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The sustainable intensification of maize-based systems may reduce greenhouse-gas emissions and the excessive use of non-renewable inputs. Considering the key role that the microbiological fertility has on crop growth and resilience, it is worth of interest studying the role of cropping system on the rhizosphere bacterial communities, that affect soil health and biological soil fertility. In this work we monitored and characterized the diversity and composition of native rhizosphere bacterial communities during the early growth phases of two maize genotypes of different early vigor, using a nitrogen (N)-phosphorus (P) starter fertilization and a biostimulant seed treatment, in a growth chamber experiment, by polymerase chain reaction-denaturing gradient gel electrophoresis of partial 16S rRNA gene and amplicon sequencing. Cluster analyses showed that the biostimulant treatment affected the rhizosphere bacterial microbiota of the ordinary hybrid more than that of the early vigor, both at plant emergence and at the 5-leaf stage. Moreover, the diversity indices calculated from the community profiles, revealed significant effects of NP fertilization on richness and the estimated effective number of species (H2) in both maize genotypes, while the biostimulant had a positive effect on plant growth promoting community of the ordinary hybrid, both at the plant emergence and at the fifth leaf stage. Our data showed that maize genotype was the major factor shaping rhizosphere bacterial community composition suggesting that the root system of the two maize hybrids recruited a different microbiota. Moreover, for the first time, we identified at the species and genus level the predominant native bacteria associated with two maize hybrids differing for vigor. These results pave the way for further studies to be performed on the effects of cropping system and specific crop practices, considering also the application of biostimulants, on beneficial rhizosphere microorganisms.
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1 Introduction

Maize (Zea mays L.) is one of the most important crops worldwide, with an annual average production of 1115 million tonnes (FAOSTAT, 2022), destined to several sectors, with a particular rising use in gluten free food and industrial (starch industry) or energy purpose (García-Lara and Serna-Saldivar, 2019). The success of maize is related to the high productive efficiency in the use of agronomic inputs, with a marked response to the applied agronomic practices. Within the crop practices, the sowing time, and particular an early planting date, play a key role, in temperate growing areas, in achieving the highest profitability of maize, due to an increase in the length of the growing cycle and in the solar radiation interception (Long et al., 2017) and then the possibility to sown long maturity hybrids. In addition, an early planting could lead to a lower risk of environmental stresses, such as drought and heat (Waqas et al., 2021) and higher grain quality and safety for a reduced mycotoxin level (Blandino et al., 2017). Furthermore, an early sowing date increased the risk to meet cold and rainy period during the maize emergence and the first vegetative stages, resulting in a slow plant development, with higher risk of damping-off, insect damages and weed competition, thus reducing the beneficial effects of an early sowing. The cultivation of hybrids with a superior tolerance to low temperatures, therefore, characterized by a high early vigor, instead of ordinary one (Peter et al., 2009; Reis et al., 2022), and the application at sowing of starter fertilizers in bands close to seed furrows (Ma et al., 2015; Kaiser et al., 2016), are the main crop practices applied to limit the risk of maize slow development within the early planting times. In fact, although agricultural soils may contain large amounts of total nitrogen (N) and phosphorus (P), they are mainly in a form not available to the plant (Imran et al., 2013), while cool springs could further reduce plant uptake of these nutrients in the early vegetative stages, limiting crop growth rate and leaf chlorophyll content (Zhao et al., 2022). Blandino et al. (2022) reported a synergistic effect of N and P applied as diammonium phosphate (DAP) in sub-surface band at sowing in the increase of maize early vigor and grain yield, even in soils with high N and P concentrations. Furthermore, the excessive use of fertilizers was found to increase greenhouse-gas emissions (Robertson and Vitousek, 2009) and to have potential negative impacts on soil health and long-term soil fertility, causing soil acidification (Juo et al., 1995; Matsuyama et al., 2005; Guo et al., 2010), reducing diversity in native microbial communities (Lazcano et al., 2013; Sun et al., 2015) and accelerating the eutrophication of water bodies (Carpenter et al., 1998; Withers and Haygarth, 2007). Due to the potential environmental pollution and the low crop uptake at early growth stages, the need for additional N and P fertilizer applications to soils with a high availability in these nutrients is uncertain (Schröder et al., 2015). Moreover, the policy and consumer demand for a more sustainable food and feed production stimulate studies aimed at developing resilient environmental-friendly cropping systems with a reduced application of external inputs, such as non-renewable fertilizers. An expression of this request is the Farm to Fork program of the EU Commission, which will require a reduction of nutrient losses by 50% and a decrease of the use of synthetic fertilisers by 20% by 2030 (European Commission Communication COM/2020/381).

A sustainable tool for the management of cropping system could be the valorisation of soil microbial communities. A strikingly high taxonomic bacterial diversity is estimated to reach a density range of 108-1010 colony forming unit (CFU) g-1 dry soil (Roesch et al., 2007; Zhang et al., 2017). Compared to bulk soil, distinct bacterial communities live associated with plant roots, in the rhizosphere, affecting plant functions and productivity (van der Heijden et al., 2008; Mendes et al., 2013; Philippot et al., 2013). Many of the rhizosphere bacteria may enter in the functional category of plant growth promoting bacteria (PGPB), possessing specific metabolic traits enabling them to improve plant nutrient status and resistance to numerous biotic and abiotic stresses: via N fixation, phosphate and potassium solubilization, production of phytohormones, volatile organic carbon compounds (VOCs), siderophores, protective enzymes, such as chitinase, aminocyclopropane-1-carboxylic acid (ACC)-deaminase, induction of systemic resistance (ISR) and release of various antimicrobial substances (van der Heijden et al., 2008; Berg, 2009; Hayat et al., 2010; Mendes et al., 2013; Gouda et al., 2018). Some studies have reported that the interaction between maize genotype and specific agronomic management could impact the microbiota composition, richness and functionality (Favela et al., 2021). The recruitment of soil bacteria in the rhizosphere and endosphere was affected by plant genotype in diverse crops, such as potato, bean, rice and durum wheat (Manter et al., 2010; Shenton et al., 2016; Pérez-Jaramillo et al., 2017; Agnolucci et al., 2019; Ujvári et al., 2021) which was ascribed to differences in root architecture and rhizodeposition patterns (Bais et al., 2006; Badri and Vivanco, 2009). Large differences in rhizosphere microbial community composition were found among 27 maize hybrids and lineages (Peiffer et al., 2013; Walters et al., 2018), while qualitative differences in root colonization by bacterial endophytes were detected in different genotypes (Ikeda et al., 2013). However, the role played by hybrids with different agronomic attitude under stress conditions, such as the early vigor trait, in the regulation of plant-microorganism interactions has been less studied. P and N fertilization also proved to affect the composition and diversity of microbial communities occurring in maize rhizosphere and root endosphere (Zhu et al., 2016; Gomes et al., 2018; Miranda-Carrazco et al., 2022). In particular, root exudates, which are influenced by plant species, genotype and fertilization regime, are able to affect the rhizosphere microbial community composition and functionality (Sasse et al., 2018). Recently, the application of substances highly available and rapidly assimilated by soil microorganisms has been proposed as a way to enhance rhizosphere microbial community activity.

Moreover, several PGPB are today proposed to be applied as biostimulants and biofertilizers to the soil surface, in the seed furrow or to the seeds, in order to improve nutrient use efficiency or availability, while reducing agrochemical inputs, within a more sustainable crop management (Ruzzi and Aroca, 2015; Zaidi et al., 2015; Rouphael and Colla, 2020). Many bacterial taxa have been isolated and successfully used as PGPB and biostimulants, such as strains of the species Azospirillum sp. (Hungria et al., 2010), Pantoea sp. (Mishra et al., 2011), Rhizobium sp. (Chabot et al., 1996), Serratia sp. (Hameeda et al., 2006), Pseudomonas sp. (Kavino et al., 2010), Paraburkholderia sp. (Rahman et al., 2018), Bacillus sp. (Amaresan et al., 2019), Lactobacillus sp. (Shrestha et al., 2014), Variovorax sp. (Chandra et al., 2019) and Ensifer meliloti (Velásquez et al., 2020). PGP Bacillus species are considered optimal targets for bioinoculant development due to their distinctive trait of endospore formation, which results in longer product shelf-life, comparable with that of conventional agrochemicals (Qiao et al., 2014). Bacillus amyloliquefaciens, in particular, showed remarkable potentials for agricultural use (Qiao et al., 2014; Luo et al., 2022). Plant-associated strains of B. amyloliquefaciens demonstrated P solubilizing and N mineralizing abilities (Idriss et al., 2002; Hui et al., 2018), indole-3-acetic acid (IAA), cytokinin and ACC-deaminase production, siderophores, VOCs and several antifungal, antiviral and antibacterial secondary metabolites synthesis (Idris et al., 2007; Chen et al., 2009; Wang et al., 2016; Asari et al., 2017; Wu et al., 2019), as well as ameliorating capabilities through complex pathways in various stress conditions (Tiwari et al., 2017).

The effects of biostimulants inoculation on the complex habitat of the rhizosphere have not been adequately investigated in crop plants, also considering the interaction with other agronomic practices. The aim of this study was to monitor and characterize the native rhizosphere microbiota during the early growth phases of two maize genotypes, using a NP starter fertilization treatment and a biostimulant seed treatment, in a growth chamber experiment. To this aim, we assessed the diversity and composition of rhizosphere bacterial communities utilizing a culture-independent approach, such as PCR-DGGE (polymerase chain reaction – denaturing gradient gel electrophoresis) analysis of the 16S ribosomal RNA (rRNA) gene and amplicon sequencing.

A companion manuscript (see Part II) will report the effect of biostimulant seed treatment, NP starter fertilizer, genotype early vigor and their factorial combination, on maize development in the early stages and the consequential effect on growth, grain yield and quality, in growth chamber and open field experiments.




2 Materials and methods



2.1 Microcosm experiment

A growth chamber experiment was set up in order to investigate the effect of a seed biostimulant, based on a PGPB strain and a plant extract, on the diversity and composition of the bacterial communities of maize rhizosphere, also considering the interaction with genotypes with different early vigor and the application of NP starter fertilization in seed furrow.

Sixteen kilograms of natural silt loam sub-alkaline soil (Typic Ustifluvents, USDA classification) (Soil Survey Staff, 2010) were weighed and placed, after mixing it thoroughly, in each plastic pot (27 cm length × 24 cm width × 28 cm height). The soil was collected from the surface layer (0.2 m) in the field of the University of Turin experimental station, located in North-West Italy at Carmagnola (44° 53’ N, 7° 41’ E; elevation 245 m). The soil was characterized by a medium cation-exchange capacity (C.E.C.), low organic matter, potassium (K) and P content and medium nitrogen N availability. More information on soil physical and chemical parameters are reported in Table S1. Soil was not air dried, sieved, sterilized and mixed with quartz sand or other materials.

All maize seeds, independent from biostimulants treatment, were treated with a fungicide mixture of prothioconazole (100 g L-1) and metalaxyl (20 g L-1) applied at 15 mL to 50,000 seeds (Redigo® M, Bayer Crop Science S.r.l., Monheim am Rhein, Germany). Maize seeds shape, dimension and weight were carefully chosen in order to reduce seedling vigor variability. In each pot, 4 maize seeds were sown by hand at 2 cm of depth, equally distributed. NP fertilizer was placed manually in a hypothetical seed furrow band, 5 cm close to maize seed furrows, at a depth of 10 cm. No other fertilizers were applied before or after sowing.

Pots were placed in a controlled growth chamber with 50% relative humidity range, 12 h photoperiod, 700 μmol m-2 s-1 photosynthetically active radiation (PAR) and 14/17°C (night/day) air temperature range (Table S2). The air and soil temperatures have been controlled during the experiment by means of two data loggers: HOBO® Pro v2 (Onset Computer Corp., Bourne, MA, USA) and Tinytag Plus 2 GP-4020 with 10 cm thermistor probe (Gemini Data Loggers Ltd, Chichester, UK), respectively.

Soil moisture content was maintained at water holding capacity by adding weekly in each pot 0.57 L of water, corresponding to 10 mm of rain. The weed control was carried out manually to eliminate every undesired plant seedling just after germination. The experiment was terminated 49 days after sowing (DAS).




2.2 Experimental design

The compared treatments were factorial combinations of:

	 • maize hybrids, considering genotypes with different early vigor after emergence but with similar growing cycle (FAO maturity class 600, 130 maturity days),

	  ◦ an ordinary hybrid (ordinary), with conventional early vigor (LG30600, Limagrain Europe, Saint-Beauzire, France),

	  ◦ a high early vigor hybrid (high early vigor), with a rapid growth in the first vegetative stages (LG31630, characterized by the Rapid’START trait, Limagrain Europe);

	 • NP starter fertilization,

	  ◦ unfertilized control (unfertilized),

	  ◦ sub-surface starter fertilization (NP), 27 kg N ha-1 and 69 kg P2O5 ha-1 were applied as diammonium phosphate (DAP, 18% and 46% for N and P2O5, respectively w/w) placed in bands close to the maize seed furrow;

	 • biostimulant seed treatment,

	  ◦ untreated control (no biostimulant),

	  ◦ biostimulant seed application (biostimulant, commercial product Starcover, Limagrain Europe), based on a mixture of a bacterium, Bacillus amyloliquefaciens strain IT-45 (Rise P® Lallemand Plant Care, Castelmaurou, France) and a leguminous plant extract Cyamopsis psoraloides (AgRHO® GSB30 Solvay, Clamecy, France) which works as coating film to favor germination by channeling water from soil to seed.



The experimental design was a completely randomized block design with three replications.




2.3 Sample collection and preparation

Maize plants were harvested at 13 (emergence) and 49 (5-leaf stage) DAS. Since at emergence the seedling is not still reaching the band where the NP starter fertilizer is placed, at this growth stage, plants were harvested only from unfertilized pot. At 5-leaf stage all the compared factors were considered. At each growth stage, the whole roots system of 2 plants was collected after cutting maize shoots at the collar and gently removing the soil by hand. Each treatment was represented by triplicate rhizosphere samples collected from separate pot cultures (2 plants per pot). Samples were stored on 4°C until further analysis. Rhizosphere samples were separated from the roots in sterile Falcon tubes, adding 40 mL sterile physiologic solution (0.9% (w/v) NaCl; 0.005% (w/v) Tween80) to each sample and shaking them in a Lab-Line® Multi-Wrist™ shaker (Lab-Line Instruments, Melrose Park, IL, USA). After 10 minutes of shaking, clean roots were extracted from the solution. The remaining soil was centrifuged on 5500 rpm for 10 minutes, and the supernatant was eliminated.




2.4 DNA extraction

250 mg subsamples of rhizosphere soil were subjected to genomic DNA extraction using the DNEasy® Power Soil® Kit (Qiagen GmbH, Hilden, Germany), following the manufacturer’s instructions. The extracted DNA was stored at −20°C and subsequently used for the molecular analysis of soil bacterial communities.




2.5 Molecular analysis of bacterial community profiles with PCR-DGGE

For PCR-DGGE, the V3-V5 hypervariable region of the 16S rDNA was amplified. PCR was carried out using the primers 341F (5’-CCT ACG GGA GGC AGC AG-3’) and 907R (5’-CCG TCA ATT CCT TTR AG TTT-3’) (Eurofins, Ebersberg, Germany) (Yu and Morrison, 2004). The primer 341F had an additional 40-nucleotide GC-rich tail (5’-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC G-3’) on the 5’ end to prevent complete DNA denaturation during the DGGE process.

Reaction mixes were prepared in a final volume of 50 μL, containing 1 μL of 1:100 diluted DNA extract (10–20 ng of DNA). Each reaction mixture contained 5 μL of ExTaq Buffer 10x (Takara Bio Inc., Kusatsu, Japan), 1.25 U of ExTaq (Takara Bio Inc.), 0.2 mM of each dNTP (Takara Bio Inc.) and 0.5 μM of both primers. The reaction was carried out in an iCycler-iQ™ Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with the following thermal cycles: initial denaturation at 94°C for 1’; 35 cycles of denaturation – annealing – elongation at 94°C for 30”, at 60°C for 30” and at 72°C for 30”, respectively; and final elongation at 72°C for 5’.

The expected product was about 560 bp long. The presence of amplicons was confirmed by electrophoresis in 1.5% (w/v) agarose gels in 1x TBE buffer (Tris-borate-EDTA, pH 8.3) (AppliChem GmbH, Darmstadt, Germany) stained with 20000x RealSafe Nucleic Acid Staining Solution (Durviz s.l., Valencia, Spain). DNA fragments were visualized over an UV transilluminator (Uvitec Cambridge, Cambridge, UK), and pictures were captured with the UVI 1D v. 16.11 program (Uvitec Cambridge) in TIFF format.

For molecular analysis of the bacterial diversity, 20 μL of amplicon DNA was separated in 8% (w/v) polyacrylamide 4K (AppliChem GmbH) gels in the DCode™ Universal Mutation Detection System (Bio-Rad). The urea-formamide denaturing gradient was 36-52%. An unfertilized/no biostimulant sample of the ordinary hybrid at the 5-leaf stage was loaded on both sides and in the middle of the gels as marker. Gels were run at 80 V for 16 h in 1x TAE buffer (Tris-acetate-EDTA, pH 8.5) (AppliChem GmbH) at 60°C. Subsequently, gels were stained in 1x TAE buffer with 10000x SYBR Gold Nucleic Acid Gel Stain (Thermo Fischer Scientific, Waltham, MA, USA) and visualized over an UV transilluminator as described above.




2.6 DGGE profile analysis

DGGE profiles were digitally processed with the BioNumerics software v. 8.1 (Applied Maths, St-Martens-Latem, Belgium) as reported in Turrini et al. (2017). Sample profiles were normalised to contain the same extent of total signal after background subtraction, and lanes were straightened and aligned following the manufacturer’s instructions. Markers were used for further normalisation between separate gels allowing their comparison. Bands were designated by manual supervision of the auto search bands function, and band positions were converted to Rf% values. Similarities between DGGE profiles were calculated with Pearson’s similarity coefficients applied on the lane patterns using the band-matching tool with 0% of optimization. The similarity coefficients were then used for generating dendrograms with the Unweighted Pair-Group Method Using Arithmetic Average (UPGMA) cluster analysis tool.

Based on the banding data and treating each band as an individual operational taxonomic unit (OTU), six different diversity indices were calculated. Richness (S) indicated the number of OTUs detected in the sample. Shannon-Weaver’s diversity (Hs) and Simpson’s dominance (D) indices were calculated as   and  , where hi was the peak intensity of a band and H was the sum of all peak intensities in a sample. Evenness (Jp) allowed to reveal the presence of dominant OTUs, calculated as  . Hill 1 (H1) and Hill 2 (H2) numbers were computed as   and  , respectively.




2.7 DGGE band sequencing

The main bands of the DGGE profiles were cut from the gel for further molecular analysis. Bands were eluted in 50 μL UltraPure™ DNase/RNase-free distilled water (Invitrogen, Waltham, MA, USA) for three days at 4°C. Supernatants were diluted 1:100 and served as templates for PCR using the primers 341F and 907R without GC-clamp, following the protocol described earlier. PCR products were then purified with the QIAquick® PCR Purification kit (Qiagen GmbH) according to the manufacturer’s instructions. Purified amplicons were eluted in 50 μL H2O and controlled in a 2% agarose gel to confirm product quality, and their concentration for dsDNA was estimated with an Eppendorf Biophotometer (Eppendorf SE, Hamburg, Germany) measuring at λ= 260 nm. Partial 16S rDNA amplicons were 5’-end sequenced by Eurofins Genomics – Mix2Seq Custom DNA Sequencing Services (Ebersberg, Germany). Sequences were analysed as in Palla et al. (2022), using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) in the NCBI-GenBank (https://www.ncbi.nlm.nih.gov/genbank) database, accessed in July, 2022. Related sequences were collected and aligned with the MUSCLE tool (Edgar, 2004a; Edgar, 2004b) in the MEGA 11 software (Tamura et al., 2021). Phylogenetic trees were constructed using the Maximum Likelihood method based on Kimura’s 2-parameter model (Kimura, 1980) in MEGA 11 with 1000 bootstrap replicates. The DGGE band sequences were submitted to the NCBI-GenBank database under the accession numbers from OP964519 to OP964570; OP985320; OQ000256.




2.8 Statistical analysis

Statistical analyses were carried out with the SPSS v. 25 software (IBM Corp., Armonk, NY, USA). Homogeneity of variances was controlled with Levene’s test (p< 0.05) and data transformed, if needed. Two-ways analysis of variances (ANOVA) was conducted on the diversity indices obtained from DGGE profiles of rhizosphere samples at the emergence stage considering the hybrid and biostimulant treatment, which have an influence on plant at this growth stage, as factors, each at two levels. Three-ways ANOVA was carried out on the diversity indices of 5-leaf stage rhizosphere samples considering the hybrid, NP starter fertilization and biostimulant seed treatment as factors, each at two levels. Hill1 and Evenness indices showed heterogeneous variances even after transformation and were analysed by two-way ANOVA, considering NP starter fertilization and biostimulant seed treatment as factors for the two hybrids separately.





3 Results



3.1 Analysis of PCR-DGGE profiles

Bacterial 16S rDNA fragments (ca. 560 bp) were successfully amplified in all samples. The DGGE separation of the PCR amplicons revealed rhizosphere bacterial community profiles, characterized by a high number of bands of variable intensities (Figures 1, 2). DGGE profiles were compared by cluster analysis (UPGMA), and biodiversity indices (S, Hs, D, Jp, H1, H2) were estimated based on the banding patterns.




Figure 1 | PCR-DGGE profiles of the rhizosphere bacterial communities of two maize hybrids at the emergence stage, treated or untreated with seed-applied biostimulant. Marker: M. The numbers indicate sequenced DNA fragments and the colored circles the relevant bacterial species affiliation.






Figure 2 | PCR-DGGE profiles of the rhizosphere bacterial communities of two maize hybrids at the 5-leaf stage, treated or untreated with NP starter fertilization and with seed applied biostimulant. (A) ordinary hybrid. (B) high early vigor hybrid. M: Marker. The numbers indicate sequenced DNA fragments and the colored circles the relevant bacterial species affiliation.



At the emergence stage, the rhizosphere bacterial communities of the two maize hybrids clustered separately in the UPGMA dendrogram (Figure 3), with a similarity of 78%. Interestingly, in the ordinary hybrid, samples treated with seed-applied biostimulant clustered separately from the control (91% similarity), while there was no such a separation in the high early vigor hybrid.




Figure 3 | UPGMA (Unweighted Pair Group Method Using Arithmetic Average) cluster analysis of rhizosphere bacterial community DGGE profiles. Relationships among samples are based on Dice’s similarity coefficient, as shown by the numeric scale above each dendrogram. Dendrograms are based on DGGE profiles obtained from the rhizosphere of two maize hybrids at the emergence stage treated or untreated with seed applied biostimulant. Cophenetic correlation, expressing the consistency of clusters, is shown at each node by numbers and colored dots, ranging between green-yellow-orange-red, according to decreasing values. Standard deviation is shown at each node by a grey bar. Colors indicate the factorial treatments: unfertilized/no biostimulant (grey), biostimulant seed treatment (orange). Closed and open symbols refer to the ordinary and to the high early vigor maize hybrids, respectively.



Two-ways ANOVA of the diversity indices revealed the early effect of the genotype on richness, which was higher in the ordinary hybrid, compared with the high early vigor hybrid, while biostimulant treatment did not significantly affect bacterial diversity at the time of emergence (Table 1). As a result of the UPGMA cluster analysis of the 5-leaf stage samples (Figure 4), the two hybrids grouped separately with a very low similarity value (20%). Within both maize genotypes, unfertilized/no biostimulant samples clustered separately from those treated with NP fertilizer, showing similarities lower than 74% and 88% for the ordinary hybrid and the high early vigor hybrid, respectively.


Table 1 | Effects of the hybrid and biostimulant seed treatment on diversity indices calculated from bacterial 16S rDNA DGGE profiles of the rhizosphere samples at the emergence stage.






Figure 4 | UPGMA (Unweighted Pair Group Method Using Arithmetic Average) cluster analysis of rhizosphere bacterial community DGGE profiles. Relationships among samples are based on Dice’s similarity coefficient, as shown by the numeric scale above each dendrogram. Dendrograms are based on DGGE profiles obtained from the rhizosphere of two maize hybrids at the 5-leaf stage treated or untreated with NP starter fertilization and with seed-applied biostimulant. Cophenetic correlation, expressing the consistency of clusters, is shown at each node by numbers and colored dots, ranging between green-yellow-orange-red, according to decreasing values. Standard deviation is shown at each node by a grey bar. Colors indicate the factorial treatments: unfertilized/no biostimulant (grey), biostimulant seed treatment (orange), NP starter fertilization (blue) and NP + biostimulant (green). Closed and open symbols refer to the ordinary and to the high early vigor maize hybrids, respectively.



Concurrently, analysing the diversity indices calculated from the community profiles, three-ways ANOVA revealed significant effects of hybrid and NP fertilization on richness and H2, with higher diversity values in the high early vigor hybrid and NP fertilized samples (Table 2). As variances were not homogeneous, H1 and evenness indices were analysed by two-ways ANOVA, which showed significant increases induced by fertilization in the ordinary hybrid, but not in the high early vigor hybrid (Table 3). By contrast, seed-applied biostimulant did not influence any of the biodiversity indices.


Table 2 | Effects of the hybrid, NP starter fertilization and biostimulant seed treatment on diversity indices calculated from bacterial 16S rDNA DGGE profiles of the rhizosphere samples at the 5-leaf stage.




Table 3 | Effects of NP starter fertilization and biostimulant seed treatment on diversity indices calculated from bacterial 16S rDNA DGGE profiles of the rhizosphere samples at the 5-leaf stage for each hybrid.






3.2 DGGE amplicon sequencing and identification of the main bacterial taxa

In order to identify major bacterial taxa characterizing the rhizosphere soils of different maize hybrids in the factorial combinations of fertilizer and biostimulant treatments, relevant bands were excised from DGGE gels (Figures 1 and 2), sequenced and affiliated to genera and species by using nBLAST and phylogenetic tree analyses. Partial 16S rDNA fragments belonged to three phyla, namely Proteobacteria (Stenotrophomonas sp., Lysobacter sp., Polaromonas ginsengisoli, Limnobacter thiooxidans, Massilia sp., Rhodanobacter sp., Janthinobacterium sp., uncultured Proteobacteria), Bacteroidetes (Flavobacterium sp., Pedobacter sp., Chryseolinea sp., Adhaeribacter terrae) and Firmicutes (Paenibacillus sp.) (Table S3; Figure 5). None of the sequenced bands affiliated with B. amyloliquefaciens.




Figure 5 | Affiliation of the sequences retrieved from DGGE gel fragments (marked in Figures 2 and 4) with the sequences of the 16S rRNA gene retrieved in gene banks. Phylogenetic analysis was inferred by using the Maximum Likelihood method. The evolutionary distances were computed using the Kimura 2-parameter model. Bootstrap (1000 replicates) values below 70 are not shown. Evolutionary analyses were conducted in MEGA11.The sequences from the database are indicated by their accession numbers. The DNA sequences retrieved in this work are indicated by their corresponding band number and their accession number. Symbols indicate samples analysed at the emergence stage (triangles) and at the 5-leaf stage (squares). Closed and open symbols refer to the ordinary and to the high early vigor maize hybrids, respectively. Colors indicate the factorial treatments: unfertilized/no biostimulant (grey), biostimulant (orange), NP starter fertilization (blue) and NP + biostimulant (green).



16S rDNA fragments affiliating with Massilia sp. (5-6), Paenibacillus sp. (7) and Janthinobacterium sp. (11) could be recovered only from the emergence stage samples. At emergence stage, more variable and more intense banding patterns could be observed in the rhizosphere of the high early vigor hybrid, with occasional increases in the abundance of Pedobacter sp. (4), Massilia sp. (5-6), Janthinobacterium sp. (11), Lysobacter sp. (12-13) and Stenotrophomonas sp. (14-17), while bacterial communities showed much more uniform molecular profiles in the samples of the ordinary hybrid (Figure 1). Additionally, the higher abundance of the OTUs corresponding to Paenibacillus sp. (7) and Stenotrophomonas sp. (14) were associated with the biostimulant treatment in the ordinary hybrid.

Fragments corresponding to Chryseolinea sp. (23, 43), Limnobacter thiooxidans (25, 44-45), Polaromonas ginsengisoli (27-28, 46) and Rhodanobacter sp. (53) could be retrieved only from the 5-leaf stage rhizosphere samples. At the 5-leaf stage, despite most bacterial populations were represented uniformly in all samples of each hybrid, marginal fluctuations could be observed in the abundance of some taxa. Biostimulant application slightly increased the abundance of Polaromonas ginsengisoli (27-28) in the ordinary maize genotype, while other changes were detected mainly due to the NP fertilization treatment (Figure 2). In the ordinary hybrid, slightly higher abundance of Limnobacter thiooxidans (25), Lysobacter sp. (26) and an uncultured Proteobacteria (34) were associated to the unfertilized samples, while bands of Stenotrophomonas sp. (30-33) were more characteristic of the NP fertilization treatments. In the high early vigor hybrid, somewhat similar changes could be observed: bands affiliated with Limnobacter thiooxidans (44-45) appeared more intensely in the unfertilized samples, while Stenotrophomonas sp. (50-52, 54-55) remained more associated to the NP fertilizer treatments. Additionally, Pedobacter steynii (40) was more represented in the unfertilized maize rhizosphere, and Polaromonas ginsengisoli (46) and some Lysobacter sp. (48-49) in the NP fertilization treatments. Sequences affiliated to Rhodanobacter sp. (53) could be retrieved only from the NP fertilized samples of the high early vigor hybrid.





4 Discussion

Our data showed that maize genotype was the major factor shaping rhizosphere bacterial community composition, as assessed by cluster analyses of DGGE patterns, suggesting that the root system of the two maize hybrids recruited a different microbiota. Here, for the first time we identified at the species and genus level the predominant native bacteria associated with two maize hybrids differing for vigor. The biostimulant treatment affected the rhizosphere bacterial microbiota of the ordinary hybrid more than that of the early vigor, both at plant emergence and at the 5-leaf stage. Moreover, the 5-leaf stage rhizosphere bacterial community composition was differentially affected by starter NP fertilization, compared with that of the unfertilized/no biostimulant in both hybrids.



4.1 DGGE cluster analysis

Cluster analysis of the DGGE profiles detected significantly different rhizosphere bacterial community profiles among the two maize hybrids, which became more evident at the 5-leaf stage.

Differences in the rhizosphere microbiota of the two hybrids may be attributed to the influences of plant genotype on the assemblages of plant associated microbial communities (Manter et al., 2010; Shenton et al., 2016; Pérez-Jaramillo et al., 2017; Agnolucci et al., 2019). Genetical differences between cultivated crop varieties have been shown to affect root architecture, rhizodeposition patterns and plant-microbe signaling pathways (Hu et al., 2018; Kerstens et al., 2021; Semchenko et al., 2021). Rhizodeposition of sugars, organic acids, amino acids and secondary metabolites plays a crucial role in the recruitment and regulation of root associated microbiota, as some serve as signals, and some are easily available nutrients to heterotrophic bacteria (Philippot et al., 2013; Canarini et al., 2019).

Cluster analysis showed that seed-applied biostimulant preparations had contrasting effects on the two maize hybrids. Biostimulant treatment affected the rhizosphere bacterial microbiota of the ordinary hybrid since the emergence stage, which grouped separately from no biostimulant samples. Our data are consistent with those obtained in juvenile maize inoculated with B. amyloliquefaciens FZB42, revealing shifts in the PCR-DGGE rhizosphere bacterial community profiles, compared with uninoculated samples (Cozzolino et al., 2021). Furthermore, inoculation with B. amyloliquefaciens L-S60, B1408 and FZB42 caused changes in the rhizosphere bacterial communities of cucumber seedlings and tomato plants (Qin et al., 2017; Eltlbany et al., 2019; Han et al., 2019), while a biofertilizer preparation containing B. amyloliquefaciens NJN-6 had similar effects in field-grown banana plants (Shen et al., 2015). By contrast, our biostimulant treatment had marginal effects on the rhizosphere bacterial community of the high early vigor maize hybrid at both growth stages, consistently with previous findings obtained in field-grown wheat inoculated with a consortium of PGP Azospirillum spp., Azoarcus spp. and Azorhizobium spp. (Dal Cortivo et al., 2020), and in lettuce and soybean treated with B. amyloliquefaciens (Correa et al., 2009; Chowdhury et al., 2013; Kröber et al., 2014). The different behavior of the two maize genotypes may be ascribed to differential interactions between native rhizosphere bacteria and the biostimulant used in this study, which could affect the multipartite relationships in the rhizosphere microbiota. Accordingly, previous studies demonstrated differences in the compatibility of some crop genotypes with various microbial inocula in wheat (Agnolucci et al., 2019; Akbari et al., 2020), tomato (Tucci et al., 2011), potato (Higdon et al., 2020) and sugarcane (de Oliveira et al., 2006).

The UPGMA cluster analysis highlighted also differential effects of NP fertilization on the rhizosphere bacterial community composition at the 5-leaf stage, as fertilized samples clustered separately from unfertilized/no biostimulant samples in both hybrids. Mineral fertilization was previously found to impact root-associated microbial communities in several crop plants (Tang et al., 2016; Chen et al., 2019; Semenov et al., 2020), and to change the bacterial community composition in maize rhizosphere, including the abundance of important bacterial functional genes and PGPB groups (Zhu et al., 2016; Silva et al., 2017; Gomes et al., 2018; Wang et al., 2018). Besides the direct effects of increased mineral nutrient availability in fertilized soils, rhizosphere microbial communities may be affected by alterations of root morphology and root exudates quality and quantity, as the result of improved plant growth and nutrient status (Lu et al., 1999; Zhu et al., 2016; Chen et al., 2019).

At the emergence stage, bacterial OTU richness was significantly higher in the ordinary hybrid, while at the 5-leaf stage the high early vigor hybrid hosted a larger and more diverse rhizosphere bacterial community. N and P amendments had a positive effect on bacterial diversity indices, as OTU richness and the estimated “effective number of species” (H2) increased in both maize genotypes, while evenness and another estimator of “effective number of species” (H1) only in the ordinary hybrid, confirming previous data on the changes of biodiversity of the rhizosphere microbiota by mineral fertilization (Wang et al., 2018; Semenov et al., 2020).




4.2 Sequencing of predominant DGGE bands

The sequencing of the main DGGE bands allowed the detection of 13 taxa, all belonging to genera and species of widespread occurrence in soils. The high representation of Proteobacteria among the sequenced bands is not surprising, as this phylum was previously reported to be predominant in maize rhizosphere (Peiffer et al., 2013; Li et al., 2014; Silva et al., 2017; Gomes et al., 2018; Wang et al., 2018). It is interesting to note that in the ordinary hybrid treated with the biostimulant, some bacteria belonging to taxa reported as PGP, were more represented. In particular, Paenibacillus sp. and Stenotrophomonas sp. were more abundant in the rhizosphere of emergent plantlets and Polaromonas ginsengisoli in the 5-leaf stage samples. In agreement with our data, Eltlbany et al. (2019) reported increases in the population size of Paenibacillus sp. as a result of bacterial biostimulant treatments in the rhizosphere of tomato plants. Stenotrophomonas spp. have been widely detected in plant-associated bacterial communities (Ryan et al., 2009; Hayward et al., 2010) and were reported to inhabit the maize rhizosphere (Medina-de la Rosa et al., 2016; Qaisrani et al., 2019; Ercole et al., 2021; Guo et al., 2022). Several isolates belonging to this genus were shown to promote plant growth via N2-fixation, to solubilize P and to produce ACC-deaminase, plant hormones and siderophores, acting as stress protective agents (Yu et al., 2011; Alavi et al., 2013; Ghavami et al., 2017; Singh and Jha, 2017; Youseif, 2018; Ercole et al., 2021). In the present study, this taxon reached higher abundance also in the NP fertilized rhizosphere of both hybrids, suggesting a possible responsiveness to P fertilization levels, as reported by Guo et al. (2022) in maize rhizosphere.

Certain taxa were more represented in the early vigor hybrid, particularly in NP treated samples, such as Lysobacter sp., which occurred in diverse habitats including soils (Hayward et al., 2010) and was previously reported to colonize or even dominate maize rhizosphere (García-Salamanca et al., 2013; Li et al., 2014; Maarastawi et al., 2018). Interestingly, strains of Lysobacter sp. have shown multiple PGP activities in vitro, such as P solubilization, siderophores and antibiotics production with promising biocontrol potentials (Hayward et al., 2010; Gómez Expósito et al., 2015; Puopolo et al., 2018; Sharma et al., 2021). Rhodanobacter sp. was detected only in the rhizosphere of the NP fertilized high early vigor hybrid, in agreement with previous findings showing that maize genotype and inorganic fertilizers may strongly affect its abundance in the rhizosphere soil (Wen et al., 2017; Semenov et al., 2020). However, although its occurrence was reported in the rhizosphere of maize plants by other authors (Chen et al., 2021; Shen et al., 2021), little is known of Rhodanobacter metabolic traits (van den Heuvel et al., 2010; Kostka et al., 2012; Damo et al., 2022).

In this work, certain bacterial taxa occurred only at the emergence stage, such as Janthinobacterium sp., Massilia sp. (family Oxalobacteriaceae), consistently with previous findings describing such genera as dominant in maize rhizosphere at early growth stages, with a sharp decline during the vegetative growth (Li et al., 2014). Interestingly, an isolate of Janthinobacterium sp. was found to express antagonism against a wide range of plant pathogens (Yin et al., 2021), while strains of Massilia sp. revealed important PGP characteristics, such as the production of phosphatases, siderophores and IAA and antagonism against pathogens (Hrynkiewicz et al., 2010; Turnbull et al., 2012; Raths et al., 2020; Li et al., 2021).

The phylum Bacteroidetes was represented mostly by Flavobacterium and Pedobacter species. The genus Flavobacterium (family Flavobacteriaceae) was uniformly distributed in the different treatments, regardless sampling time and maize genotype, consistently with previous data reporting high abundance of this genus in maize rhizosphere (Li et al., 2014; Correa-Galeote et al., 2016; Yang et al., 2017). Isolates of Flavobacterium sp. showed PGP traits, such as P-solubilization, ACC-deaminase and IAA production, while they provided significant plant growth promotion in maize, disease suppression in pepper, onion and cucumber and improved drought stress tolerance in wheat (Sang and Kim, 2012; Gontia-Mishra et al., 2016; Gontia-Mishra et al., 2017; Youseif, 2018; Nishioka et al., 2019). Also, the genus Pedobacter (family Sphingobacteriaceae) was found in all our samples, consistently with their described global occurrence (Steyn et al., 1998; Yoon et al., 2007; Gordon et al., 2009).

Fragments of B. amyloliquefaciens 16S rDNA was not retrieved from the DGGE gels, suggesting that the biostimulant strain was not a dominant member of the maize rhizosphere microbiota. Unfortunately, it is not possible to compare our data with previous ones obtained with the same molecular method, as similar works utilizing B. amyloliquefaciens BNM122 and FZB42 for soybean and maize inoculation, respectively, and PCR-DGGE, did not perform the identification of the main DGGE bands (Correa et al., 2009; Cozzolino et al., 2021). Moreover, other studies, utilizing different methods to monitor the persistence of B. amyloliquefaciens strains, such as serial dilutions and plate counting, were carried out in the absence of native bacterial communities (Correa et al., 2009; Ben Abdallah et al., 2018). Overall, the studies aimed at verifying the root persistence of B. amyloliquefaciens reported significant decreases over the course of time (Chowdhury et al., 2013; Kröber et al., 2014).

In conclusion, this work showed that rhizosphere bacterial community composition of maize was mainly affected by the genotype, as, for the first time, we identified at the species and genus level the predominant native bacteria associated with the root systems of the two maize hybrids, differing for their early vigor. The predominant native bacteria belonged to well-known PGPB taxa, such as Stenotrophomonas sp., Lysobacter sp., Massilia sp., Paenibacillus sp. and Flavobacterium sp., which were reported to be able to solubilize P and to produce IAA, siderophores and antibiotics, providing significant plant growth promotion and disease suppression. The starter NP fertilization strongly affected PGP rhizosphere bacterial community composition of both maize hybrids at the 5-leaf stage compared with that of the unfertilized treatments, while the biostimulant treatment had a positive effect on PGP community of the ordinary hybrid more than that of the early vigor maize both at the plant emergence and at the fifth leaf stage.

These results pave the way for further studies to be performed on the effects of cropping system and specific crop practices, considering also the application of biostimulants, on beneficial rhizosphere microorganisms.
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