94ab  0.52b  0.97a   

CHAR_F1  10.94  56.72b  24.71a  18.57a  0.76a  0.75ab  

Bramante CTR  11.17  71.89a  16.25b  11.86b  0.39a  0.73b   

CHAR  10.48  69.45b  17.60ab  12.94ab  0.44a  0.74b   

F1  10.20  67.92b  16.99ab  15.09a  0.47a  0.89a   

CHAR_F1  10.43  70.14b  18.40a  11.46b  0.43a  0.62b 

Different letters in the same column, and in each group of data, correspond to statistically different values (p < 0.05 one-way ANOVA, post hoc Dunn’s test). Values 
bold- faced are significantly different. 
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the HMW-GS/LMW-GS ratio was decreased in 2020. In 2021, during the 
grain-filling period, plants experienced water scarcity combined with 
high temperatures, which is a condition influencing gluten quality and 
coeliac toxicity (Manfredi et al., 2015; Ronga et al., 2020). Interestingly, 
Svevo, treated with CHAR and F1 showed a significant increase in HMW 
and LMW glutenins and a decrease in gliadins, which may have posi-
tively influenced gluten quality. 

In developing grains, the accumulation of certain protein fractions is 
highly ordered (Daniel and Triboï, 2001), and gliadins are rapidly pro-
duced during the middle growth period of the wheat kernel. Subse-
quently, glutenin accumulates in smaller quantities until the last half of 
the grain-filling cycle and are measurable approximately 20 days after 
anthesis (Phakela et al., 2021). Growth and environmental conditions 
during grain-filling affect protein quality, particularly with regards to 
kernel size and composition (Graziano et al., 2020). Studies have shown 
that the agronomic management can affect grain yield, protein con-
centration, and composition (Pichereaux et al., 2019; Zingale et al., 
2023). Therefore, the amount of each gluten protein fraction was 
compared between the Svevo and Bramante cultivars in both seasons. 
We observed variations in gluten protein abundance, in particular, an 
increase in gliadins and a decrease in glutenins in 2021 compared to 
2020, which can be attributed more to environmental factors (season) 
than to treatment (Table 1) (Phakela et al., 2021; Ronga et al., 2020). 
Considering the treatments, the results suggested that in 2021 (less rain 
during the grain filling period), treatment with CHAR and F1 resulted in 

a significant increase in the LMW-GS fraction in both cultivars. 

3.6. Identification and quantification of gluten protein subunits 

The gluten fractions of the two groups were analysed using SDS- 
PAGE. Fig. S6 shows examples of the profiles of gliadins, LMW-GS, 
and HMW-GS. These protein profiles were maintained in both culti-
vars, albeit with some differences in the relative abundances of gliadins 
and LMW-GS between cultivars, years, and treatments, as shown by the 
densitometric analysis of electrophoretic gels (Fig. S6; Table S7). 

3.6.1. Gliadins variations in Svevo and Bramante 
The gliadin pattern of wheat is characterised by ω-gliadins in the 

66–55 kDa range and α, β, and γ-gliadins in the 44–33 kDa range (bands 
1 to 7) both in Bramante (Fig. 4A) and in Svevo (Fig. 4B). The proteins 
were identified by MS (Table S8). Densitometric analysis of gliadins in 
Bramante (Fig. 4A) and Svevo (Fig. 4B) showed that the main differences 
occurred between years. Environmental factors may have strong effects 
on gliadin components (both α- and γ-type) (Ronga et al., 2020). Our 
results confirmed these trends. In Bramante, GLY-48.6, GLY-45.7, GLY- 
43.4, and GLY-40.3 kDa were more abundant in 2020 than in 2021 (p <
0.05), whereas GLY-38.1 and GLY-34 kDa, were more abundant in 2021 
than in 2020 (p < 0.05). No significant variation between years was 
observed for the subunits GLY-77 and GLY-36.4 kDa. In Svevo, GLY-60, 
GLY-44, GLY-41, and GLY-32 kDa were more abundant in 2020 than in 

Fig. 4. Heat map representing the relative abundance evaluated by densitometric analysis of gliadins and LMW-GS purified from flours of Bramante (A-C) and Svevo 
(B-D) cultivated in 2020 and 2021 with different treatments (SDS-PAGE images are reported in Fig. S6). The treatments are reported as: CTR: control, F1: Micosat F1, 
CHAR: biochar, and CHAR_F1: biochar with Micosat F1. 
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2021; GLY-40 and GLY-39 kDa were more abundant in 2021 than in 
2020, and GLY-28 kDa was present only in 2020. Regarding the differ-
ences between treatments, in 2021, the most significant (p < 0.05) 
variations were identified when plants were cultivated with the com-
bined treatment of CHAR and F1. Indeed, compared with the control, the 
amount of GLY-40 was reduced, whereas that of GLY-32 kDa was 
increased (Table S6). 

3.6.2. Glutenins (LMW and HMW-GS) variations in Svevo and Bramante 
The LMW-GS (locus Glu-B3) pattern in Bramante (Fig. 4C) showed 

four main bands in the range of 48–34 kDa, whereas the LMW-GS 
pattern in Svevo (locus Glu-B3) was represented by one main band of 
42 kDa and three minor bands (37, 32, 31 kDa;LMW-2 profile) to be seen 
at Table S7 and Fig. 4D. Densitometric analysis of LMW-GS (Fig. S6) in 
both cultivars showed significant variation (p < 0.05) with regards to 
the subunits, mainly in terms of the year of cultivation and, in some 
cases, treatment. In Bramante, LMW-44 and LMW-34 kDa were more 
abundant in 2020 than in 2021 for all treatments. In 2021, the LMW-42 
kDa form was less abundant (p < 0.05) in the treatments CHAR_F1 and 
CHAR alone. Indeed, LMW-42 kDa has a higher molecular weight than 
the other LMW-GS subunits, presumably because of a larger number of 
repeats units. These longer repeat regions enhance dough strength and 
elasticity compared with subunits with fewer repeated-sequence do-
mains (Masci et al., 1998). The results suggest that in wheat, the treat-
ment with biofertilisers and biochar determines a variation in the grain 
flour that may affect the viscoelastic properties of the dough. 

Regarding LMW-GS in Svevo, the effect of the weather conditions of 
the two years was pronounced, whereas that of the treatments used was 
not. LMW-42 kDa was more abundant in 2020 than in 2021 in all 
treatments, while LMW-37, 32, and 31 kDa were more abundant in 2021 
than in 2020. In addition, LMW-31 kDa was absent in the control and F1 
treatments in 2021. The HMW-GS profile of Svevo (locus Glu-B1) was 
represented by a band of 86 kDa (Bx7) and by a band of 74 kDa with two 
isoforms (By8; Fig. S6). This allelic combination is associated with 
favourable dough properties. The Bramante HMW-GS profile (Fig. S6F) 
was composed of five main bands (2*, 7, 8, 5, and 10) identified by 
comparing the results obtained with other wheat cultivars, with known 
allelic profiles using PCR and proteomics. Densitometric analysis of 
HMW-GS in both cultivars under the different treatments in both years 
did not show any significant differences (data not shown). 

The accumulation of gluten proteins is a complex process affected by 
environmental and abiotic signalling. Environmental conditions deter-
mine changes in the abundance of gluten fractions; high temperatures 
exert a significant effect on the temporal regulation of genes affecting 
the transcription of gliadin, and glutenin genes, thereby altering the 
GLU/GLI ratio and ultimately affecting dough properties (Altenbach 
et al., 2002). 

3.7. Environmental and economic considerations 

Environmental sciences are in close continuity with food-producing 
networks when anthropized environments, such as agri-food ecosys-
tems, are considered. These systems consume large amounts of water, 
energy, and chemicals, leading to poor sustainability. The output of 
greenhouse gases (GHGs), such as CO2, CH4, and N2O, makes agro- 
ecosystems even more unbalanced, and as such, they contribute to 31 
% of human-caused GHG emissions (FAO, 2021). Chemical fertilisers 
and pesticides are among the major contributors to these emissions 
(Savci, 2012a, 2012b). 

Life cycle analysis (LCA) is frequently used to examine the contri-
bution to GHG emission during the production of commodities. The 
dimensions of the field trials presented in this study did not provide the 
possibility of performing an LCA with sufficient confidence levels; 
however, the results presented in this study and those available in the 
literature can be used to assess conventional systems (scenario #1: 
chemical fertilisers plus pesticides and insecticides), and a possible 

transition to PGPMs with or without biochar and to describe the dif-
ferences based on their carbon footprint (CF) (Fig. S7). The CF of wheat 
is reported to be 3 Mg CO2eq ha− 1 (and 0.361 Mg CO2eq Mg− 1 of grain), 
of which 60 % (1.8 Mg CO2eq ha− 1) is attributable to the use of fertilisers 
and 7 % (0.21 Mg CO2eq ha− 1) to the spread of pesticides and in-
secticides (Gan et al., 2011; HGCA, 2012; Hou et al., 2021; Kashyap and 
Agarwal, 2021; Tubiello et al., 2021), while the remaining 1 Mg CO2eq 
ha− 1 includes tillage, sowing, and harvesting, or use of farm machinery. 
Substituting chemical fertilisers with PGPMs the latter at 10 kg ha− 1 

(scenario #2), as suggested by the manufacturer (although in our study 
concentrations were higher owing to the geometry of the field trials), the 
total output is1 Mg CO2eq ha− 1 (Tensi et al., 2023), which includes the 
costs of producing PGPMs (Fig. S7). The use of PGPMs instead of 
chemical fertilisers reduced the output of CO2 by 1 Mg CO2eq ha− 1, 
which can be further reduced by avoiding pesticides and insecticides. 
According to the literature, avoiding pesticides and insecticides will 
provide an extra saving of 10 %–20 % (Tensi et al., 2023); and in the 
field trials described here, no such compounds were used and no adverse 
consequences in terms of to plant health or grain yield were observed. 
However, the largest difference in CF was obtained when considering 
the simultaneous addition of biochar to the soil (scenario #3), which 
also elicited a better plant response in terms of growth. Biochar stands 
for a negative output ranging from − 0.47-25 Mg CO2eq ha− 1 depending 
on the applied amount, the raw material, and the employed technology 
(Brassard et al., 2018; Hamedani et al., 2019). In the current study, 
biochar was produced from wood chips by slow pyrolysis and was 
supplied at 2.5 Mg ha− 1, which resulted in a CF of − 10 Mg CO2eq ha− 1. 
Combining the two calculations (PGPMs and biochar), the total saving 
was − 9 Mg CO2eq ha− 1, which resulted in a global saving of − 11 Mg 
CO2eq ha− 1 (Fig. S7). This simulation did not consider the CO2 input 
into the residual biomass (straw) and grain, which is approximately the 
same in conventional and transition scenarios. 

From an economic perspective, the price of chemical fertilisers, such 
as ammonium nitrate and superphosphates, increases steeply in 2021 
but decreased again thereafter. Currently, the cost of ammonium nitrate 
is approximately 0.7 € kg− 1, considering that it is used on wheat at 100 
kg ha− 1, this results in a cost of N fertilisation of approximately 70 € 
ha− 1. The price of triple-phosphate is approximately 0.4 € kg− 1, as is 
added at 200 kg ha− 1 (Falcone et al., 2019), resulting in 80€ ha− 1. 
Several pesticides are used on wheat, one of the most common is 2,4- 
Dichlorophenoxyacetic acid, which costs approximately 10 € L− 1 and 
is used at 0.5–2 L ha− 1 (Magnoli et al., 2020), resulting in a cost of 5–20 
€ ha− 1. In summary, the fertiliser and pesticide total expenditure per ha 
in the conventional system is approximately 160 € ha− 1. Micosat F1 has 
a global market value of 40 Mg year− 1. Currently, these microbial-based 
fertilisers (their cost is approximately 30€ kg− 1), when used at 10 kg 
ha− 1, cost 300€ ha− 1, thus they cannot compete with previous estimates, 
although their prices are predicted to drop within the next few years 
(Tensi et al., 2023). The price of biochar ranges from 150 to 300 € Mg− 1 

(Haeldermans et al., 2020; Struhs et al., 2020); therefore, if added at 2.5 
Mg ha− 1, it costs 300–400 € ha− 1 which must be added to the expen-
diture for microbial fertilisers. The production of biochar sequesters 
carbon and this benefit can be monetised considering that the price of 
carbon has been estimated at 10–40 € Mg− 1 CO2 (Campion et al., 2023). 
This advantage would be even more interesting if biochar was produced 
directly from the straw left after harvesting. Moreover, while fertilisers 
must be applied every year, the biochar remaining in the soil lasts for 
many years and undergoes only very slow weathering (Nepal et al., 
2023; Williams et al., 2019). Overall, from an economic perspective, 
using biochar and PGPMs is still not competitive with the use of con-
ventional fertilisers (the total cost has been estimated to be 5–6 fold 
higher than that of conventional fertilisation), even though there are 
important environmental aspects to be considered, in addition to CF 
savings. 

Indeed, lowering, or eliminating N-P-K during fertilisation and 
maintaining organic fertilisers will reduce the risk of water 
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eutrophication, maintain an environment that supports aquatic life, and 
reduce N2O emissions. It has been estimated that fertilisers cause 
eutrophication of 0.5 kg N-eq (Hasler et al., 2015), per 100 kg of fer-
tiliser used. Water eutrophication can pollute drinking water supplies 
and enhance the growth of aquatic vegetation, such as blue-green algae, 
which in turn lowers sunlight penetration, thus decreasing the efficiency 
of photosynthesis in aquatic plants, inducing hypoxia in the water, and 
adversely affecting aquatic life (Akinnawo, 2023). In addition, it is 
estimated that there is an emission of 1 kg of GHG N2O in the atmo-
sphere (Shcherbak et al., 2014; Stehfest and Bouwman, 2006) for each 
100 kg of fertiliser used. An important point is the contribution of wheat 
cultivation and its category of impact which concerns not only the 
environment (acidification, and eutrophication of fresh and marine 
waters) but also human health (human toxicity and cancer effects, 
photochemical ozone formation, and resource depletion) (Falcone et al., 
2019). 

4. Conclusions 

Microbial-based biofertilisers combined with amendments, such as 
biochar, can be a more manageable and sustainable alternative to 
classical fertilisation and support the European Green Deal, the “No 
waste” directive, and the “Farm to Fork” strategy while promoting 
circularity. All observed effects on the yield and quality of the wheat 
grains and flour and the composition of its protein fractions were 
correlated with the maintenance of a large microbial biodiversity in the 
soil, even though the climate recorded during the growing season and 
the filling period exerted a strong influence on the measured traits. 

To date, the economic, political, and strategic roles of food produc-
tion have been above any other consideration, and it has been reported, 
after a survey among EU farmers, that for some crops, these solutions are 
still not mature enough, at least in the hands of those (the farmers) who 
should benefit from them (Tensi et al., 2023). However, in addition to 
any economic considerations, it is also relevant that the continuous 
reduction in water resources and increase in pollutants, along with the 
new regulations on GHG emissions, will become a new driving force of 
economic value in a short time. These, combined with the public request 
for healthier food, are enough stimuli to continue the scientific dialogue 
with the production forces in a more global and holistic way. 
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