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• SynComs can enhance the function of 
the soil/plant ecosystem.

• SynComs did not modify the indigenous 
microbial community in maize field.

• Biochar and SynComs determined 
interesting effects on kernel 
metabolome.

• Biochar and SynComs could partially 
replace the intense use of chemical 
fertilizers.
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A B S T R A C T

Adoption of sustainable maize cropping practices is urgently needed. Synthetic microbial communities (Syn
Coms) made of plant growth-promoting microorganisms (PGPMs), coupled with biochar from residual biomass, 
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offer an environmentally compatible alternative to inorganic fertilizers and may improve soil fertility. This 
article extends in a two-year field trial with preliminary results obtained in previous pot experiments, monitoring 
plant physiology, soil biology and chemistry, and kernel metabolomics. Here, we report the synergistic effect of 
the co-application of biochar, SynComs, and arbuscular mycorrhizal fungi on the soil microbiome, maize growth, 
and kernel metabolomic profile. SynComs application did not affect the diversity and richness of soil microbial 
communities; therefore, it posed a low risk of long-term effects on soil microbial ecology. With SynComs and 
biochar co-application to the soil, the physiology of maize plants was characterized by higher chlorophyll 
content, ear weight, and kernel weight. The combination of SynComs and biochar also affected the kernel 
metabolome, resulting in enriched health-beneficial and anti-stress metabolites. Since the preliminary evidence 
on the environmental and economic impact of these new associations was more favorable than that of con
ventional fertilizers, it seems reasonable that their large-scale implementation can eventually favor the transition 
to more sustainable agriculture.

1. Introduction

Sustainable agriculture is a multifaceted concept with economic, 
environmental, and social dimensions. Many approaches can be pursued 
to develop each dimension; however, solutions that include them all are 
few. The exploitation of alternative biofertilizers and amendments is one 
of these virtuous strategies and is recognized as a potential alternative to 
chemical fertilizers (Ammar et al., 2023). Indeed, chemical fertilizers 
and pesticides have helped increase agricultural production following 
the Green Revolution (Tilman et al., 2002); however, this has led to 
overexploitation of soils with nutrients and elements that affect soil 
geochemical cycles and microbial biodiversity (Rockström et al., 2009; 
Steffen et al., 2015). The consequences have been a negative impact on 
overall human and environmental health, affecting the equilibrium be
tween humans, plants, animals, and nature (Bindraban et al., 2015; 
Destoumieux-Garzón et al., 2018; Chandini et al., 2019; Rong et al., 
2021). Among biofertilizers, plant growth-promoting microorganisms 
(PGPM) are effective in improving the performance of many plant spe
cies (Reed and Glick, 2023) because of their unique biological activities. 
The application of several soil microorganisms, including species of 
bacteria and fungi (e.g., rhizobia, Azotobacter sp., Bacillus sp., Azospir
illum sp., Aerobacter sp., Burkholderia sp., Pseudomonas sp., Aspergillus 
sp., Penicillium sp., Trichoderma sp., and Glomus sp.) can reduce the need 
for chemical inputs and improve the quality and safety of harvested 
products and processed foodstuffs, while providing beneficial ecosystem 
services (Mącik et al., 2020; Maitra et al., 2021; Banerjee and van der 
Heijden, 2022; Chaudhary et al., 2022). Most bioinoculants are 
composed of a single beneficial microbe, defined as a PGPM or arbus
cular mycorrhizal fungus (AMF) (de Souza et al., 2020; De Palma et al., 
2022). The characterization of PGPM properties and their ability to 
interact with plant tissues usually requires testing at the laboratory level 
before transference to the field. A pot experiment under controlled 
conditions is the most common procedure to demonstrate the direct 
effect of individual microbial strains or consortia without any ‘envi
ronmental’ disturbance. Usually, pot experiments last for a few weeks 
and provide results regarding the germination and vegetative growth 
stages but not on the entire final performance. Previous studies have 
shown low reproducibility between pot experiments and field trials 
under identical treatment conditions (Nkebiwe et al., 2016; Symanczik 
et al., 2023). There are several possible explanations for the discrepancy. 
The most significant factors include the timing and application method, 
physical and chemical properties of the soil, fertilization method, and 
interactions with microbial populations in the soil. These interactions 
determine biological competition such as niche overlap, resource 
availability, and predation. In addition, typical biotic and abiotic 
stresses in the field also play a role (Symanczik et al., 2023). The effect of 
microbial consortia in ‘real’ agricultural soil can vary depending on the 
crop, chemical composition, environmental conditions, and indigenous 
microbial community of the soil. Their efficacy may be affected by 
varying environmental conditions, coexistence with other ‘indigenous’ 
microorganisms, and interaction with the host plant (Trivedi et al., 
2020; Hett et al., 2023), as well as by their viability and persistence in 

the soil after application (Iosa et al., 2024). Synthetic microbial Com
munities (SynComs) represent a promising strategy (Callens et al., 2022; 
Vaccaro et al., 2022) and are generated combining different microbial 
genera with different functional attributes (Riva et al., 2022; Mapelli 
et al., 2023). Under unfavorable environmental conditions, SynComs 
can enhance the function of the soil–plant ecosystem and improve crop 
yield and product quality (De Palma et al., 2022; Shayanthan et al., 
2022). The main concern is that the application of SynComs could 
disturb the native microbiome and activate complex networks between 
inoculated and native species, which could unpredictably influence the 
balance of the biotic components of soil (Liu et al., 2023). This is critical 
considering that soil microbiome functions are positively correlated 
with microbial diversity and that the latter is strongly related to the ‘one 
health’ concept (Banerjee and van der Heijden, 2022). However, arable 
lands display lower microbial diversity (Banerjee et al., 2024); therefore, 
when using microbial consortia, it is crucial to evaluate their impact on 
resident microbial communities and general soil biodiversity. Well- 
established methods based on metagenomic analyses, targeted next 
generation sequencing (NGS), and sequencing of conserved sequences 
allow verification of the composition of the soil and rhizosphere 
microbiomes (Nwachukwu and Babalola, 2022).

Biochar is gaining importance as a carbon storage material that can 
improve soil quality (Beesley et al., 2013), as a soil amendment, and as a 
carrier of beneficial nutrients and microorganisms, facilitating PGPM 
growth and survival due to its morphology and physicochemical char
acteristics (Marmiroli et al., 2018; Zhang et al., 2018a; Marmiroli et al., 
2022; Tan et al., 2022). Plant biomass-derived biochar has been recog
nized for several decades as an ecofriendly amendment that can improve 
soil quality, increase carbon sequestration, and reduce greenhouse gas 
(GHG) emissions (Vijay et al., 2021; Murtaza et al., 2023). The appli
cation of biochar in pot experiments has been reported to be beneficial 
for the growth of maize roots (Graziano et al., 2022; Yan et al., 2022) as 
it alters the physicochemical properties (Sohi et al., 2010) and increases 
soil fertility (Ding et al., 2016).

A systematic review of maize cultivation using biostimulants (Ocwa 
et al., 2024) reported a few examples of the use of biochar combined 
with AMF and PGPM. When biochar was applied together with AMF, 
composed of different Glomus species, and a consortium of Bacillus spp. 
(Wolna-Maruwka et al., 2021), or applied with humic acid and Alcali
genes spp. AZ9 (Hussain et al., 2019), an increase in yield was observed. 
Furthermore, a combination of PGPMs with biochar may lead to unex
pected outcomes requiring further investigation. The properties of bio
char affect different soil health indicators, such as pH, soil organic 
matter, and soil stability, along with microbial biomass, richness, and 
diversity (Deshoux et al., 2023; He et al., 2021). The influence of biochar 
alone or in combination with SynComs is not fully elucidated, and its 
negative effects are yet to be determined. There is a consensus on the 
requirements for more field trials in different countries and under 
different agronomic conditions to validate the effects of microbial con
sortia–biochar before its large-scale application in sustainable crop 
production (Ocwa et al., 2024).

In addition to environmental issues, the sustainability of agricultural 
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ecosystems should consider food security (OECD and FAO, 2023) as its 
fourth dimension. Adoption of alternative fertilizers and amendments 
may affect production at both the quantitative (yield) and qualitative 
(nutritional quality) levels; the first aspect has been the subject of many 
studies (Dos Santos Lopes et al., 2021; Chouhan et al., 2021; Ocwa et al., 
2024), whereas the second needs to be further investigated, particularly 
regarding seed composition (Berta et al., 2014). The role of SynComs 
and biochar in modifying crop quality in terms of nutritional content by 
triggering the synthesis of beneficial metabolites is poorly understood. 
Characterization of the metabolomic profile of raw materials, such as 
cereal seeds or flour, has been used to elucidate the changes in the in
teractions between plants and microbes. Many investigations have 
focused on the response of plants to biotic or abiotic stresses, but few 
have evaluated the effects of PGPM on the plant metabolome in terms of 
nutrient composition and bioactive compounds that are advantageous to 
both plant and consumer health (Berta et al., 2014; Saia et al., 2019; 
Riboni et al., 2023).

Existing research reports data on SynComs that were carefully 
designed (Tabacchioni et al., 2021) and tested on wheat and maize in 
pot experiments (Graziano et al., 2022; Hett et al., 2022) or under 
different environmental conditions on maize in a two-year field trial 
(Hett et al., 2023). Here, for the first time, these newly developed Syn
Coms were used, in combination with biochar and AMF, as alternative 
green biofertilizers in maize field trials. The chemical composition and 
microbiota of the soil were monitored during plant growth and matu
ration. Maize plants were monitored at morphological and physiological 
levels (photosynthesis, transpiration, and yield) during their entire 
growth cycle, seeds collected at maturity were milled, and the flour 
metabolome was analyzed. The rhizosphere microbiota was character
ized by targeted NGS sequencing of conserved bacterial and fungal se
quences, followed by bioinformatics analysis. The kernel metabolomic 
profile was derived by high-pressure liquid chromatography coupled 
with high-resolution mass spectrometry (HPLC-HRMS) using both target 
and untargeted approaches. The results showed the complete compati
bility of SynComs and biochar with the rhizosphere microbiota. Within 
each growing season, SynComs applied in combination with biochar 
positively affected chlorophyll content (CHL) and yield traits. The 
metabolomic signature of maize kernels under the combined application 
of SynComs, biochar, and AMF showed enrichment of health-related and 
anti-stress metabolites. The results suggested that co-application of 
SynComs, biochar, and AMF as ‘green biofertilizers’ can improve maize 
yield and quality while maintaining sustainable agronomic practices. 
The economic and environmental impacts of the transition to this new 
type of fertilizer in agriculture are discussed, considering different 
agronomic scenarios.

2. Methods

2.1. Plant materials and experimental field trials

Field experiments were conducted during two growing seasons 
(2020 and 2021) in a silty clay loam soil at the experimental farm 
‘Azienda Stuard’ (Parma, Italy; Lat. 44_4802300N, Long. 10_1603000E; 
58 m above sea level). The experiments followed the relevant institu
tional, national, and European guidelines and legislation. Commercially 
available seeds of Zea mays cv DKC6587 (Dekalb®, Monsanto Agri
coltura Italia SpA, Milan, Italy) were sown at a density of 8 plants/m2 in 
8.4 m2 plots, keeping a distance of 17.8 cm between seeds in a row and 
70 cm between rows, borders and passage within and around the plots 
were ensured for operations. Nine treatments with four replicates (2020) 
and 12 treatments with three replicates (2021) were distributed using a 
split-plot design, as described in Section 2.3. In 2020, we did not observe 
a large variability among the plots, and we decided to reduce the 
number of replicates and increase the number of combinations. This 
allowed us to focus on the more promising conditions, and the decision 
was supported by data from pot trials, as described by Graziano et al. 

(2022). This choice allowed us to have a clearer view of the effects of the 
microbial consortia (B or C) and AMF alone or in combination with 
biochar. Moreover, when four replicates are used, only effect differences 
>2.02 Standard Deviation (SD) will be detected (maximum false nega
tive rate (β) of 20 % and a maximum false positive rate (α) of 5 %), and 
when three replicates are used, the differences detected will have to be 
>2.38 SD. The difference between the two conditions was minimal. To 
lower this value, the number of replicates needs to be increased drasti
cally, which was not feasible in our field trials, because different 
growing conditions needed to be tested.

The sowing dates for the two years were May 5, 2020, and April 24, 
2021. Nitrogen (N) fertilizer (with 46 % urea) was applied once, 170 kg/ 
ha in 2020 and 85 kg/ha in 2021. This corresponded to 100 % and 50 % 
of the normal fertilization plan for maize, respectively. Phosphates were 
excluded during the study period. Soil samples between 0 and 30 cm 
depth were collected before seedbed preparation and at harvest time 
during both growing seasons for physicochemical analysis, as presented 
in Table S1, S2. At the end of each growing season, the plants were 
harvested manually on October 7, 2020, and September 30, 2021.

2.2. Weather conditions and irrigation scheme

Maximum and minimum temperatures (◦C) and precipitation (mm) 
were recorded daily by an automatic weather station installed near the 
experimental field (Fig. S1). Irrigation was performed with drip tapes, 
which have the advantage of compensating for water shortages during 
the most critical phases of the maize life cycle, considering the actual 
requirements of the plant, especially during the driest periods. The drip 
tape was placed in every two rows (1.5 m). The agrometeorological data 
collected from field trials in 2020 and 2021 are shown in Fig. S1. A 
general trend was observed in 2020, when higher rainfall (especially 
during the pre- and post-anthesis periods) and lower average minimum 
and maximum temperature values were recorded compared to 2021. 
The plots were drip-irrigated as necessary to optimize maize production, 
and considering both rain and irrigation, the total amount of water 
received was similar in both years.

2.3. Source of biofertilizers and biochar

SynComs were designed as previously described (Tabacchioni et al., 
2021). Microbial Consortia B MC_B includes Azotobacter vinelandii DSM 
2289, Bacillus spp. BV84, Bacillus amyloliquefaciens LMG 9814, Pseudo
monas fluorescens DR5, Rahnella aquatilis BB23/T4d. MC_C is composed 
of Azotobacter chroococcum LS132, B. amyloliquefaciens LMG 9814, 
Pseudomonas fluorescens DR54, Burkholderia ambifaria MCI 7, and Rah
nella aquatilis BB23/T4d. Each strain was grown in a pilot scale biore
actor according to the procedure previously described (Tabacchioni 
et al., 2021). The formulation of MC_B and MC_C was made by adding all 
single strains in a 1:1 ratio to reach at least >106 CFU for each strain 
included in the consortiums. The growth, concentration, production, 
and stabilization of the SynComs were described in detail in Hett et al. 
(2023). AMF (MycAgro lab., Bretenière, France) in granular form con
tains Rhizophagus intraradices (10 propagules/g containing spores) and 
mineral solid particles (clay, zeolite) (Fracasso et al., 2020); it was 
supplied at 3 g to each plant (0.24 tons/ha). MICOSAT F (F1) in granular 
form was provided by CCS Aosta Srl (Aosta, Itlay) (https://www.micos 
at.it/prodotto/micosat-uno/); it was supplied at 3 g to each plant (0.24 
tons/ha).

Biochar (CHAR) was produced from woody pellet by using an 
experimental pyrolysis equipment (Iridenergy srl, Parma, Italy). Briefly, 
in Marmiroli et al. (2018) it is reported that pyrogasification was carried 
out at 500–700 ◦C for 1–2 h. The yield was about 20 kg /100 kg of pellet, 
and the biochar produced has a pH of 8.11, electrical conductivity of 1.4 
mS/cm, bulk density of 0.37 g/cm3, moisture content 6.29 % fresh 
weight, organic matter 95.63 % dry weight, ash 4.4 % dry weight, 
metals (Cd, Cu, Ni, Fe, Pb and Zn) below international guidelines. 

M. Gullì et al.                                                                                                                                                                                                                                    

https://www.micosat.it/prodotto/micosat-uno/
https://www.micosat.it/prodotto/micosat-uno/


Science of the Total Environment 968 (2025) 178872

4

Phytotoxicity tests revealed no inhibition of germination or seedling 
growth. It was applied before sowing at a rate of 0.2 kg/m2 (2 tons/ha) 
and buried to a depth of 10 cm.

For each microbial treatment, the required number of seeds and 
specific products were distributed using a pneumatic seeder machine 
containing two compartments, one for the seeds and other for the con
sortia. Each compartment had a nozzle whose opening could be regu
lated to allow the deposition of one seed at a time and the desired 
amount of granular or powdered material. The microbial treatments and 
biochar as a carrier were used in different combinations, as follows: 1) 
season 2020: Conventional condition (Control), Micosat (F1), AMF, 
CHAR, CHAR_AMF, CHAR_F1, CHAR_MC_B_AMF, CHAR_MC_C_AMF, 
CHAR_MC_C_F1; 2) season 2021: Conventional condition (Control), 
CHAR, MC_B, MC_C, AMF, MC_B _AMF, MC_C_AMF, CHAR_MC_B, 
CHAR_MC_C, CHAR_AMF, CHAR_MC_B_AMF, CHAR_MC_C_AMF. Over
all, the treatments CHAR, AMF, CHAR_AMF, CHAR_MC_B_AMF, and 
CHAR_MC_C_AMF remained consistent throughout the two seasons. 
Further details of the treatments, and the concentrations used are 
summarized in Table S3.

2.4. Morphological, physiological, and production traits

CHL and leaf transpiration rate (LTR) were measured at the vege
tative growth stage (V6), flowering (R1) and maturity (R4); plant height 
(PH) was measured at R1 and R4. At harvest (R6), number of ears (E), 
plant weight (gr) (PW), stock weight (gr) (SW), ear weight (gr) (EW), 
production at 15 % humidity (t/ha) (Y15), yield per plant (YPL), grain 
moisture % (GM), test weight (kg/hL) (TW), 1000 grain weight (gr) 
(TGW) were measured. CHL was measured with the SPAD-502 chloro
phyll meter (Konica Minolta Business Solution Italia Spa, Milan, Italy), 
taking ten measurements along the length of five expanded leaves in 
each plot. The leaf transpiration rate was measured on five expanded 
leaves in each plot using the portable AP4 porometer (Delta-T Devices, 
Cambridge, UK).

Throughout the plant growth cycle, constant visual inspection was 
performed to detect any pathological evidence on the leaves; however, 
no signs of infection were detected. At harvest, the presence of aflatoxins 
in grains was analyzed using the B-TeZ ELISA AFLA B1 kit (BioTeZ, 
Berlin-Buch Gmbh, Germany). In all the samples, aflatoxin levels were 
below the detection limit of the method (data not shown).

Standard statistical analyses of agronomic and physiologic data were 
performed using the software Past 4.03 (© Copyright Hammer 
1999–2020).

2.5. Soil analysis

Soil chemical analyses were carried out according to standardized 
protocols as previously described (Caldara et al., 2024). For organic 
carbon (C), total nitrogen (N), and phosphorus (P), protocols reported in 
the ‘D.M. Politiche Agricole 13/09/99 Met. VII3’ were adopted, while 
for all other elements (calcium, Ca; iron, Fe; zinc, Zn; potassium, K) the 
protocols defined by LEI/MP/N. 30 2020 Rev.0 were applied. Soil pH 
and conducibility (CE) were measured as reported by “D.M. Politiche 
Agricole 13/09/99 Met. 248”.

2.6. Rhizospheric soil DNA extraction and 16S rRNA gene amplicon 
sequencing

Rhizospheric soils were sampled during the two growing seasons at 
the end of the trial for metagenomic analysis (September 3, 2020; 
September 1, 2021) and kept at − 80 ◦C. DNA was extracted using the 
DNeasy PowerSoil Pro Kit (Qiagen Group, Hilden, Germany) following 
the manufacturer’s instructions. The quantity and quality of DNA were 
evaluated using the NanoDrop 2000 (Thermo Fisher Scientific, Wal
tham, MA) and Qubit 4.0 fluorometer (Invitrogen, Carlsbad, CA), and by 
PCR, using16S rRNA primers pairs, 314F and 805R, that target the V3- 

V4 region. The PCR conditions consisted of 1 min at 94 ◦C followed by 
25 cycles of 30 s at 94 ◦C, 30 s at 55 ◦C, 45 s at 72 ◦C with a final in
cubation for 7 min at 72 ◦C.

For each sample, two independent DNA extractions were performed 
and then combined in an equimolar ratio, resulting in a composite DNA 
sample. The construction and sequencing of the Illumina 16S rRNA gene 
library were performed using the Illumina MiSeq platform and the 300 
PairedEnds strategy at Matís ltd. (Reykjavik, Iceland. The Illumina 
MiSeq protocol is available at https://web.uri. 
edu/gsc/files/16s-metagenomic-library-prep-guide-15044223-b.pdf. Raw 
sequence data reported in this study are publicly available in the Na
tional Center for Biotechnology Information (NCBI) ‘Sequence Read 
Archive’ (SRA), under the accession number PRJNA1023724.

2.7. Bioinformatic and statistical analysis of 16S rRNA gene sequencing 
data

The pipeline for 16S rRNA amplicon sequence data analysis followed 
previously published procedures (Cangioli et al., 2022). Samples with 
reads lower than 5000 were discarded. Briefly, after trimming, paired- 
end sequences were clustered into Amplicon Sequence Variants (ASVs) 
following the DADA2 pipeline (version 1.16) (Callahan et al., 2016). The 
sequences were then filtered to remove chimeras. Taxonomic assign
ment was carried out against the SILVA NR99rel138 database (Quast 
et al., 2013) using the ‘DECIPHER’ R package (version 2.18.1) (Wright 
et al., 2012) as implementation of DADA2 (SSU version 138 available at: 
http://www2.decipher.codes/Downloads.html). The count tables of the 
annotated ASVs were processed by the ‘Phyloseq’ R package (version 
1.34.0) in R environment version 4.0.5 (McMurdie and Holmes, 2012).

The rarefaction curve were generated using ‘ggplot2’ (version 3.3.3) 
(Wickham, 2011) and ‘ranacapa’ (version 0.1.0) (Kandlikar et al., 2018) 
R packages using the ‘ggrare()’ function on the phyloseq object. The 
Shannon and Simpson alpha diversity indices were calculated and 
plotted using the function ‘diversity()’ within ‘microbiome’ R package 
(version 1.12.0) (Shetty and Lahti, 2019). Good’s coverage and Even
ness indices were calculated through the R functions ‘goods()’ and 
‘evenness()’, respectively, within the ‘microbiome’ R package (version 
1.12.0). Multivariate analysis (PCA, Principal Component Analysis) was 
carried out after a vst transformation using the following functions: 
varianceStabilizingTransformation(), plotPCA(), and ASVs. The R 
package ‘ggplot2’ (version 3.3.3) was used to generate relative abun
dance plots. The effect of treatments and the relationships between the 
taxonomic composition of the microbiota and the agronomic and 
physiological data were evaluated by using permutational multivariate 
analysis of variance (PERMANOVA) using the R packages ‘ggplot2’ 
(version 3.3.3), ‘vegan’ (version 2.5–7) and ‘pairwise.Adonis’ (version 
0.0.1) with the functions ‘adonis2()’ and ‘pairwise.adonis()’, respec
tively. To test the differential occurrence of ASVs among microbiota 
from different treatments, a differential counts analysis was performed, 
using the ‘DESeq2’ R package (version 1.30.0) functions: phyloseq_to_
deseq2(), estimateSizeFactors(), DESeq(), and results() (Love et al., 
2014). The use of PCA is justified by the fact that this analysis is an 
unsupervised multivariate statistical technique used for pattern recog
nition. It applies an orthogonal transformation to transform a set of 
potentially correlated variables into a set of linearly uncorrelated vari
ables, referred to as principal components. This technique is often 
employed to investigate how a small number of principal components 
can reveal the underlying structure among several variables by identi
fying the components that account for the largest variance portion 
among the original variables. It also aims to preserve as much of the 
original information as possible, while ensuring that the components 
remain uncorrelated with one another. PERMANOVA is a non- 
parametric multivariate permutation test for variance. It is a robust 
and flexible technique used for testing the differences between groups. 
This method is useful for analyzing ecological community data (species 
counts and presence/absence), microbiome data (relative abundance of 
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species), and genetic data (gene expression levels or mutation counts).

2.8. Metabolomic analysis

Maize kernels were harvested at maturity and kept at 4 ◦C before 
being subjected to global metabolic profiling by HPLC-HRMS, as pre
viously reported (Benincasa et al., 2020). Semi-polar metabolites were 
extracted from 20 mg lyophilized maize flour using 0.75 mL cold 50 % 
(v/v) methanol, 0.1 % (v/v) formic acid, and spiked with 5 μg/mL for
mononetin for internal standard. After shaking for 40′ at 20 Hz using a 
Mixer Mill 300 (Qiagen, Valencia, CA, USA), samples were centrifuged 
for 15 min at 20,000 ×g at 4 ◦C. Thereafter, 0.6 mL supernatant was 
subjected to HPLC-HRMS.

Non-polar metabolites were extracted from 30 mg of lyophilized 
flour using 1 mL of 25 % (v/v) methanol, 50 % (v/v) chloroform, 25 % 
(v/v) 50 mm Tris-HCl, spiked with 10 μg/mL DL-α-tocopherol acetate as 
internal standard. After centrifugation, the organic hypo-phase was 
dried with a Speed Vac concentrator; the residue was resuspended in 
ethyl acetate (100 μL), transferred to HPLC tubes, and subjected to 
HPLC-HRMS. Subsequently, both untargeted and targeted analyses were 
performed on mass chromatograms. Untargeted metabolomics was 
performed using SIEVE software (Thermofisher Scientific, Waltham, 
MA, USA) as previously reported (Dono et al., 2020). Targeted metab
olite identification was performed by comparing chromatographic and 
spectral properties with authentic standards (when available) and 
reference spectra, in house database, literature data, and on the basis of 
the m/z accurate masses, as reported in the Pubchem database (htt 
p://pubchem.ncbi.nlm.nih.gov/) or on the Metabolomics Fiehn Lab 
Mass Spectrometry Adduct Calculator (http://fiehnlab.ucdavis.edu/
staff/kind/Metabolomics/MS-Adduct-Calculator/), in the case of adduct 
detection. Data were analyzed by one- way ANOVA, and Tukey’s pair
wise t-test. A - p-value ≤ 0.05 was considered statistically significant.

2.9. Searching tools to suggest economic and environmental consideration

Economic evaluations examine the financial viability of farmers 
using biochar and biofertilizers as partial replacements for traditional 
fertilizers. This analysis was conducted from two distinct perspectives: 
(i) market-based and (ii) carbon sequestration from an ecological 
perspective. Four possible scenarios were designed: (A1) conventional 
cultivation applying NPK for fertilization, (A2) fertilization with 50 % N 
(as in our study), (B) use of biofertilizers with 50 % N, and (C) same as 
(B) but with biochar. First, to analyze them we need to consider the cost 
of fertilization. The price of ammonium nitrate (N) is approximately 0.4 
€/kg, triple-phosphate (P) is roughly 0.5 €/kg, and K is 0.4 €/kg (htt 
ps://teseo.clal.it/, consulted on December 1, 2024). To calculate the 
cost of applying NPK, we must consider the application of P at 60 kg/ha, 
N at 170 kg/ha, and K at 20 kg/ha (Moungsree et al., 2022). The cost of 
N (with 46 % urea) was approximately 0.5 €/kg and was applied at 85 
kg/ha. These microbial fertilizers, priced around 30 €/kg, cost 300 €/ha 
when applied at a rate of 10 kg/ha (Tensi et al., 2024), whereas biochar 
has an average price of 0.2 €/kg (Haeldermans et al., 2020; Struhs et al., 
2020) and was applied at 2 ton/ha. All other costs related to agronomic 
operations (irrigation, sowing, etc.) were not considered, because there 
was little or no difference between traditional fertilization and the 
addition of SynComs.

To calculate the emissions expressed in CO2 eq/ton, we considered 
literature data (Fantin et al., 2017; Li et al., 2021; Moungsree et al., 
2022; Supasri et al., 2020; Ma et al., 2012). Additionally, the production 
of SynComs resulted in a total carbon footprint (CF) of 1 ton CO2 eq/ha 
(Tensi et al., 2024), whereas biochar has a negative carbon output (its 
production traps CO2) at rates of − 0.47 to − 25 ton CO2 eq/ha, 
depending on the application rate, raw material, and production tech
nology used (Brassard et al., 2018; Hamedani et al., 2019). In this study, 
biochar was produced from wood chips using slow pyrolysis and applied 
at 2 ton/ha, resulting in a CF of − 10 ton CO2 eq/ha.

3. Results

3.1. Soil chemical analysis

The total N content was similar in all plots in both growing seasons 
(Tables S1, S2), and the total organic C was higher in 2021. However, in 
both years, no differences were observed between the treatments. In 
general, the concentrations of these elements averaged those in healthy 
soil. The presence of plants was accompanied by an increase in Electrical 
Conductivity (EC), dry matter, and amounts of Ca, Fe, Zn, and K 
compared with bare soil. Overall, the Ca values measured in 2021 are 
higher than those measured in 2020. In 2021, the highest Ca values were 
observed for the CHAR_B_AMF and CHAR_C_AMF treatments, whereas 
in 2020, the CHAR treatment was associated with the highest amount of 
Ca and the highest pH value. In 2021, the pH values were lower than 
those in 2020 under all conditions. At the tested biochar concentration, 
there was no significant increase in pH as the pH of soil (7.8–8.6) and 
biochar (8–8.2; see biochar A4 in (Marmiroli et al., 2018)) were quite 
close.

An increase in Ca and a decrease in pH offer important agronomic 
benefits to many soils, at least in the short-to-medium term (Rawat et al., 
2018). Moreover, the addition of biochar to the soil can improve maize 
growth by stimulating plant N uptake (Peng et al., 2021); in a small 
amount, biochar did not significantly affect the chemical composition of 
the bulk soil, as previously reported (Vassura et al., 2023).

3.2. Agronomic and physiological parameters

Maize developed vigorously throughout the two growing seasons 
with no signs of phytosanitary problems. Physiological and morpho
logical data from all plots in both seasons are listed in Tables S4 and S5; 
data regarding the six common conditions in the two seasons are shown 
in Fig. 1. The final yield in both seasons was not significantly affected by 
the treatments or the reduction in fertilization (50 % less N and no P). In 
2020, an overall higher yield was obtained compared to that in 2021, 
which was in line with the yield registered in the Italian region of Emilia- 
Romagna in the two seasons (Table S4, S5). This can be explained by the 
lower amount of rain and higher temperatures recorded in 2021. Sig
nificant differences in CHL were observed in 2020. At stage V6, the 
highest CHL values were observed in plants treated with CHAR_AMF, 
CHAR_MC_B_AMF, and CHAR_MC_C_AMF, compared to CHAR alone, 
and at stage R4, CHAR had significantly higher CHL values than the 
control. No significant differences were observed in 2021 (Fig. 1). 
However, the CHAR_MC_C_AMF treatment had the highest values for 
PW and TGW in 2021 (Table S5).

The correlations between the physiological and agronomic traits of 
the plants and the composition of the soil were studied using PCA 
(Fig. 2), which allowed for a full comparison between soil chemical 
composition, plant response, and rhizobiome formation. PC1 explained 
36.9 % of the variance and was positively correlated with plant height 
and soil Fe and K content. PC2 explained 25.2 % of the variance and was 
positively correlated with TGW and LTR at maturity and some soil pa
rameters such as Ca, P content, and EC. The treatment with 
CHAR_MC_C_AMF in both seasons clustered along PC2 was separate 
from the CHAR_AMF and AMF treatments. The treatment with 
CHAR_MC_B_AMF clustered along PC1 with the control.

3.3. Characterization of the rhizosphere microbiota

The 16S rRNA gene amplicon sequencing generated a satisfactory 
number of reads for each sample (Supplementary Dataset 1). A total of 
4383 and 8482 Amplicon Sequence Variants (ASVs) were obtained in 
samples from 2020 and 2021, respectively, and assigned to bacterial 
taxonomy (Supplementary Dataset 1). Goods’ coverage values of the 
selected samples were >0.99 for all samples, enough to compute reliable 
alpha-diversity indices. The Shannon index was approximately 5.76 for 
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the samples collected in 2020 and slightly less in 2021, although not 
significantly, where an average Shannon index of 5.1 was measured 
(Table S6). No significant differences in alpha diversity were observed 
between treatments (p > 0.05), indicating that the application of Syn
Com did not affect native rhizosphere diversity (Table S6).

Regarding the taxonomic distribution of ASVs, those associated with 
Proteobacteria (18 %–20 %), Actinobacteria (19 %–30 %), Chloroflexi 
(5 %–13 %), Firmicutes (7 %–8 %), Verrucomicrobiota (3 %–6 %), and 
Acidobacteria (7 %–8.5 %) (Fig. 3A, B) were the most abundant in both 
seasons. Actinobacteria displayed the highest variability in both years, 
as their abundance was higher in 2020, reaching 30 %, whereas Pro
teobacteria was stable in both years.

Non-metric Multidimensional Scaling (nMDS), PERMANOVA, and 
PCA of differentially abundant ASVs (DESeq2 analysis) were then used 
to determine whether treatments with SynComs significantly altered the 
native rhizosphere microbiota. Owing to the lack of statistically signif
icant differences among treatments or sampling times, the results indi
cated that the native microbiota was resilient to the treatments (Fig. 3C, 
D, Fig. S2 and Table S7), although in 2021, CHAR_AMF, MC_B_AMF, and 

CHAR_MC_C_AMF were distributed slightly differently (variance 7.4 % 
and 4.4 %, respectively) compared to the other samples (Figs. 3D and S2 
B). This could be related to the higher beta diversity recorded for these 
samples, rather than a different microbial distribution. As expected, 
owing to the lack of significant differences among treatments, no re
lationships between the rhizosphere microbiota and agronomic and 
physiological data were found in the first and second seasons of treat
ment at the flowering or harvesting stages (Tables S7, S8, and Fig. S3), 
suggesting a negligible effect of SynComs on the maize rhizosphere 
microbiota under the experimental conditions.

3.4. Untargeted metabolomics of maize kernels

Global metabolic profiles of kernels in both seasons were evaluated 
using HPLC-HRMS. Polar, semi-polar, and non-polar metabolome 
chromatograms were subjected to untargeted analyses to retrieve the set 
of differentially accumulated metabolites (DAM) in the samples under 
study, as reported in Tables S9 and S10. In samples from the 2020 
season, 177 polar/semi-polar and 240 non-polar DAMs showing 

Fig. 1. Agronomic and physiologic data collected during the maize field trials in 2020 (A) and 2021 (B). For each trait, a data standardization was performed, and 
color code scale from green (indicating reduction) to red (indicating elevation) indicates the variation in the range from − 2 to +2. Production per plant (kg) (YPL), 
Production at 15 % humidity (t/ha) (Y15), Grain moisture% (GM), Plant height (cm) (PH), Plant weight (gr) (PW), Ear weight (gr) (EW), Stock weight (gr) (SW), Test 
weight (Kg/hl) (TW), and Thousand grain weight (gr) (TGW). Chlorophyll content (CHL); leaf transpiration rates (s/cm) (LTR). Vegetative growth stage (V6), 
flowering (R1), and maturity (R4). CTRL- no addition of biofertilizers or biochar; MC_B and MC_C, synthetic microbial consortia; AMF, mycorrhizae; CHAR, Biochar. 
Asterisks indicate traits showing significant differences among treatments (ANOVA, Tukey’s post hoc test; ** p < 0.01, *** p < 0.001).
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statistically significant alterations (according to pairwise Tukey’s t-test) 
were obtained (Table S9), whereas in samples from the 2021 season, 696 
polar/semi-polar and 246 non-polar DAMs were significantly altered 
(Table S10). Using a multivariate bioinformatics approach (PCA), a 
general overview of the metabolomic profile was obtained when PCA 
was performed according to treatments and metabolites (Fig. 4). 
Although it was not possible to obtain a clear separation between 
treatments in 2020, kernels from plants supplemented with MC_C 
(CHAR_MC_C_AMF and CHAR_MC_C_F1) were placed slightly farther 
apart from the other samples on the upper left and right sides of the PCA 
plot (Fig. 4A). The PCA performed according to the metabolites (Fig. 4B) 
highlighted those responsible for the variance within the samples that 
were selected for identification.

The same analysis was performed on the 2021 dataset according to 
treatments (Fig. 4C) and metabolites (Fig. 4D). A clear separation was 
observed only for the kernels of plants supplemented with MC_B and 
CHAR located further along PC2, indicating metabolomic differences 
(Fig. 4C).

3.5. Targeted metabolomics of polar and non-polar compounds

Using a custom metabolomics database, a targeted analysis was 
performed on both polar and non-polar species to quantify the levels of a 
set of primary and secondary metabolites with pro-nutritional (vitamins, 
phenylpropanoids, benzoxazinoids, etc.) and anti-nutritional (alkaloids, 
etc.) properties, and quantification of each metabolite in the different 
samples is listed in detail in Table S11. The selected metabolites 
accounted for 70 polar species, including primary and secondary me
tabolites, and 45 non-polar primary (different lipid classes) and sec
ondary (isoprenoids) metabolites. A heatmap depicting the relative 
abundance of each metabolite compared to the control condition for 
both years is shown in Fig. 5. In 2020 samples, six DAMs were found in 
CHAR_MC_B_AMF, five in CHAR_MC_C_AMF, and five in 
CHAR_MC_C_F1, mostly in the phenolic acid, phenylpropanoid, and 
benzoxazinoid groups (Fig. 5). Notably, CHAR_MC_C_AMF, 

CHAR_MC_B_AMF, and CHAR_ AMF samples clustered separately from 
the control, CHAR, and AMF.

In 2021, 12 DAMs were identified. Specifically, the classes of amino 
acids, acids (except syringic acid), and benzoxazinoids displayed posi
tive alterations, whereas phenylpropanoids decreased in two samples 
(AMF in 2020 and CHAR in 2021), as in the case of apigenin. In all the 
treatments, a significant decrease in azelaic acid, a molecule with anti- 
inflammatory, antioxidant, and bactericidal effects, was observed 
(Zhou et al., 2018). Other DAMs increased in 2020 and 2021; rutin and 
HMBOA-4-Glc over-accumulated in SynComs-treated kernels compared 
to the control.

Targeted analysis of the non-polar metabolome revealed specific 
alterations in the MC_B and MC_C treatments (Table S11). In 2020, 10 
DAMs were detected in at least one condition compared to the control, 
many of which belonged to the classes of triglycerides and fatty acids. 
The CHAR_MC_B_AMF treatment produced the highest number of 
overabundant compounds. In 2021, 12 DAMs differentiated at least one 
of the treatments from the control; fatty acids and glycerolipids 
increased, whereas isoprenoids decreased. Notably, α-tocotrienol and 
phytofluene were slightly over-accumulated in treatments with AMF 
and CHAR_MC_C_AMF, respectively. Linolenic acid, undetected in the 
control, was over-accumulated in all treatments, except for CHAR and 
MC_C.

Comparing the results of the two seasons for both untargeted and 
targeted analyses, the set of DAMs that exhibited a conserved profile of 
over-accumulation or decumulation in maize samples grown in the 
presence of SynComs included both unknown species and annotated 
molecules of primary and secondary metabolism (Table 1). For example, 
D-pipecolic acid and a group belonging to different lipid classes showed 
a higher content in SynComs-treated maize than in control; tricaproin 
(C6:0), a triglyceride, was more abundant in SynComs-treated than in 
control maize kernels Notably, fatty acids (e.g., 3E,9Z,12Z-octadecatrie
noic acid) were decumulated in SynComs samples, whereas phospho
lipids and diacylglycerols (DGs) showed opposite tendencies.

Fig. 6 displays an overview of the main pathways of primary and 

Fig. 2. Principal component analysis (PCA) ordination biplot diagram of maize traits for samples grown under the different treatments in 2020 and 2021. The biplots 
of the PCA model are calculated using the average values of the investigated parameters for each season. The two first components of the PCA model represented 
more than half of variation in the dataset (62.1 %). The percentage of total variance as explained by each axis is reported. Symbols’ legend for treatments are boxed 
on the top right. CTRL- no biofertilizers or biochar; MC_B and MC_C, synthetic microbial consortia; AMF, mycorrhizae; CHAR, biochar. In particular, the red circle 
and square indicate CHAR_MC_C_AMF treatment in 2020 and 2021, the pink circle and square indicate CHAR_MC_B_AMF treatment in 2020 and 2021, the blue circle 
and square indicate CHAR_AMF treatment in 2020 and 2021, the black circle and square indicate CHAR treatment in 2020 and 2021, the brown circle and square 
indicate AMF treatment in 2021 and 2021, and sky-blue circle and square indicate the control condition in 2020 and 2021, respectively.
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secondary metabolism in which the selected metabolites are involved, 
and their potential roles are reported, which will be further discussed in 
the discussion section. The set of DAMs for the two seasons could 
represent potential metabolic biomarkers of SynCom–plant interactions, 
as well as crop quality.

3.6. Economic and environmental considerations

To make economic and environmental considerations, four different 
scenarios were considered: (A1) conventional cultivation with NPK 
cultivation fertilizers, (A2) fertilization with 50 % N, (B) use of bio
fertilizers with 50 % N, and (C) same as (B) but with biochar. The costs of 
fertilizer, biochar, or SynComs were calculated following the doses 
indicated in the Materials and Methods and are reported in Table S12. 
The fertilization costs (per hectare) were calculated to be 91 € when NPK 
was applied, 42.5 € when 50 % N was used, 342.5 € when 50 % N was 
combined with SynComs, and 742.5 € when biochar was also applied. 
The economic differences were in favor of conventional cultivation or 
even better of the application of a lower N input, a condition that did not 
affect yield in our study (Fig. 7B, Table S12). This scenario may change if 
government support was provided to producers that reduce CO2 emis
sions. If we consider the ecological impact, the situation changes 
significantly. Indeed, when NPK was applied at conventional 

concentrations (Scenario A1), 3.5 ton CO2 eq/ha was produced, and the 
number diminished if only N was applied (1.5 ton CO2 eq/ha in Scenario 
A2). The presence of biofertilizer alone increased this value (2.5 ton CO2 
eq/ha in Scenario B); however, when combining the emissions of N, 
biofertilizer, and biochar (Scenario C), the emissions were only − 7.5 ton 
CO2 eq/ha. Therefore, Scenario C strongly diminished the CO2 
emissions.

4. Discussion

4.1. Impacts of biochar, SynComs, and AMF on plant performance

SynComs, alone or in combination with biochar, affected plant 
growth and yield. When comparing the two seasons, the effects of 
environmental conditions were more relevant than the treatments. In 
the 2020 season, SynComs with biochar and AMF had a significant 
impact on CHL during vegetative growth, whereas at maturity, plants 
grown with biochar had higher CHL than the control plants. In addition, 
the overall performance of plants improved when grown with 
CHAR_MC_C_AMF, with the highest value of PW, plant yield, and TKW. 
In 2020, an increase in vegetative growth and nutrient uptake was 
evident in all inoculated plants, whereas in 2021, an increase in yield 
was observed for MC_C_AMF, but not for MC_C. This uneven 

Fig. 3. Relative abundances of taxonomies and rhizospheric maize samples distribution in duplicate according to bacterial community. Abundances of detected ASVs 
are reported at phylum level. Panel (A) refers to the first season of field trials (2020), whereas Panel (B) refers to the second season of field trials (2021). The colors 
are ordered according to the legend reported at the bottom of the figure. Principal coordinates analysis (PCoA) of rhizosphere bacterial community was performed 
using Bray–Curtis distance as ordination method. Colors indicate different treatments applied to maize samples in field trials of season 2020 (C) and 2021 (D). 
Legends of content of fig. A, B, C, D are placed on their right-sides. CTRL- no biofertilizers or biochar; MC_B and MC_C, synthetic microbial consortia; AMF, 
mycorrhizae; CHAR, biochar.
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performance of SynComs may be related to the antagonism between 
inoculants and native soil microbiota, as well as to environmental var
iables such as temperature, humidity, and soil physicochemical struc
ture and composition. Considering the agro-meteorological conditions 
experienced by the maize plants during the two field trials (Fig. S1), 
plants experienced mild heat stress in 2021, and rainfall was half as that 
of 2020. Under field conditions, both biotic and abiotic factors can limit 
the efficiency of microbial inoculants (Hett et al., 2023; Symanczik et al., 
2023; Nguyen, 2018), which may explain why field trials show signifi
cant differences within themselves and from pot experiments.

4.2. Rhizosphere microbial ecology

The union of microbial species with complementary functions has 
been exploited in the last decade owing to their advantages over single 
species (Liu et al., 2023). In the rhizosphere of plants, the microbiome is 
frequently modelled by reducing microbial diversity but increasing the 
presence of some classes, such as Bacteroidetes, Proteobacteria, and 
other copiotrophs (Ling et al., 2022). Minor changes were observed in 
the two growing seasons (e.g., Actinobacteria were more abundant in 
2020 than in 2021, which could be related to variations in soil pH). The 
main phyla were Proteobacteria, Actinobacteria, Chloroflexi, Firmi
cutes, Verrucomicrobiota, and Acidobacteria, which are key groups in 
the rhizosphere bacteriome (Berg et al., 2021; Ling et al., 2022; Mishra 
et al., 2022). Bacteria from these phyla play key roles in regulating 
biogeochemical cycles, breaking down biopolymers, producing exopo
lysaccharides, and enhancing plant growth (Boubekri et al., 2022; 
Kalam et al., 2020; van Bergeijk et al., 2020). The bacterial phyla 
RCP2–54 and Gemmatimonadota have been previously found in the 
maize rhizosphere and have been reported to be negatively correlated 

with ammonium fertilization in maize (Muhammad et al., 2022). Plac
tomycetes have also been found in the maize rhizosphere (Zhao et al., 
2021). The soil microbiota of the maize rhizosphere had a composition 
similar to the overall distribution of bacterial phyla in European soils 
(Catania et al., 2022; Labouyrie et al., 2023) and was aligned with the 
characteristics of southern European soils (Plassart et al., 2019). Unlike 
previous reports (Cornell et al., 2021), it appears that the complexity 
and diversity of the rhizosphere ecosystem can handle small changes in 
species richness (Johnson et al., 2019). An inoculant can decrease mi
crobial diversity (including increased dominance by some native 
groups) when its presence increases resource availability, or when it 
becomes dominant and suppresses native taxa (Johnson et al., 2019). A 
meta-analysis focused on the effect of bioinoculants showed significant 
results on resident soil microbial diversity in only 62 % of the cases 
analyzed (Cornell et al., 2021). In this work, the application of SynComs 
did not significantly change the taxonomic composition of the native 
rhizosphere microbiota. Previous studies have reported a temporary 
shift in soil microbiome after SynComs inoculation, as the shift was no 
longer evident a few weeks after application (Berg et al., 2021). Overall, 
the evaluation of the long-term effects of bioinoculants in agricultural 
soils requires further study to better understand and predict their po
tential success and integration with the resident microbiome in agri
cultural soils over several years (Mawarda et al., 2020; O’Callaghan 
et al., 2022). Many factors can favor or reduce the persistence of a mi
crobial inoculum, such as soil characteristics (structure, pH, tempera
ture, moisture, and mineral and organic components), interactions with 
the resident microbiome, species-specific interactions with plant roots, 
type of inoculum (single strain, consortium), and delivery systems. 
Studies have revealed variable responses in terms of inoculum persis
tence and detectability in the field (days and months), which are not 

Fig. 4. Principal component analysis (PCA), according to the treatments (A, C) and the metabolites (B, D), of untargeted polar and non-polar metabolomes of maize 
kernels collected after field trials in 2020 (A, B) and 2021 (C, D). (A) Components 1 and 2 explain >89 % of total variance (74.19 % and 15.31 %, respectively). (B) 
Components 1 and 2 explain >99 % of total variance (98.61 % and 0.80 %, respectively). (C) Components 1 and 2 explain >88 % of total variance (83.21 % and 5.48 
%, respectively), whereas in (D) Components 1 and 2 explain almost the total percentage of variance (99.33 % and 0.48 %, respectively). CTRL- no biofertilizers or 
biochar; MC_B and MC_C, synthetic microbial consortia; AMF, mycorrhizae; CHAR, Biochar.
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Fig. 5. Heat map representation of HPLC-HRMS-targeted metabolomics. Polar and non-polar ionic species detected in kernels of maize cultivated in 2020 and 2021 
from plants grown in presence or absence of microbial consortia B and C, and in combination with AMF and CHAR, were analyzed. The rows display ionic species, 
and the columns represent the different treatments. A clustered heat map is a two-dimensional representation of data where individual values contained in a matrix 
are represented as colors. Color code scale from green to red indicates the variation in the range from − 2 to +2 of decumulated and over-accumulated metabolites, 
compared to the control, whereas grey refers to undetected species. CTRL- no biofertilizers or biochar; MC_B and MC_C, synthetic microbial consortia; AMF, 
mycorrhizae; CHAR, biochar. This method groups similar rows and columns of the matrix together based on a chosen similarity measure, with Pearson correlation. 
The resulting clusters are represented as dendrograms.
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always related to the long-term effects on the resident microbiome 
(Mawarda et al., 2020). Further studies are required to assess the resil
ience of resident microbiomes in terms of their functional 
characteristics.

Although no long-term differences were detected in the microbial 
population, the application of biochar to soil is expected to have long- 
term positive effects. Recent reviews have shown that long-term bio
char application can increase soil organic carbon sequestration, increase 
crop yield, improve soil fertility, increase microbial activity, and 
sequester excess nutrients and heavy metals (Jiang et al., 2024; Gross 
et al., 2024; Waheed et al., 2025).

4.3. Kernel metabolites, chemistry, and function as defense, food, feed

Plants can counteract environmental stimuli by producing useful 
compounds (Medeiros et al., 2021; Nephali et al., 2021). Studies have 
been conducted on metabolic reprogramming in the rhizosphere of 
wheat and sorghum (Carlson et al., 2019; Mashabela et al., 2022), on the 
effect of biochar on the leaf metabolome (He et al., 2024), and on the 
cross-talk between plants and the soil microbiome through root exudates 
(Kimotho and Maina, 2024); however, few reports are available on 
SynCom-induced metabolic perturbation in maize kernels (Berta et al., 
2014; Ocwa et al., 2024).

The DAMs detected in the two years showed an increased presence of 
glycerophospholipids, which are the main constituents of cell mem
branes (Reszczyńska and Hanaka, 2020), act as signaling molecules 
(Welti et al., 2007) and are involved in plant defense against pathogens 
(Cavaco et al., 2021). Glycerophosphocholine, a water-soluble choline 
molecule, reportedly prevents cognitive decline and promotes longevity 
in patients with Alzheimer’s disease (Liu et al., 2022). Among these 

glucoheptonic acids, 3E,9Z,12Z-octadecatrienoic acid and 12-oxo-10E- 
octadecenoic acid were decumulated during both seasons.

Pathways for the biosynthesis of pipecolic acid have been identified 
in several monocot and dicot species (Aliferis et al., 2014; Návarová 
et al., 2013), including economically and nutritionally important cereals 
(Garcia-Seco et al., 2017; Moller, 1976). Studies have shown that 
pipecolic acid accumulates strongly in response to phytopathogens in 
leaves but also as a compatible solute to protect cells from stressful 
conditions (Arruda and Barreto, 2020; Kiyota et al., 2015). In the kernel 
context, its amount increased under SynComs treatment conditions, 
indicating an attempt to increase resistance to environmental stress. 
High temperature and drought stress in some critical phases of the maize 
growth cycle determine physiological and metabolic alterations 
(amyloplast biogenesis, endosperm cell division, and starch biosyn
thesis), causing a decrease in grain size, which is responsible for yield 
reductions (Waqas et al., 2021); and an increase in protective molecules 
may counterbalance this negative trend.

Kernels from SynCom-treated plants showed an increased amount of 
HMBOA-4-Glc compared to that of the control. This compound belongs 
to the family of benzoxazinoids (BXs), which are indole-derived plant 
defense compounds (e.g., antifeedant, insecticidal, antimicrobial, and 
allelopathic) (Niculaes et al., 2018) found in wild and cultivated Poa
ceae, and maize is considered a model species to study their role (Kokubo 
et al., 2017). BXs are abundant in young root and shoot tissues where 
they are glucosylated and stored in vacuoles or released as root exudates 
(Schütz et al., 2019). Lower levels were detected in wheat and rye seeds; 
however, no clear evidence was found in maize (Zhou et al., 2018). In 
humans, anti-allergenic and anti-inflammatory effects have been 
observed. However, BXs have also been reported to suppress appetite 
and reduce the cellular uptake of glucose. Furthermore, BXs seem to 
influence the gut microbial community (Adhikari et al., 2015).

The kernels of SynCom-treated plants displayed over-accumulation 
and decumulation of rutin and azelaic acid, respectively. Rutin is a di
etary flavonoid found in many vegetables and fruits. Its therapeutic ef
fects are attributed to its antioxidant and anti-inflammatory properties. 
Studies have demonstrated its broad range of beneficial health proper
ties, such as the prevention of neurodegenerative disorders, cardiovas
cular diseases, and skin cancer. However, the health benefits of rutin 
depend on its quantity and bioavailability (Frutos et al., 2019). Azelaic 
acid, which is less abundant in kernels of SynCom-treated maize, is a 
general marker of lipid peroxidation rather than an immune signal and 
accumulates in response to biotic stress (Wu et al., 2013). Fatty acids, 
organic acids, and phenylpropanoids were the main DAM classes 
observed (Fig. 6). They can be considered metabolomic markers for 
SynCom-induced plant priming, which may impact both plant adapta
tions to biotic and abiotic stress and the health-related properties of 
maize utilized for human nutrition.

4.4. Carbon footprint (CF) in transition to biofertilizers

Agriculture accounts for approximately 30 % of global GHG emis
sions, and the four main commodities–maize, wheat, rice, and barley
–account for approximately 70 % of the total. Maize CF was calculated in 
different environments and was estimated to be in the range of 
300–1000 kg CO2 eq/ton of grain (Fantin et al., 2017; Li et al., 2021; 
Moungsree et al., 2022; Supasri et al., 2020).

Chemical fertilizers account for approximately 70 % of GHG emis
sions per ton of grains (Fantin et al., 2017; Holka et al., 2017; Moungsree 
et al., 2022), whereas the contribution of all the other phases (sowing, 
tillage, harvesting, and transport) to the Global Warming Potential 
(GWP) is approximately 15 % (for pesticides, ~5 %). The chemistry 
employed for maize cultivation affects both the environment (acidifi
cation, eutrophication of freshwater, and marine eutrophication) and 
human health (toxicity, carcinogenicity, photochemical ozone forma
tion, and resource depletion) (Fantin et al., 2017). Overall, from an 
economic perspective, the co-application of biochar with SynComs 

Table 1 
List of differentially accumulated metabolites identified as potentially metabolic 
biomarkers for SynComs plant interactions and crop quality. Data come from 
both untargeted and targeted metabolomics analyses of maize kernel samples 
collected in field trials of seasons 2020 and 2021.

m/z Fraction Voltage Metabolite ID 2020 2021

130.0864 Polar pos D-Pipecolic acid over- over-
267.0130 Polar pos Nf over- over-
279.2318 Polar pos 3E,9Z,12Z- 

octadecatrienoic acid
down- down-

520.3399 Polar pos PC(18:2(9Z,12Z)/0:0) 1- 
linoleoyl-2-(1-enyl- 
stearoyl)-sn-glycero-3- 
phosphocholine

over- over-

521.3432 Polar pos Nf over- over-
564.3307 Polar neg Nf over- over-
565.3340 Polar neg Nf over- over-
296.0659 Polar pos Glycerophosphocholine over- over-
476.2783 Polar neg LysoPE(0:0/18:2 

(9Z,12Z)) 2-linoleoyl-sn- 
glycero-3- 
phosphoethanolamine 
(glycerophospholipid)

over- over-

522.3558 Polar pos PC(O-16:1(11Z)/2:0) 1- 
(11Z-hexadecenyl)-2- 
acetyl-sn-glycero-3- 
phosphocholine 
(Glycerophospholipids)

over- over-

566.3466 Polar neg PS (21:0/0:0) 1- 
heneicosanoyl-glycero- 
3-phosphoserine 
(Glycerophospholipids)

over- over-

891.2847 Polar neg Nf over- over-
576.5063 Non 

polar
pos Nf over- over-

187.0975 Polar neg Azelaic acid down- down-
387.2740 Non 

polar
pos Tricaproin (C6:0) over- over-

358.1132 Polar pos HMBOA-4-Glc over- over-
611.1606 Polar pos Rutin over- over-
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remains at the research and development stage, as the costs are still 
high. However, the evaluation changes if the environmental impact is 
considered, as the combination of biochar and biofertilizer reduced the 
CO2 emissions by three-fold, lowering the risk to human and environ
mental health. Similar calculations have been previously reported for 
wheat (Caldara et al., 2024). To date, the use of biofertilizers has been 
explored; in fact, the European Union has recently regulated their use 
(European Union Regulation, 2019), whereas biochar has been used as a 
soil amendment for some years (European Union Regulation, 2008). The 

work presented here shows encouraging results in terms of both pro
duction yield and, more importantly, the environmental impact. 
Therefore, it is expected that, in the coming years, this new sustainable 
and circular mode of cultivation will be more widely employed, which 
will contribute to a strong reduction in the production costs of bio
fertilizers, favoring their large-scale use. In particular, if their distribu
tion, as in this study, is performed with machines already used in 
agriculture for conventional cultivation, no additional costs must be 
considered for their application to crops.

Fig. 6. Overview of the main pathways in primary and secondary metabolism involving the selected set of metabolites. The differentially abundant metabolites 
(DAMs) are indicated with the red font if over-accumulated and in green font if decumulated in samples treated with SynComs as compared to the control. The 
biological role of each metabolite is indicated by different symbols reported in the legend at the bottom of the figure.

Fig. 7. Impact of the use of biofertilizers and biochar on the fertilization cost (A) and emissions (in terms of CO2 eq/ton grains) as compared to conventional 
fertilizer. Three scenarios are compared: Scenario (A): fertilization with normal NPK fertilization; Scenario (B): fertilization with 50 kg/ha N and 10 kg/ha of 
biofertilizers; and Scenario (C): fertilization with 50 kg/ha N and 10 kg/ha biofertilizers, with delivery by biochar at 2 ton/ha. This comparison was possible because: 
the yields between the plots in the three conditions were similar, no disease was observed in plants and grains, and no chemical weeding was necessary. The approach 
used to discuss the data obtained, in a sustainability perspective, is more analytical than empirical, and the data reported are not necessarily related with the input/ 
output of the field experiment but mainly referred from various literature and averaged for simplification.
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5. Conclusion

In conclusion, the application of SynComs did not affect the biodi
versity of the native rhizosphere microbial community, thus represent
ing an environmentally friendly tool for more sustainable maize 
cultivation. SynComs affected kernel quality, with the metabolomic 
profile of maize kernels enriched in anti-stress metabolites and mole
cules advantageous to human health. Our results indicated that Syn
Coms and biochar can partially replace the intense use of chemical 
fertilizers, pesticides, and insecticides. As suggested by Life Cycle 
Analysis studies on maize production in several countries, the main 
hotspots for all impact categories are fertilizers and pesticides (Boone 
et al., 2016; Fantin et al., 2017; Holka et al., 2017; Hou et al., 2021; Król- 
Badziak et al., 2021; Li et al., 2021; Moungsree et al., 2022; Supasri 
et al., 2020; Zhang et al., 2018b; Zhong et al., 2020). The transition to 
more sustainable agriculture is necessary and possible, and there are 
suitable alternatives to chemical fertilizers in terms of biofertilizers 
(such as SynComs) and novel amendments (such as biochar) to reduce 
CF. However, a gross inspection of heterogeneous literature data refer
ring to a crop (maize) that has heterogeneous behavior in different 
countries did not show similar economic advantages.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.178872.
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Návarová, H., Bernsdorff, F., Döring, A.C., Zeier, J., 2013. Pipecolic acid, an endogenous 
mediator of defense amplification and priming, is a critical regulator of inducible 
plant immunity. Plant Cell 24, 5123–5141. https://doi.org/10.1105/ 
TPC.112.103564.

Nephali, L., Moodley, V., Piater, L., Steenkamp, P., Buthelezi, N., Dubery, I., Burgess, K., 
Huyser, J., Tugizimana, F., 2021. A metabolomic landscape of maize plants treated 
with a microbial biostimulant under well-watered and drought conditions. Front. 
Plant Sci. 12. https://doi.org/10.3389/fpls.2021.676632.

Nguyen, M.Luan, 2018. Biostimulant Effects of Rhizobacteria on Wheat Growth and 
Nutrient Uptake under Contrasted N Supplies. Diss. Université de Liège, Liège, 
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