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Abstract: Locally adapted maize accessions (landraces) represent an untapped resource of nutri- 12 

tional and resistance traits for breeding, including the shaping of distinct microbiota. Our study 13 

focused on five different maize landraces and a reference commercial hybrid, showing different 14 

susceptibility to fusarium ear rot, and whether this trait could be related to particular compositions 15 

of the bacterial microbiota in the embryo, using different approaches. The Our cultivation-inde- 16 

pendent approach utilized the metabarcoding of a portion of the 16S rRNA gene to study bacterial 17 

populations in these samples. Multivariate statistical analyses indicated that the microbiota of the 18 

embryos of the accessions grouped in two different clusters: one comprising three landraces and the 19 

hybrid, one including the remaining two landraces, which showed a lower susceptibility to 20 

fusarium ear rot in field. The main discriminant between these clusters was the frequency of Firmic- 21 

utes, higher in the second cluster, and this abundance was confirmed by quantification through 22 

digital PCR. The cultivation-dependent approach allowed the isolation of 70 bacterial strains, mostly 23 

Firmicutes. In vivo assays allowed the identification of 5 candidate biocontrol strains against 24 

fusarium ear rot. Our data revealed novel insights into the role of the maize embryo microbiota and 25 

set the stage for further studies aimed at integrating this knowledge into plant breeding programs. 26 
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 28 

1. Introduction 29 

Maize (Zea mays L.) is one of the most widely grown crops worldwide. It is not only 30 

a staple food for people in several countries, but also a very important crop for animal 31 

feed and finds use as industrial material for production of fuels, among other technolog- 32 

ical uses. In addition to all these practical applications, maize has also been used as a 33 

model organism in scientific research, as it benefits from a high level of phenotypic and 34 

genetic variability, and quick life cycle.  35 

While these characteristics allowed for a great increase in yield in the past century 36 

[1], the predicted demands for food in the next few decades [2] suggests that substantial 37 

changes in breeding techniques and agronomic processes will be required to reach the 38 

needed level of crop improvement and yield [3]. 39 

The history of maize as a crop is very long: its domestication is traced back to ap- 40 

proximately 8700 BC in central America and the Spanish brought it to Europe at the end 41 

of the 16th century,almost ten thousand years later, where favorable environmental and 42 

social conditions allowed it to be employed with success [4]. In particular, the first written 43 

reports on the use of corn in Italy date back to 1600, proving that maize had well adapted 44 

to the climatic zone of cultivation and to the local tradition of the people living in the 45 
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North-Eastern part of the peninsula. The cultivation in Italy gave rise to several landraces 46 

which were later abandoned for the more productive dent hybrids when mechanized 47 

farming practices became more common in the second half of the twentieth century [4]. 48 

The hybrids, which were selected mostly for their massive yield traits in field, have 49 

lost several useful features which were present in ancient maize varieties that gave the 50 

landraces a particular biochemical composition, including relevant nutritional compo- 51 

nents such as antioxidants and carotenoids [5], and pathogen resistance. It has been re- 52 

cently reported that certain Italian maize germplasm can be advantageous in resistingcon- 53 

trasting mycotoxin accumulation in itsthe kernels [6, 7]. This last trait is of particular im- 54 

portance not only for the ability of the maize plants to produce an abundant quantity of 55 

kernels, but also for their quality: several phytopathogenic fungal species belonging to the 56 

genera Aspergillus, Fusarium, and Penicillium that frequently colonize maize plants in field 57 

are known to produce mycotoxins as part of their secondary metabolism [8]. These fungi 58 

may not always produce visible damage to kernels but may still contaminate them with 59 

mycotoxins. These toxins, which are highly stable and extremely dangerous even at low 60 

concentrations, are currently one of the main concerns for human and animal nutrition all 61 

over the world [9]. The use of endophytes with biocontrol abilities against these toxigenic 62 

fungi can be of great interest for several reasons: biocontrol endophytes may prove effec- 63 

tive against these fungi that develop at least for a portion of their life cycle inside the tis- 64 

sues of the host, and some endophytes are known to chelate and detoxify mycotoxins [10, 65 

11]; furthermore, the use of synthetic fungicides has given inconsistent results on this par- 66 

ticular issue, sometimes resulting in a greater rate of mycotoxin production by the patho- 67 

gens [12], making the use of biological control agents a more sustainable and potentially 68 

effective option [13]. 69 

While the local varieties have disappeared from the fields, many efforts were made 70 

to recover and preserve the genotypes of these traditional populations. These landraces 71 

are now receiving much attention for their potential use in new breeding programs with 72 

the aim of identifying novel alleles and haplotypes and using them in a context of low- 73 

input and sustainable agriculture [14-17].  74 

Despite this, alleles and haplotypes are only a part of what should be taken into ac- 75 

count while carrying out breeding programs: quantitative trait loci and, in general, ge- 76 

nome-wide association studies of complex physiological traits consistently found that as- 77 

sociated genetic factors, such as allelic polymorphisms or DNA mutations, only explained 78 

a minority of the expected heritable fraction, highlighting the presence of other factors 79 

contributing to the variability of these traits [18]. This discrepancy is known as "missing 80 

heritability", and the microbiome could be one contributor to this heritability that is not 81 

explained by the genome sequence alone. 82 

While it has been held for a long time that healthy plant tissues were sterile, the pres- 83 

ence of complex communities of microorganisms inside every plant tissue has been 84 

proven [19, 20]. These microorganisms, called endophytes, can have beneficial, neutral, or 85 

harmful effects on the host. Since beneficial endophytes can influence the growth of the 86 

host plant, as well as its metabolic processes and resistance to both biotic and abiotic 87 

stresses [210], their presence can greatly affect the phenotype of their host. By increasing 88 

the uptake of nutrients and granting higher resistance to pathogens and pests, as well as 89 

other stresses, a positive relation between microorganisms, the plant, and the environ- 90 

ment can greatly contribute to integrity, proper functionality, and sustainability of agro- 91 

ecosystems [221].  92 

Moreover, seed-borne endophytes have been shown to be an important source of 93 

bacteria within other tissues. The identification of a set of endophytic microbes among Zea 94 

spp. that are conserved across evolutionary and ecological boundaries [19] suggests mi- 95 

crobes with beneficial properties to the host plant are selected from the environment by 96 

the plants themselves. In addition to environmental origin there is also evidence that, in 97 

some plant species, bacterial endophytes can be inherited from one generation to the next 98 

through seed [232, 243].  99 
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The aim of this study was to characterize, using both cultivation-dependent and - 100 

independent approaches, the embryoseed-associated bacterial microbiota of six maize ac- 101 

cessions, including a hybrid and five landraces with distinct geographical origins, in order 102 

to determine whether this microbiota and/or single bacteria that compose it can have an 103 

effect in contrasting the infection from Fusarium verticillioides, a main agent of fusarium 104 

ear rot in Northern Italy. 105 

2. Materials and Methods 106 

2.1. Plant material 107 

This study was carried out on seeds obtained from six maize accessions, all cultivated 108 

at the experimental field of the University of Milan situated in the Angelo Menozzi farm 109 

in Landriano (PV), Italy (45°190N, 9°160E, 88 m a.s.l). The six accessions, which include a 110 

hybrid B73 x Mo17 and five landraces with different characteristics, are reported in Table 111 

1. 112 

All accessions were sowed in the first half of May in years 2017, 2018, and 2020, and 113 

harvested in the last week of August. 114 

The seeds from years 2017 and 2018 were dried and stored at room temperature for 115 

further analyses. 116 

The material from year 2020 was used exclusively for the infection assay and the 117 

whole ears were analyzed right after harvest. 118 

Table 1. List of maize accessions used in the study 119 

Accession Code 
Genetic 

constitution 
Origin 

FAO 

Classification 
Pigmentation Reference 

B73xMo17 H Hybrid USA 700 Yellow [254] 

Ottofile Basia A opv North Italy 300 
Orange  

(Phlobaphenes) 

Unpublished results 

of our group 

Ottofile Tortonese G opv North Italy 300 Yellow [254] 

Spinoso Nero della Val 

Camonica 
N opv North Italy 400 

Black  

(Phlobaphenes) 
[16] 

Mais Bianco Qwa-Qwa W opv South Africa 800 White [265] 

Millo Corvo C opv Spain 400 
Black  

(Anthocyanins) 
[15] 

2.2. Description of bacterial embryo-associated community 120 

The bacterial community associated to the embryo of the selected maize accessions 121 

was described with both cultivation-dependent and cultivation-independent methods, 122 

detailed as follows: 123 

2.2.1. Sterilization of seeds and embryo isolation 124 

Isolation of cultivable bacteria was carried out from the embryo of maize seeds of the 125 

six accessions collected in year 2017. Isolation starting from different matrixes (whole 126 

seeds or endosperm) were considered and tried out on some of the samples but, ulti- 127 

mately, extraction from embryos was deemed more effective (Table S1) 128 

Seeds were surface sterilized by a wash in ethanol 70%, followed by a wash in bleach 129 

2.5%, and another wash in ethanol 70%. Each wash had a duration of 3 minutes. After the 130 

wash steps, the seeds were rinsed in sterile water for three times. An aliquot of the last 131 

washing water was plated on Lysogeny Broth Agar (LBA) plates and incubated at 24 °C 132 

to check for growth and confirm the efficacy of the sterilization. 133 

The sterilized seeds were kept in sterile water at 20 °C in the dark for 24 hours to 134 

soften them, and then the embryos were excided using sterile tweezers and scalpels. 135 

2.2.2. Isolation of cultivable bacteria 136 
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For each of the six accessions, three samples made of ten embryos each were ground 137 

in a mortar containing 2 mL of sterile Ringer solution (Sigma-Aldrich), obtaining approx- 138 

imately 1:10 dilution (w/v). The homogenized solution of ground maize embryos was se- 139 

rially diluted twice, for a total of three different concentrations of 1:10, 1:100, and 1:1000. 140 

From each of these solutions, a 100 µL aliquot was inoculated on three LBA and three 141 

Tryptic Soy Agar (TSA) plates and incubated at 24 °C for 14 days, checking for bacterial 142 

growth every two days. 143 

Bacterial colonies were isolated based on the phenotype of the colony: for each acces- 144 

sion and growth medium, only one colony with a specific morphology was isolated, while 145 

colonies with the same phenotype but isolated from different maize accessions or on dif- 146 

ferent medium were isolated separately. 147 

All isolated colonies were maintained on separate plates containing the same me- 148 

dium as the original plate they were isolated from (LBA or TSA). Isolates obtained were 149 

given an identifier that includes the code of the accession from which they were isolated 150 

and a progressive number. 151 

2.2.3. Molecular characterization of cultivable bacteria 152 

From each isolate, DNA was extracted following the protocol described by Wilson in 153 

2001 [27]. Briefly, this method starts from an overnight culture in liquid broth of the bac- 154 

terial strain, and extracts the nucleic acids by lysis with lysozyme, incubation with prote- 155 

ase K and SDS, and incubation with a CTAB buffer, separation with chloroform:isoamyl 156 

alcohol, washing with ethanol, and lastly suspension of the nucleic acids in TE. The qual- 157 

ity, quantity and integrity of the DNA was assessed with a Nanodrop1000 spectropho- 158 

tometer and by electrophoresis on 1% agarose gel. 159 

A first step in characterizing the isolates was carried out through a RAPD-PCR ap- 160 

proach, following the protocol described by Morandi and colleagues [286], utilizing a sin- 161 

gle primer (M13: 5’-GAGGGTGGCGGTCT -3’) to obtain amplicons of different lengths, 162 

which pattern can be used in taxonomic fingerprinting.  163 

The amplicons were visualized through electrophoresis in a 1.5% agarose gel in TAE, 164 

using SYBR Safe (Invitrogen) dye. The obtained amplification profiles for each isolate 165 

were grouped together through an UPGMA algorithm using the BioNumeric 5.0 package 166 

(Applied Maths). Different isolates that showed more than 90% identity in the RAPD-PCR 167 

profile, came from the same maize accession and showed identical morphology were con- 168 

sidered to be the same isolate for subsequent characterization steps, and only one repre- 169 

sentative isolate was utilized from each group. 170 

From each of these representative isolates, an approximately 1400 bp portion of the 171 

16S rDNA gene was amplified by PCR using the 27F/1492R primer pair (27F: 5’-AGAG- 172 

TTTGATCMTGGCTCAG-3’; 1492R: 5’-ACCTTGTTACGACTT-3’ [297]). The PCR mix 173 

contained 1x GoTaq Flexi buffer (Promega), 1.5 mM MgCl2, 0.5 µM of each primer, 200 174 

µM dNTPs. 2.5 U of Taq DNA polymerase, 2 µL of template DNA, and water up to 50 µL. 175 

Amplification was carried out with an initial denaturation at 94 °C for 5 minutes, 35 cycles 176 

of denaturation at 94 °C for 1 minute, annealing at 53 °C for 1 minute, and extension at 72 177 

°C for 1.5 minutes, followed by a final extension step at 72 °c for 7 minutes. The amplicons 178 

were visualized through electrophoresis in a 1% agarose gel in TBE, using Midori Green 179 

(NIPPON genetics) dye. The obtained amplicons were sequenced in both senses (5X cov- 180 

erage per base position) by a commercial service (Eurofins Genomics, Germany). Nucleo- 181 

tide sequences were compiled in FASTA format, assembled by employing the Contig As- 182 

sembling Program of the software BioEdit version 7.2 [3028]. Assembled sequences are 183 

available on NCBI under accession numbers from OK584315 to OK584384. Attribution of 184 

each isolate to species or genus was carried out by comparing the 16S sequence obtained 185 

with those present in NCBI database using the MegaBLAST algorithm. 186 

2.2.4. Cultivation-independent description of bacterial community 187 

For each maize accession, three samples containing ten embryos each were prepared 188 

starting from seeds obtained in year 2017 and in year 2018. From these samples, DNA was 189 
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extracted following a CTAB-based protocol described by Angelini and colleagues [3129]. 190 

Briefly, this protocol allows the extraction of DNA from plant material by grinding the 191 

plant tissue in a CTAB buffer, followed by incubation at high temperature, separation 192 

with chloroform:isoamyl alcohol, precipitation with isopropanol, washing with ethanol, 193 

and resuspension of the nucleic acids in TE. 194 

The quality, quantity and integrity of the DNA was assessed with a Nanodrop1000 195 

spectrophotometer and by electrophoresis on 1% agarose gel. 196 

On these samples, the hypervariable V4 region of the 16S rRNA gene was amplified 197 

using the primer pair 515F/806R (515F: 5′-GTGCCAGCMGCCGCGGTAA-3′; 806R: 5′- 198 

GGACTACHVGGGTWTCTAAT-3′). These primers contained an Illumina flow cell 199 

adapter at their 5’ end and the reverse primer also included a 12 bp unique barcode se- 200 

quence to allow simultaneous sequencing of multiple samples. In this reaction, blocking 201 

primers with a specific sequence for chloroplasts/mitochondria were added to reduce the 202 

quantity of plant derived sequences obtained as detailed by Moronta-Barrios and col- 203 

leagues [320]. 204 

After PCR, the obtained amplicons were pooled and submitted for an Illumina MiSeq 205 

sequencing, 2 x 150 bp chemistry, to the Genome Technology group at the James Hutton 206 

Institute (Invergowrie, UK). Quality control, processing, and sequencing were carried out 207 

as previously described [331-353]. 208 

Sequencing reads were analyzed through a custom bioinformatics pipeline. The first 209 

step was carried out in the QIIME software, version 1.9.0, to process the FASTQ file, using 210 

default parameters for each step [364]. Using the join_paired_ends.py command, forward 211 

and reverse files for each library were decompressed and merged, using a threshold of 30 212 

bp overlap between reads. After this process, reads were demultiplexed according to their 213 

initial barcode sequences. Using the split_libraries_fastq.py command, the reads were fil- 214 

tered for quality, using a threshold on the PHRED score ‘-q’ of 20. These high-quality reads 215 

were trimmed at a uniform length of 250 nucleotide through the ‘fastq_filter’ function of 216 

USEARCH [375]. These truncated sequences were then used for clustering in Operational 217 

Taxonomical Units (OTUs), using the threshold value of 97% identity value. After cluster- 218 

ing, the identity of the OTUs was determined with a closed reference OTU-picking ap- 219 

proach against the Silva database (version 132) [386] using the SortMeRNA algorithm 220 

[397]. The output of this procedure was an OTU table reporting the abundance of each 221 

OTU for each sample, as well as a phylogenetic tree. Singletons, defined as OTUs found 222 

only once in the whole dataset, and plant derived sequences, those attributed to chloro- 223 

plasts and mitochondria, were removed from the dataset with the fil- 224 

ter_otus_from_otu_table.py command.  225 

The OTU table and phylogenetic tree were used as input files in R [4038] to be ana- 226 

lyzed with the following packages: Phyloseq [4139] for processing and calculating metrics 227 

of Alpha- and Beta-diversity; Vegan [420] for statistical analysis of Beta-diversity; Ape 228 

[431] for phylogenetic tree analysis; ggplot2 [442] for data visualizations. 229 

Alpha-diversity was calculated using the estimate richness function in Phyloseq, and 230 

expressed through the Observed, Chao-1, and Shannon indexes. 231 

Beta-diversity was analyzed on a normalized table, in which the uneven number of 232 

reads per sample was normalized converting the individual OTU count to an abundance 233 

percentage, using the Weighted Unifrac metric, which is sensitive both to relative abun- 234 

dance and phylogenetic classification, and the Unweighted Unifrac metric, which is sen- 235 

sitive to unique taxa [453]. The dissimilarity matrix obtained from this process was visu- 236 

alized using the ordinate function in the Phyloseq package and its significance was as- 237 

sessed through a permutational ANOVA (5000 permutations). The effect size and statisti- 238 

cal significance of variables in the Beta-diversity dissimilarity matrix was inspected by a 239 

Permutational Multivariate Analysis of Variance (Permanova) using the Adonis function 240 

in Vegan package (10000 permutations). 241 
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The sequencing reads utilized in this analysis are available available at ENA 242 

PRJEB47936, while the files and script – OTU table, mapping files, R script – are available 243 

on GitHub (https://github.com/AlessandroPasser/Maize_Embryo_Microbiota). 244 

2.2.5 Validation of sequencing data 245 

The results obtained from the sequencing of 16S were validated through digital PCR. 246 

In particular, total quantity of bacteria and Firmicutes in each DNA sample extracted from 247 

maize embryos in 2018 was evaluated using the primer pairs 906F/1062R (906F: 5’- 248 

AAACTCAAAKGAATTGACGG-3’; 1062R: 5’-CTCACRRCACGAGCTGAC-3’) and 249 

928F-Firm/1040R-Firm (928F-Firm: 5’-TACGGCCGCAAGGCTA-3’; 1040R-Firm: 5’- 250 

TCRTCCCCACCTTCCTCCG-3’) [464], respectively. The amplification was carried out us- 251 

ing an the EVAGREEN MIX (Qiagen), following the manufacturer’s instructions, using a 252 

final primer concentration of 300 nm and loading 2 µL of each DNA sample at 5 different 253 

concentrations, ranging from 1:10 dilution to 1:104. Controls included in the reaction in- 254 

clude two bacterial DNAs extracted from pure culture: DNA from a Bacillus pumilus strain 255 

to act as positive control in both reactions, and DNA from a Pseudomonas syringae strain to 256 

act as positive control with the universal bacterial primers and as negative control in the 257 

Firmicutes-specific primers. No-Template Controls were included, adding sterile water 258 

instead of DNA to the mix. All reactions were carried out on a QIAcuity machine, using 259 

96-wells plates with 8500 partitions per well, and data were analyzed with QIAcuity Suite 260 

v 1.3. 261 

For each sample, the count of copies/µL was converted to copies/ng of DNA in the 262 

original sample to normalize the data. The copy number of total bacteria and Firmicutes 263 

was expressed as an average of all analyzed samples for each maize accession and the 264 

ratio between the two was compared between the data obtained from dPCR and from 265 

Illumina sequencing. 266 

2.3 In vitro characterization of the antifungal properties of the isolated bacteria 267 

The bacteria isolated from the maize accessions were evaluated through different in 268 

vitro assays to determine whether they had some antifungal activity towards a plant path- 269 

ogenic fungus widely involved in fusarium rot in northern Italy, Fusarium verticillioides. 270 

2.3.1 In vitro antifungal assays 271 

The ability of the bacterial strains to reduce the growth of F. verticillioides strain 272 

GV2245 (identified as FV from now on), isolated from maize ear in 2011, was assessed in 273 

a two-steps experiment utilizing dual-culture technique. 274 

In the first step, a qualitative assay was set up, streaking a single colony of the bacte- 275 

rial isolate on one side of the plate, containing Tryptone Glucose Yeast Extract Agar me- 276 

dium (TGYA; containing 5 g/liter tryptone, 1 g/liter glucose, 3 g/liter yeast extract, 15 g/li- 277 

ter agar). After two days of incubation at 24 °C, FV was inoculated as a mycelium/agar 278 

plug (0.6 cm in diameter) on the diametrically opposite side of the plate, and it was incu- 279 

bated at 24°C for seven days. Each plate was produced in triplicates, and control plates in 280 

which FV alone was growing were prepared as well. In each plate the inhibition of the 281 

growth of FV was deemed successful if an inhibition halo was visible in the plate, and 282 

unsuccessful if no halo was seen (Figure S1). At the end of this period, the interaction 283 

between bacterial strain and fungus was classified as follows: a number from 0 to 3 was 284 

assigned to each bacterial isolate, based on the number of replicates in which the bacteria 285 

managed to halt the growth of FV. Bacteria that displayed an antifungal activity in most 286 

of the replicates (class 2 and 3) were considered for the second step of the experiment. 287 

The second step, a quantitative assay, was carried out as described by Passera and 288 

colleagues [475]. Briefly, 20 µL droplets from overnight liquid culture of each strain were 289 

placed on four cellulose disks near the border of a Petri dish containing TGYA and, after 290 

two days of incubation, a FV plug was placed in the middle of the plate. As negative con- 291 

trol, plates containing FV alone were used. 292 
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Fungal growth was measured 3 and 7 days3- and 7-days post inoculation (dpi) as 293 

mycelial growth diameter. Each test was carried out with plates in triplicate and three 294 

independent measures were made for each plate at each measuring time. Growth inhibi- 295 

tion percentage (GIP) was calculated as [1-(D1/D2)]x100, where D1 is the radial colony 296 

growth on bacteria-treated plate, D2 is the radial colony growth in the control plate. Ex- 297 

amples of plates with different growth patterns of FV in this assay are provided in Figure 298 

S1. 299 

2.3.2 In vivo biocontrol assay 300 

The most promising bacterial isolates that do not belong to potentially harmful spe- 301 

cies (i.e. species that are reported in literature as human pathogens and/or food contami- 302 

nants) were chosen to carry out biocontrol assays against F. verticillioides on maize kernels. 303 

Maize kernels from the hybrid accession were sterilized as previously described in 304 

section 2.2.1 and stored overnight at 4 °C in dry, sterile tubes. 305 

The next day, they were inoculated with a bacterial suspension of one of the selected 306 

isolates (20 mL of approximately 105 CFU/mL) and incubated with agitation (150 rpm) at 307 

room temperature for three hours. After this time, a conidia suspension obtained from a 308 

mix of seven F. verticillioides strains (identified as FVm from now on) was added to the 309 

tube (final concentration of 104 conidia/mL) and incubated with agitation at room temper- 310 

ature for three hours. This mixture of strains was used to avoid specific incompatibility 311 

between a single F. verticillioides strain and the utilized maize accession, and comprises 312 

the following F. verticillioides strains: Fv2003, Fv2010, Fv2170, Fv2198, Fv2221, Fv2232, and 313 

GV2245 of the collection Department of Agricultural and Environmental Sciences 314 

(DiSAA), University of Milan. After the incubation, the maize kernels were placed in a 315 

Petri dish containing 1% agar-water medium. Ten kernels were placed in each plate, and 316 

five replicates were made for each treatment. In addition to the treatments, the following 317 

controls were made: (i) kernels inoculated only with water, in place of both bacteria and 318 

FVm, identified as C-; (ii) kernels inoculated with water in place of bacteria, but inoculated 319 

with FVm, identified as C+; (iii) kernels treated with beneficial bacterial strains not iso- 320 

lated from maize and previously reported to have no in vitro antifungal effect towards 321 

FV: identified as Paenibacillus pasadenensis strain R16 [475], Pseudomonas syringae strain 322 

260-02 [486], and Lysinibacillus fusiformis strain S4C11 [497]. These last controls were used 323 

to determine whether the biocontrol ability displayed in this assay could be determined 324 

by specific antifungal abilities of the strains, or could just be due to an aspecific interaction 325 

caused by the presence of a high concentration of bacterial cells in the suspension. 326 

The plates were stored at 24 °C for one week and were then observed to determine 327 

the severity of the symptom caused by FVm on the germinated kernels. Each maize seed- 328 

ling was attributed to a class based on the observed symptom, as follows: 0 – no visible 329 

symptom and no macroscopic mycelium observed on the surface; 1 – no visible symptom, 330 

but presence of some macroscopic mycelium structures on the seedling surface; 2 – parts 331 

of the seedling, either root or shoot but not both, are showing damage caused by FVm and 332 

a big part of the seedling is covered in mycelium; 3 – the seedling is completely covered 333 

in mycelium and died, or the seed did not germinate and shows abundant mycelium on 334 

the surface. Visual examples of each symptom class are provided in Figure S1. 335 

The data obtained in this way was converted to an infection degree percentage (ID%) 336 

for each plate, using the formula presented by Townsend and Heuberger [5048]. 337 

2.4. In field susceptibility assay of selected maize accessions. 338 

In the end of July 2020, approximately seven days after the flowering of maize, when 339 

the silks were still green but started to dry from the tips, maize plants were either experi- 340 

mentally inoculated with FVm or mock inoculated with sterile water. The inoculation was 341 

performed by injecting 1 mL of FVm or sterile water in the silk channel of the primary ear 342 

of each plant. For each accession, five plants were inoculated and five plants were mock 343 

inoculated [9]. 344 
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After harvesting the ears of maize, they were visually observed to determine the 345 

damage caused by fusarium rot on each ear. The damage was expressed as percentage of 346 

ear affected by the pathogen. 347 

2.5. Statistical analyses 348 

Severity of FV-induced symptoms obtained during in vivo biocontrol assays (2.3.2) 349 

and in field susceptibility assays (2.4) were compared between treatments by one-way 350 

ANOVA followed by Tukey’s post-hoc test (P < 0.05) carried out in SPSS statistics v27 351 

(IBM). 352 

3. Results 353 

3.1. Gram-positive bacteria dominate the culturable fraction of the maize embryo bacterial 354 

microbiota 355 

The isolation and cultivation of bacterial colonies from the embryo of different maize 356 

accessions allowed us to identify 18 to 82 colonies from each accession, for a total of 303 357 

distinct isolates (Table 2). After cultivation in axenic conditions and a further morpholog- 358 

ical assessment we reduced the number of unique bacterial isolates to 82. Next, we used 359 

RAPD-PCR profiles (Figure S21) to identify isolates sharing genomic content and this 360 

analysis further reduced the number of isolates to 70 (Table 2). The sequencing and char- 361 

acterization of the 16S rRNA gene of these unique isolates revealed that the collection is 362 

represented by 24 species assigned to 11 genera (Table S21). Of note, the great majority of 363 

these bacteria (66 out of 70) was assigned to gram-positive genera: Bacillus (29 isolates), 364 

Brevibacillus (1), Brevibacterium (1), Kocuria (1), Lysinibacillus (5), Microbacterium (1), Micro- 365 

coccus (18), Rothia (1), and Staphylococcus (9). The remaining four isolates belong to the 366 

Alpha- and Gammaproteobacteria classes, represented by genera Brevundimonas (1) and 367 

Pseudomonas (3), respectively.  368 

Among these isolates, some were characterized as potential food contaminants be- 369 

longing to Bacillus cereus group (1) and to Micrococcus luteus species (12), and therefore not 370 

retained for further characterization. 371 

Table 2. Table reporting the number of bacterial isolates obtained from each studied maize acces- 372 
sion. The table reports the initial number of isolates, the number after each screening step, and the 373 
number of different bacterial genera among them. 374 

Accession code Isolated colonies 
After morphology 

screening 
After RAPD N° of genera 

H 50 31 30 7 

A 28 6 5 5 

G 82 3 2 2 

N 18 17 13 4 
W 62 21 16 2 

C 63 4 4 2 

 375 

3.2. The host genotype as a driver of the maize embryo bacterial microbiota 376 

To gain further insights into the determinants of the maize embryo bacterial micro- 377 

biota, we performed a 16S rRNA gene amplicon sequencing survey of the six maize acces- 378 

sions sampled in two different years. The sequencing was done three times, once without 379 

using any sort of blocking techniques for organellar DNA, once using PNAs to interrupt 380 

elongation of sequences belonging to organelles as described by Lundberg and colleagues 381 

[513], and the final approach using blocking primers that selectively hinder the produc- 382 

tion of sequences belonging to organelles by competitive binding, as described in Materi- 383 

als and Methods (2.2.4) [320]. The final approach used for the analysis yielded, after filter- 384 

ing in silico sequencing reads of low quality and mapping plant-derived sequences (i.e., 385 

mitochondria and chloroplasts), a total of 6007 reads assigned to bacteria, much higher 386 
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than the 2540 obtained employing the PNA blocking approach, and comparable to the 387 

6077 obtained using no blocking techniques. The initial number of reads obtained was 388 

2,617,250XXX. After filteringhaving identified sequencing reads assigned to chloroplast, 389 

mitochondria and putative contaminants previously identified in the lab [35],  390 

9X.X%more than 99% had  of these reads werehad to be discarded, yielding Upon filter- 391 

ing in silico sequencing reads of low quality and mapping plant-derived sequences (i.e., 392 

mitochondria and chloroplasts) an average of 500 reads per accession per year (min 53 393 

reads, max 1163 reads) (Table 3). These reads were assigned to a number of OTUs per 394 

accession that ranges from 23 to 166 (Table 3). 395 

 Table 3. Table reporting the average value of total bacterial reads and assigned OTUs after NGS 396 
analysis of each accession in both years. 397 

Accession code Year Reads OTUs 

H 
2017 548 46 
2018 560 51 

A 
2017 312 55 

2018 674 114 

G 
2017 162 53 

2018 694 166 

N 
2017 836 71 

2018 371 84 

W 
2017 1163 116 

2018 112 31 

C 
2017 53 23 
2018 522 115 

 398 

The number of shared OTUs between samples of the same accession in different 399 

years, that might constitute a core microbiota for that accession, is represented by UpSet 400 

graphs (Figure 1). As these graphs show, only a small numberlittle amount of OTUs 401 

iswere conserved between the different years investigated: these core bacteria cancould 402 

be as low as 8% of the total number of OTUs (for accession C), to as high as 28% (for 403 

accession H). Considering instead all the accessions in any given year, 3 and 8 OTUs were 404 

common among all accessions in 2017 (Figure 1G) and 2018 (Figure 1H), respectively. 405 
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 406 

 407 

Figure 1. UpSet graphs reporting the unique and shared OTUs within each accession in the two years 2017 and 2018. Each 408 
graph reports the result of a different accession: (A) accession H; (B) accession A; (C) accession G; (D) accession N; (E) 409 
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accession W; (F) accession C. Graphs reporting the comparison of shared and unique OTUs identified between different 410 
accessions in (G) year 2017 and (H) year 2018.  411 

Analysis of Alpha diversity highlighted very close values for the number of observed 412 

OTUs and Chao-1 index (Figure 2A), suggesting that despite the low number of total reads 413 

assigned to bacteria, the depth of sequencing might be adequate. There were no statisti- 414 

cally significant differences between sampling years or accessions on the values of Ob- 415 

served OTUs (P-value = 0.166), Chao-1 index (P-value = 0.182), or Shannon’s index (P- 416 

value = 0.547), according to a One-Way ANOVA test. 417 

Next, we investigated whether phylogenetic footprint could be identified within the 418 

maize embryo bacterial microbiota in the two examined years. To accomplish this task, 419 

we computed a Weighted Unifrac distance, which takes into account both the OTUs abun- 420 

dance and taxonomic affiliation. This analysis revealed that microbiota composition in 421 

maize embryos can be partitioned in two main groups of variety separated along the axis 422 

accounting for ~23% of variation of Principal Component Analysis (Figure 2B). Interest- 423 

ingly, these groups emerged as sufficiently robust to withstand the year-to-year variation 424 

observed for the number of reads and OTUs detected. The only exception to this is acces- 425 

sion W, which shows a variable attribution to these groups in different years, clustering 426 

with accession N in 2017 and with the other 4 accessions in 2018. Congruently, a permu- 427 

tational analysis of variance indicated the maize accession as a significant determinant of 428 

the maize microbiota (Adonis, R2 = 0.315, P value = 0.000, 10000 permutations) while nei- 429 

ther the year (Adonis, R2 = 0.034, P value = 0.359, 10000 permutations) nor the interaction 430 

between year and accession (Adonis, R2 = 0.167, P value = 0.388, 10000 permutations) 431 

emerged as significant factors driving microbiota composition. Strikingly similar results 432 

were obtained when we computed unweighted unifrac distances, which are sensitive to 433 

unique taxa, regarding the relevance of genotype (Adonis, R2 = 0.238, P value = 0.003, 434 

10000 permutations). This indicates that compositional changes identified in our survey 435 

are sufficiently robust to withstand biases introduced by the sequencing protocol. 436 
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 438 

Figure 2. Graphs reporting the (A) Alpha and (B) Beta diversity of the bacterial communities described by NGS sequenc- 439 
ing. (A) Box plots reporting the Observed OTUs, Chao-1, and Shannon indexes for each examined accession. (B) PCA plot 440 
reporting the results of Beta Diversity, calculated with Unifrac algorithm. Shape of the markers indicate year of sampling, 441 
while the color indicates the different accessions. 442 

All accessions, with the exception of N in 2017, hads a prevalence of Proteobacteria 443 

in their microbiota, constituting even more than 50% of all the bacterial reads (Figure 3A). 444 

All other phyla have great differences in abundance between the different accessions. In 445 

particular, the main differences between the N (both years), and W (2017) accessions and 446 

the other 4 (both years) are: higher abundance of Firmicutes, low abundance of Bacteroide- 447 

tes, Chloroflexi, Planctomycetes, and Verrucomicrobia. 448 

At family level, the situation reflects the one detected at Phylum level. The presence 449 

of Proteobacteria is, for all accessions except W in 2017, due mostly to bacteria belonging 450 

to the Burkholderiaceae family, and to a minor extent from Pseudomonadaceae and Xan- 451 

thomonadaceae (Figure 3B). For the accession W in 2017 the majority of Proteobacteria 452 

reads belong to the Enterobacteriaceae family instead. Regarding the Firmicutes, which 453 

are the phylum with higher relative abundance in accessions N (both years) and W (2017) 454 

compared to the others, the great majority of the reads belong to the Bacillaceae family. 455 
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 456 

Figure 3. Graphs reporting the microbiota composition as relative abundance (%) at (A) phylum level and (B) family level. 457 
Both graphs show the accession on the X-axis and the percentage of relative abundance on the Y-axis. The Y-axis is also 458 
divided in two grids, one for year 2017 and one for year 2018. Bars reaching a total below 100% in (B) are due to OTUs 459 
assigned to families other than the most abundant 15 not being plotted on the graph. (A) Alpha and (B) Beta diversity of 460 
the bacterial communities described by NGS sequencing. (A) Box plots reporting the Observed OTUs, Chao-1, and Shan- 461 
non indexes for each examined accession. (B) PCA plot reporting the results of Beta Diversity, calculated with Unifrac 462 
algorithm. Shape of the markers indicate year of sampling, while the color indicates the different accessions. 463 

Considering the relatively low number of obtained reads, a complementary approach 464 

was employed to ascertain the quantitative nature of our results. As the abundance of 465 

Firmicutes emerged as a distinctive feature of the maize embryo microbiota across 466 
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accessions, we employed a quantitative digital PCR to assess the abundance of members 467 

of this phylum as a proportion of 16S rRNA gene copy number. This investigation re- 468 

vealed a correlation of R2 = 0.944 (Figure 4, P-value = 0.000) between the two quantification 469 

approaches, suggesting that, despite the limited number of amplicon sequencing reads, 470 

the Firmicutes-led microbiota diversification represents a genuine trait of the communi- 471 

ties inhabiting maize embryos. 472 

 473 

 474 

Figure 4. Scatter plot reporting the percentage of Firmicutes on all bacteria obtained by two different methods: the Y-axis 475 
reports the results of quantification with digital PCR, reporting the percentage of the target copy number identified when 476 
using specific primers for Firmicutes compared to a general eubacteria primer pair; the X-axis reports the percentage of 477 
reads belonging to Firmicutes compared to total bacterial reads obtained by NGS sequencing. The graph also reports the 478 
trendline and R2 value. 479 

3.3. Gram-positive bacteria isolated from maize show strong antifungal ability against F. 480 

verticillioides 481 

The bacterial strains isolated from maize embryos were screened for their ability to 482 

inhibit the growth of F. verticillioides in vitro and on maize kernels. The in vitro assay fol- 483 

lowed two steps of screening, a first, qualitative one that identified 29 strains that were 484 

able to develop an inhibition halo and stop the mycelial growth of F. verticillioides (Table 485 



Microorganisms 2021, 9, x FOR PEER REVIEW 16 of 24 
 

 

S21). These strains were isolated from the different accessions as follows: no strains from 486 

accession A, two from accession C, one from accession G, 17 from accession H, five from 487 

accession N, and four from accession W. These 29 strains were used in a subsequent assay 488 

that quantified the amount of inhibition the bacteria could exert. Of these strains, 16 489 

showed a Growth Inhibition Percentage (GIP) above 20% at 7 dpi, which was considered 490 

as a threshold to be considered for further trials (Figure 5A). From these strains, six were 491 

selected for the in vivo assay with maize kernels: the strains were selected by considering 492 

the taxonomic attribution (ignoring strains that belong to species known as possibly path- 493 

ogenic), the GIP produced, and their ability to grow rapidly and consistently in laboratory. 494 

From these characteristics, the six chosen strains were G01 (Pseudomonas azotoformans), 495 

H03 (Micrococcus yunnanensis), H07 (Kocuria rosea), H20 (Bacillus megaterium), N02 (Bacillus 496 

paralicheniformis), and N09 (Bacillus paralicheniformis). Three of these bacteria belong to the 497 

Firmicutes phylum, and two were isolated from the accession N which showed a different 498 

microbiota structure compared to the other accessions. The results of the inoculation of 499 

the conidia F. verticillioides strains and bacterial solutions on maize kernels are reported in 500 

Figure 5B. The positive control, inoculated only with FVm and no bacterial strain, dis- 501 

played high values of ID% (up to 68%) while the negative control, mock-inoculated with 502 

water, gave lower ID% values, usually below 20%. The negative control does not yield 0% 503 

ID%I as the maize kernels utilized show presence of endogenous microorganisms causing 504 

rot, apparently different Fusarium strains based on the symptoms caused and the appear- 505 

ance of the mycelium, that can lead to infection even in the absence of external inoculum. 506 

All the treatments with the different selected strains isolated from maize, except for strain 507 

H03, were associated with a significant reduction of ID% that reached values comparable 508 

to those of the negative control (Figure 5B, One-way ANOVA, Tukey’s post-hoc, P-value 509 

= 0.000). This result suggests that the application of the bacterial strains on the surface of 510 

the maize kernels managed to negate the effect of the exogenous FVm application but did 511 

not elminateaffect significantly the ability to cause symptoms of the naturally present, en- 512 

dogenous microorganismsFusarium strains to rot the seeds. On the other hand, the bacte- 513 

rial strains not isolated from maize and that did not show antifungal activity against F. 514 

verticillioides strains in previous studies had no effect on the ID%I, which remained on 515 

values comparable to those obtained in the positive control. 516 
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 517 

Figure 5. Graphs reporting the results of the in vitro (on agar in Petri dishes) antifungal assay and in vivo (on germinating 518 
kernels in Petri dishes) biocontrol assay against FV and FVm, respectively. (A) Graph reporting on the X-axis the different 519 
bacterial isolates and on the Y-axis the growth inhibition percentage obtained at 7 dpi. (B) Graph reporting on the X-axis 520 
the different treatments carried out on maize and on the Y-axis severity of FV-induced symptoms, expressed as infection 521 
percentage index (ID%). Vertical dashed lines separate between groups of samples: negative (C-) and positive (C+) con- 522 
trols, bacteria isolated from maize in this study (H03, H07, H20, G01, N09, N02), and bacteria isolated from other hosts in 523 
previous studies (260-02, S4C11, R16). Different letters (a, b, c) indicate statistically significant differences among results, 524 
according to a one-way ANOVA analysis followed by Tukey’s post-hoc test (P = 0.000). 525 

3.4. Accessions characterized by similar embryo microbiota show similar susceptibility to 526 

fusarium ear rot 527 

The susceptibility to the disease associated with F. verticillioides, fusarium ear rot, was 528 

assayed in field, using both non-inoculated maize ears (natural infection) and performing 529 

an experimental inoculum of the silk channels with a suspension of conidia from F. verti- 530 

cillioides strains. The severity of the disease was assessed visually, as percentage of the ear 531 

that was infected with Ffusarium (Figure 6). All the maize accessions gave similar infection 532 

rates under natural infection: while accession N and W had lower infection than the other 533 

4, even though this difference was not statistically significant (Figure 6A). Conversely, in 534 

the F. verticillioides inoculated ears, statistically significant differences were reported: ac- 535 

cessions N and W had infection values similar to the naturally infected ears, while the 536 

remaining four accessions had way higher infection values. This can also be seen by the 537 

pictures of representative ears of maize of the different accessions (Figure 6B-G). This 538 
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suggests that these two accessions may have an adaptive advantage under conditions con- 539 

ducive to the establishment of Fusarium infections. 540 

 541 

Figure 6. Results of the in field inoculation with FVm on maize ears. (A) graph reporting on the X-axis the different acces- 542 
sions, either mock-inoculated with water or inoculated with FVm, and on the Y-axis the infection severity, expressed as a 543 
percentage of the ear surface showing symptoms. Different letters (a, b) indicate statistically significant differences among 544 
results, according to a one-way ANOVA analysis followed by Tukey’s post-hoc test (P = 0.012). Panel showing representa- 545 
tive maize ears either mock inoculated (top of each picture) or FVm-inoculated (bottom of each picture) for (B) accession 546 
H, (C) accession G, (D) accession A, (E) accession C, (F) accession N, and (G) accession W. 547 

4. Discussion 548 

Finding new and effective solutions to the problem of mycotoxins in maize has been 549 

a primary challenge for sustainable agriculture since decades [8], as their presence in the 550 

kernels affects not only the direct consumption of corn as food but also animal feed, with 551 

effects on the meat and dairy production lines. For this reason, development of fungi- 552 

resistant maize genotypes could be a revolutionary advance in agriculture. Sadly, the ge- 553 

netic bases behind resistance to Fusarium spp. is not well-characterized, making breeding 554 

programs aimed in this direction very hard. Recent evidence suggests that other pheno- 555 

types which are not easily explained by simple genetic traits, such as the phenomenon of 556 

heterosis, might be related to a contribution of the microbiota [5249]. A great involvement 557 

of the microbiota is expected in processes based in plant-microbe interactions such as de- 558 

fense mechanisms to pathogens, in which the recruitment of symbionts that can protect 559 
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against pathogens is already reported [530]. This involvement is even more relevant while 560 

the plants are at the seed stage, during which they are exposed to several biotic stresses 561 

and are at their most vulnerable [541]. 562 

The situation regarding infection by F. verticillioides is further complicated by the dif- 563 

ferent mechanisms by which it can infect maize. Infection can occur both by interaction 564 

with the silk channels [55], the mechanism that was investigated in the present study, and 565 

by entering through holes and wounds present on the surface of the plant, such as those 566 

caused by insects, in particular Ostrinia nubilalis. Also, F. verticillioides can survive as an 567 

endophyte [10], causing no symptoms to the host plant, for long periods of time and there- 568 

fore give rise to latent infections that only show symptoms at later times. It is also known 569 

that different fungal pathogens, such as different species of Fusarium or Fusarium with 570 

Ustilago species, can interact between themselves to promote or hinder the development 571 

of disease [55]. 572 

With these considerations in mind, both regarding the complexity of the pathosystem 573 

and the involvement of microorganisms in the infection process, the hypothesis behind 574 

the current study was that resistance to the pathogens responsible for fusarium ear rot 575 

may see contributions from the microbiota present in the kernels, not being directly and 576 

/strictly associated to genes of the maize plant alone. 577 

The presence of encouraging studies in the literature showing the value of exploring 578 

the microbiota of less standardized genotypes to look for bacteria that can protect maize 579 

from pathogens [56] further reinforced the hypothesis that this approach could yield in- 580 

teresting results. 581 

The characterization of the embryo-associated bacterial microbiota gave different re- 582 

sults depending on the technique employed: cultivation-dependent and -independent ap- 583 

proaches dido not agree on the composition of the bacterial community.  584 

The major point on which both approaches converge is that they identified a low 585 

number of bacteria from the investigated tissue. This is not surprising as the embryo is a 586 

tissue that was considered to be completely sterile for a long time even after the discovery 587 

of endophytic communities in other organs of plants and, being subject to a very strict 588 

regulation and protectioned by several physical and biochemical barriers, it is very hard 589 

to colonize for microbes [572]. 590 

While the sequencing-based approach describeds a bacterial community dominated 591 

by Proteobacteria, the cultivation-dependent characterization led to the isolation of 592 

mostly Gram-positive bacteria, in particular belonging to the genera Bacillus and Micro- 593 

coccus, which is in line with results previously obtained on maize seeds [232]. This could 594 

be due to the stress induced by the drying of the seed, a kind of stress that endospore- 595 

forming Gram-positive bacteria can endure more easily than other bacteria. With the cur- 596 

rent data, it is not possible to conclude whether the majority of the bacteria identified 597 

through sequencing, in particular the high number of Burkholderiaceae, are not viable 598 

and identified only from their remaining DNA, or if they are in a viable but not cultivable 599 

state.  600 

The cultivation-independent approach gave a very low number of reads belonging 601 

to bacteria. The sequencing was done three times, and gave poor results when using PNA 602 

blockers, and comparable results when using no blocking technique or blocking primers. 603 

onceemploying different techniques such as not without using any sort of blocking tech- 604 

niques for organellar DNA, using PNAs to interrupt elongation of sequences belonging 605 

to organelles as described by Lundberg and colleagues [53], and the final approach using 606 

blocking primers that selectively hinder the production of sequences belonging to orga- 607 

nelles by competitive binding [30]. The final approach used for the analysis yielded a total 608 

of 6007 reads assigned to bacteria, much higher than the 2540 obtained employing the 609 

PNA blocking approach, and comparable to the 6077 obtained using no blocking tech- 610 

niques. Therefore, oOur personal experience thus suggests that, when working with 611 

maize embryos, the use of PNAs may not be recommended, and the use of blocking 612 
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primers does not lead to substantially better results compared to the amplification carried 613 

out in conventional PCR.  614 

One experimental trial and two comparisons with previously performed studies can 615 

help explain and confirm the validity these results: (i) although the number of reads is 616 

below what considered a standard for amplicon sequencing surveys, the results were val- 617 

idated using an independent, quantitative assay: quantification of either total eubacteria 618 

or Firmicutes in the samples by digital-PCR. The obtained results validated both the low 619 

number of bacteria in the samples and the percentage of Firmicutes compared to the total 620 

of eubacteria for most analyzed samples. (ii) The overall structure of the microbiota of the 621 

embryos, with a great abundance of Proteobacteria, followed by Actinobacteria, Bac- 622 

teroidetes, and Firmicutes is in accordance with the results obtained by Guimaraes and 623 

colleagues [584] when analyzing the microbiota of maize ears. (iii)The number of reads 624 

and OTUs obtained from the sequencing is comparable to those obtained by a previous 625 

work carried out on embryos of wheat [572].  626 

These three considerations confirm that the low number of bacterial reads and of 627 

OTUs is most likely a faithful depiction of what is present inside the embryos. 628 

The analysis of beta-diversity in the microbial communities highlighted that the year 629 

of sampling is not a statistically significant variable, while the genotype of the accessions 630 

is highly significant, though it explains only a minor part of the variation between the 631 

microbial communities. This significant but smalllittle variation is in line with previous 632 

results that show how the main difference in the selection of bacteria within seeds can be 633 

found between wild and domesticated Zea mays rather than between landraces and mod- 634 

ern hybrids [595]. This variation, despite being small, allows the distinction of two groups 635 

between the accessions: one that includes accession N in both years and accession W in 636 

2017, and one that groups all other accessions. The first group is gives very interesting 637 

perspectives as it shows how the accessions N and W have a very similar microbiota struc- 638 

ture, characterized by a higher abundance of Firmicutes, which is different from the one 639 

of the other four maize accessions, while the second one shows an embryo microbiota 640 

dominated by Proteobacteria. It is interesting to note that these accessions have very dis- 641 

tinct geographic origins (North Italy and South Africa, respectively), are on completely 642 

opposite ends of the spectrum regarding kernel pigmentation (black and white, respec- 643 

tively), and show a different length of their cultural cycle (FAO classification 400 and 800, 644 

respectively). The only trait that they show to have in common is higher resistance to 645 

fusarium ear rot, as shown by the in-field inoculation assays. 646 

It must be pointed out that the results obtained from the field experiments are related 647 

to a different year from any of those in which the microbiota was examined. Accession N 648 

had fairly consistent results regarding the microbiota structure in both examined years, 649 

so it is sensible to hypothesize that the general microbiota in 2020 was similar to that seen 650 

in 2017 and 2018. Accession W, instead, was shown to group in either cluster in the two 651 

examined years and, therefore, to conclude whether the microbiota composition is related 652 

to its reduced rate of F. verticillioides infection through the silk channels, data regarding its 653 

microbiota composition in that year would be necessary. Currently, involvement of a ge- 654 

netic resistance factor in accession W, unrelated to microbiota structure, is an equally valid 655 

explanation of the obtained results. 656 

While it is tempting to see a cause-effect relationship between the structure of the 657 

embryo microbiota and the resistance to fusarium ear rot, other explanations, such as con- 658 

served maize genes implicated in fusarium resistance, cannot be discarded. Further stud- 659 

ies will be needed to discern the real impact of microbiota composition and host genetics 660 

on the resistance/susceptibility to this disease. 661 

Some insights can be taken from the results obtained from the analysis of the cultiva- 662 

ble bacteria regarding their ability to exert a biocontrol activity against F. verticillioides. A 663 

first consideration is that there is no correspondence between the antifungal activity of 664 

single strains and the overall resistance to fusarium ear rot of the variety from which the 665 

bacteria were isolated. Most of the bacteria with antifungal activity, and those with the 666 
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highest activity, were isolated from the hybrid accession, which shows severe damage 667 

from F. verticillioides infection; at the same time, only a few effective strains were isolated 668 

from varieties N and W. This can be explained when taking into consideration that i) the 669 

concentration of the bacterial cells for each given strain in the embryo is lower than that 670 

used during the experiment, ii) the exogenous application of the bacteria was carried out 671 

on the surface of the seed after sterilization, and iii) some bacteria may not show antifun- 672 

gal activity on their own but may contribute synergically with other strains to the protec- 673 

tion of the seed in natural conditions. 674 

Another consideration is that the biocontrol effect during the in vivo assays was seen 675 

only for the bacteria isolated from maize, and not for the bacteria isolated from other 676 

plants included in the study. This excludes the possibility that the effect is related to a 677 

generic plant response to the high concentration of bacteria to which the seeds were ex- 678 

posed or to a competition for space on the surface of the seed between bacteria and F. 679 

verticillioides. It is therefore more likely that these strains have co-evolved with the fungal 680 

pathogen and have become more effective in contrasting restricting the growth of 681 

Fusarium verticillioides than bacteria that have never encountered this pathogen before. 682 

Despite these encouraging preliminary results, the in-field applicability of these strains 683 

needs to be demonstrated at various levels: their safety will have to be assessed, as well 684 

as their ability to contain the disease in real operative conditions, and their effect on the 685 

accumulation of mycotoxins in the kernels. Furthermore, both in the in vivo assay using 686 

the bacteria isolated from maize and in the inoculation assay in field, the best results 687 

showed an almost complete elimination of the damage caused by the exogenously applied 688 

F. verticillioides conidia, but seemingly had no effect against the natural infection. This 689 

could be explained by a spatial limitation of the assays carried out, that put the bacteria 690 

only on the surface of the seed and inoculated the pathogen in maize through the silk 691 

channel only, or by different interactions with the fFusarium present in field. Further ex- 692 

periments will be needed to understand the precise mechanism behind these interactions. 693 

Should these strains prove effective in field conditions, they could be interesting for 694 

their embryo localization which could make them possible to be introduced in the seeds 695 

before sowing either by treatment of the flowers [6056] or, should they be inheritable, by 696 

selective breeding. This would allow to obtain plants that benefit from this protective ef- 697 

fect from the moment of germination without needing to apply the bacteria through a 698 

coating. Also, the persistence of these strains in the kernels may contribute to a lower ac- 699 

cumulation of mycotoxin and/or to a lower spoilage rate, as it has been suggested that the 700 

microbiota plays a crucial role in the development of postharvest losses [6157]. 701 

5. Conclusions 702 

This study provided preliminary results regarding the relevance of the embryo-asso- 703 

ciated bacteria of different maize accessions, both as communities and as single strains, in 704 

contributing towards resistance against fungal infections. Further studies are planned to 705 

further dissect the importance of these microbe-associated traits and their possible herit- 706 

ability to determine their possible utilization in future breeding programs. 707 
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