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Científicas y Técnicas (CONICET), Argentina 
b Laboratorio de Ecología Microbiana, Departamento de Ciencias Ecológicas, Facultad de Ciencias, Universidad de Chile, Las Palmeras 3425, Ñuñoa, 
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A B S T R A C T   

In the present study, the genomes of B. subtilis EM-A7 and B. velezensis EM-A8 were sequenced and 
annotated. The Illumina sequencing platform (NovaSeq PE150) was used to sequence the genomic 
DNA. There were 6 277 054 raw reads for EM-A7, with a Q20 of 97.52 % and 43.78 % GC, and 8 
030 262 raw reads for EM-A8, with a Q20 of 97.53 % and 46.21 % GC. Annotation was carried 
out by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP). The strains were classified 
taxonomically on the basis of an average nucleotide identity analysis (ANI), as well as through a 
dDDh analysis on the Genome-to-Genome Distance Calculator (GGDC v3.0). The pipeline pre-
dicted 4062 protein-coding sequences (CDSs) and 73 RNA genes (62 tRNA and 6 rRNA) for EM- 
A7, and 3797 protein-coding sequences (CDSs) and 80 RNA genes for EM-A8. These findings 
enhance our understanding of the two strains’ potential as biocontrol agents to manage disease in 
maize.   

1. Introduction 

Stenberg et al. (2021) [1] define biological control as “… the exploitation of living agents (including viruses) to combat pestilential 
organisms (pests and pathogens), directly or indirectly, for human good”. In other words, it is an approach that involves a pest, a biocontrol 
agent, and the humans that benefit from pest control. This strategy, which can minimize yield losses caused by crop disease, has the 
added advantage of being environmentally friendly: it prevents the emergence of pesticide resistance and does not pose the risks of 
traditional chemical control [1,2]. When isolated and introduced on leaves, epiphytic microorganisms can help plants antagonize 
pathogens from their ecosystem [3], i.e., they can act as biocontrol agents (BCAs). These microorganisms may impede pathogen 
growth directly, by outcompeting them for nutrients and space, interfering with their communication, parasitizing them, and/or 
secreting antimicrobial metabolites or enzymes. They may also inhibit pathogens indirectly, by triggering plant immune responses and 
modulating plant hormone levels [4]. 
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Maize (Zea mays L.), one of the main crops cultivated in Argentina, had an average annual yield of 32 million tons and occupied a 
7.9 million ha planting area in 2022–2023 [5]. Exserohilum turcicum (Pass.) Leonard and Suggs (Syn. Helminthosporium turcicum Pass.), 
an important pathogen found on maize leaves, is the causal agent of the endemic disease known as Northern corn leaf blight (NCLB) 
[6]. It produces significant leaf lesions and can decrease yield by between 28 and 91 % [7]. 

Our laboratory tested 111 microbial isolates from the maize phyllosphere in terms of their ability to compete against E. turcicum 
[8]. This was done by observing how the isolates modified the growth parameters of the fungus. On the basis of those studies, two 
Bacillus spp. isolates (EM-A7 and EM-A8) were chosen, and their effectiveness in reducing the severity of NCLB was evaluated. They 
were found to be dominant at a distance (5/0), and when they interacted with the fungus on dual cultures, they decreased the 
pathogen’s growth rate by about 84 and 98 % at water potential values (Ψ) of − 1.38 MPa and − 4.19 MPa [8]. In the greenhouse, both 
strains significantly reduced disease and symptom severity 20 and 39 days after initial inoculation. Under field conditions, they 
reduced the intensity of NCLB in maize plants (R2 to R4) by over 50 % over 40 days [9]. Further studies focused on their mode of 
action, which for BCAs generally involves enzymatic activity, the production of volatile organic compounds, and/or direct antibiosis 
mediated by other secondary metabolites [10]. The strains’ tolerance to different environmental conditions was assessed as well. 
Phyllospheric microorganisms tend to be more tolerant to abiotic stresses such as oxidation, UV radiation, and desiccation, and are 
able to use nutrients and vitamins on the leaf surface for their own benefit [11–13]. EM-A7 and EM-A8 were tolerant to fluctuations in 
UV radiation, temperature, and osmotic stress, which suggests they are likely to have high survival rates on leaf surfaces. 

The two Bacillus spp. isolates were subsequently identified at the genus level according to Berge’s Manual of Systematic Bacteri-
ology, and at the species level through biochemical and molecular methods, such as an API 50 CH kit (bioMérieux, Lyon, France) and 
sequencing of 16S–23S rRNA (Genbank accession number: OL704804-OL704805). This was complemented by matrix-assisted laser 
desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS, Bruker Daltonik®, Bremen, Germany) [8,14]. 

Other experiments were then performed to look into the motility and ability of EM-A7 and EM-A8 to form biofilm. A biofilm is a 
three-dimensional structure or matrix made up of extracellular polymeric substances (EPSs). It facilitates colonization and survival on 
the leaf surface, and may promote either beneficial or harmful interactions with host plants, depending on the nature of the bacteria 
within it. We observed in vitro that biofilm formation and motility were modified in EM-A7 and EM-A8 by changing conditions of 
temperature, water potential, growth medium, and time [15]. More precisely, these conditions affected the robustness of their biofilm, 
as demonstrated by the morphological phenotypes of their colonies. As described in Fessia et al. [15], complex colonies were creamy 
and convex, had lobed irregular edges, and numerous wrinkles and veins spreading from the center to the edges. Less complex colonies 
were small, smooth, and round, with well-defined edges. 

Given that light wavelength has been identified as a significant factor influencing the dynamics and functioning of leaf-associated 
microbes [16,17], we recently evaluated the multifaceted effects of light quality (i.e., wavelength and photosynthetically active 
photon flux density, or PPFD) on EM-A7 and EM-A8. Light quality was assayed in combination with water potential and nutrient 
availability. All these factors modified the behavior of the strains in terms of growth rate, formation of complex colonies and pellicles, 
in vitro biofilm quantification, motility, and antagonism toward E. turcicum [18]. The findings underscore the complexity of the in-
teractions between the bacteria and environmental factors, and the importance of considering such factors when seeking to understand 
microbial dynamics and ecological relationships. In an effort to gain further insight into the potential of B. subtilis EM-A7 and 
B. velezensis EM-A8 as BCAs, the present study sequenced and annotated their draft genomes. 

2. Methods 

The strains were propagated in nutrient broth (NB) at 30 ◦C overnight, with 140 rpm agitation. A Wizard Genomic DNA Purification 
Kit (Promega, WI) was used to extract their genomic DNA, which was processed by Novogene (Durham, NC) as will be described next. 

The DNA samples were quantitated with a Qubit fluorometer, and their integrity and purity was verified through gel electro-
phoresis. They were correctly qualified and the Illumina library was prepared. The genomic DNA was randomly sheared into short 
fragments, and these were end repaired, A-tailed, and further ligated with the Illumina adapter. Finally, they were sequenced through 
shotgun (SG) and paired-end (PE) strategies on the Illumina platform (NovaSeq PE150, Novogene). 

There were 6 277 054 raw reads for EM-A7, with a Q20 of 97.52 % and 43.78 % GC, and 8 030 262 raw reads for EM-A8, with a Q20 
of 97.53 % and 46.21 % GC. The quality report was read on FastQC (Galaxy Version 0.74+galaxy0) [19]. Adapters were trimmed and 
low-quality base reads were removed on Trimmomatic (Galaxy Version 0.38.1) [20], with quality being trimmed at a confidence level 
of Q30. These reads were used to obtain the genome sequence of each strain (herein referred to as draft genomes), which were de novo 
assembled into contigs and then scaffolded with SPAdes (Galaxy Version 3.15.4+galaxy1) on the UseGalaxy platform (https:// 
usegalaxy.org/). Genome assembly quality was determined on QUAST (Galaxy Version 5.2.0+galaxy1), which provided detailed 
information about the contigs, such as the N50 length. The genomes were annotated using the NCBI Genome Automatic Annotation 
Pipeline (PGAP) by NCBI RefSeq, and their quality was analyzed by CheckM against a set of Bacillus marker genes. Functional 
annotation was made using the Kyoto Encyclopedia of Genes and Genomes database (KEGG) (https://www.genome.jp/kegg/) [21]. 
Reference genomes of B. subtilis and B. velezensis were compared with our sequences. These genomes were taken from the GenBank 
database (http://www.ncbi.nlm.nih.gov/genbank/) (accessed on November 22, 2023), and uploaded to the JSpecies software package 
(http://www.imedea.uib.es/jspecies) to calculate average nucleotide identity (ANI) using the default conditions. They were also put 
through the Genome-to-Genome Distance Calculator (GGDC v3.0) for a digital DNA-DNA hybridization (dDDH) analysis (https://ggdc. 
dsmz.de/) via the MASH algorithm, using the default conditions. In silico dDDH values were calculated on the Type (Strain) Genome 
Server (TYGS, available at https://tygs.dsmz.de/) using formula d4. Gene clusters encoding the biosynthesis of secondary metabolites 
were identified, annotated and analyzed on antiSMASH version 6.1.1 via the UseGalaxy platform, using the default conditions [22]. 
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The trees were made on TYGS, and the genome maps were built on Proksee (https://proksee.ca). Graphics were made on GraphPad 
Prism 5.0 (GraphPad Software, San Diego, CA). 

3. Results and discussion 

The whole genome shotgun (WGS) project for B. subtilis EM-A7 was deposited at GenBank under accession JAWLRH000000000.1 
(BioProject: PRJNA1030342, BioSample: SAMN37905736). Its output consisted of 3 978 252 bp with an N50 length of 428.3 kb, and it 
predicted 89-fold genome coverage. The WGS project for B. velezensis EM-A8 was deposited at GenBank under accession 
JAWMQH000000000.1 (BioProject: PRJNA1030342, BioSample: SAMN37927805). Its output consisted of 3 963 136 bp with an N50 
length of 337.1 kb, and it predicted 93-fold coverage. Annotation was performed by the NCBI Prokaryotic Genome Annotation Pipeline 
(PGAP). 

The draft genome of each strain was assembled on SPAdes. For EM-A7, this resulted in 32 contigs and represented 89.73 % of the 
genome fraction with respect to a reference sequence. The longest contig was 700 711 bp, and the total length was 3 978 252 bp. The 
contamination level was 1 %, which is indicative of a high-quality assembly. Genome assembly and annotation completeness in terms 
of single-copy orthologs was assessed on BUSCO v. 5.4.6 [18], with bacilli_odb10 as the lineage dataset. Fully assembled single-copy 
orthologs (genome number = 302) constituted 99.7 % of the draft genome. 

On the other hand, 210 contigs were obtained for EM-A7. The longest was 91 142 bp and the total length was 3 954 218 bp, which 
represented 90.14 % of the genome fraction in comparison with a reference sequence. The contamination level was also less than 1 % 
(high-quality assembly). Using the same software and dataset as for EM-A7, (BUSCO v. 5.4.6 and bacilli_odb10), we detected that 97.3 
% of the EM-A8 genome featured complete and single-copy orthologs (number of genomes = 405), while 2.7 % was fragmented. 

The GC content, which generally varies between 17 and 75 % from one organism to another, was about 44 % for EM-A7 and 46.5 % 
for EM-A8. These values are close to those corresponding to B. subtilis (44 %) and B. velezensis (48 %). Genome size was 4 Mb for both 
strains, in agreement with the values reported for Bacillus species [2,23]. 

An average nucleotide identity analysis (ANI) was carried out on the software JSpecies to classify EM-A7 and EM-A8 taxonomically. 
ANI values compare two genomic relatives at the nucleotide level, with a high degree of discrimination between closely related species: 
values ≥ 95 % have been set as the threshold to distinguish between species [2]. Whole genome sequences of different strains of 
Bacillus spp. were downloaded from GenBank and compared against the draft genomes of our two strains. The analysis indicated a close 
relationship between them, with the ANI value for EM-A7 being ≥97.97 %, and that for EM-A8 between 97.26 and 98.81 % (Table 1). 

Further comparison with reference Bacillus spp. strains was made through a dDDH analysis on the Genome-to-Genome Distance 
Calculator (v3.0). With dDDH values ≥ 90.60 % (Table 1), the sequence of EM-A7 was highly similar to the sequences of B. subtilis 
strains, and that of EM-A8 was highly similar to those belonging to B. velezensis strains (Fig. 1). 

Fig. 2 shows the genome map of EM-A7 (2A) and EM-A8 (2B). All the predicted genes were annotated and calculated on the PGAP 
pipeline with B. subtilis or B. velezensis CheckM marker sets. In the case of EM-A7, 4062 protein-coding sequences (CDSs) and 68 RNA 
genes (62 tRNA and 6 rRNA) were predicted (Fig. 3). When this genome was aligned with sequences from databases such as RAST- 
KEGG, 4185 coding sequences and 74 RNAs were identified. As seen in Fig. 3, the most prevalent subsystem categories encoded by 
these genes are amino acids and their derivatives, carbohydrates, cofactors, vitamins, pigments and protein metabolism. In terms of 
relative importance, the most relevant functional category is amino acid derivatives and carbohydrate metabolism (31.67 %, 530/ 
1643 genes). An important percentage of genes (8.60 %, 144/1643) is implicated in the synthesis of cofactors, vitamins, prosthetic 

Table 1 
Comparative genomic analysis of Bacillus subtilis EM-A7 and Bacillus velezensis EM-A8 with the genomes of another Bacillus spp.  

Strain GenBank Accession N◦ assembly ANI (%) dDDH (%) GC (%) Size (bp) 

Bacillus subtilis EM-A7 ASM3394932v1 – – 44.00 3 978 252 

B. subtilis SG6s ASM78283v1 98.56 94.20 43.82 4 079 669 
B. subtilis PS832 ASM78929v1 99.88 92.20 43.52 4 215 367 
B. subtilis NCIB 3610 ASM205596v1 99.99 90.60 43.34 4 299 822 
B. subtilis DSM 10 ASM2953741v1 99.99 90.60 43.35 4 299 854 
B. subtilis UD1022 ASM101509v1 97.97 98.99 43.89 4 025 326 
B. subtilis BS49 GCF_000953615.1 99.96 91.50 43.47 4 251 652 

Bacillus velezensis EM-A8 ASM3394937v1 – – 46.50 3 963 136 

B. velezensis FZB42 ASM1578v2 98.57 92.10 46.48 3 918 589 
B. velezensis 

CAU B046 
ASM28369v1 97.26 93.30 46.51 4 019 861 

B. velezensis 
AS43.3 

ASM31947v1 98.81 94.60 46.59 3 961 368 

B. velezensis 
JS25R 

ASM76955v1 97.84 90.60 46.39 4 014 440 

B. velezensis 
G341 

ASM102359v1 98.28 92.00 46.49 4 009 746 

B. velezensis 
YJ11-1-4 

ASM31947v1 97.86 94.60 46.42 4 006 637  
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groups and pigments, most of which are essential in diverse metabolic pathways. A minor percentage (5.2 %, 87/1643 genes) is 
associated with the metabolism of aromatic compounds, nitrogen, potassium, phosphorus, iron and sulfur. Furthermore, there are 
genes related to dormancy and sporulation (5.85 %, 98/1643), the stress response (2.80 %, 47/1643), motility and chemotaxis (2.69 
%, 45/1643), and secondary metabolism (0.35 %, 6/1643). 

For EM-A8, 3797 protein-coding sequences (CDSs) and 80 RNA genes were predicted (Fig. 3). According to the KEGG database, the 

Fig. 1. GBDP tree (whole-genome, sequence-based). Tree inferred with FastME 2.1.6.1 [49] from GBDP distances calculated from genome se-
quences. The branch lengths are scaled in terms of the GBDP distance formula d5. The numbers above the branches are GBDP pseudo-bootstrap 
support values > 60 % from 100 replications, with an average branch support of 47.8 %. (A) Bacillus subtilis EM-A7 (B) Bacillus velezensis EM- 
A8. The trees were made using Type (Strain) Genome Server (TYGS), a free bioinformatic platform available at https://tygs.dsmz.de. 
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distribution of genes across functional subsystem categories is similar to that of EM-A7 genes (Fig. 3). The most prevalent categories 
are amino acids and derivatives (17.95 %), carbohydrates (12.90 %), and cofactors, vitamins, pigments and protein metabolism (9.25 
%). These results are similar to those reported previously [2,23–25]. 

Table 2 shows representative genes in EM-A7 and EM-A8 which are related to biofilm, motility, plant growth promotion and the 
synthesis of resistance inducers. These genes have been reported in Bacillus spp. by several authors before [2,23–25]. Furthermore, 

Fig. 2. Whole genome information and genome map of Bacillus subtilis EM-A7 (A) and Bacillus velezensis EM-A8 (B). The circles (outer to inner) 
represent rRNA, tmRNA, tRNA, nomenclature and locations of CDDs, comparative sequence with related strains, GC skew and GC content. The 
circles were mapped using Proksee (https://proksee.ca). 

Fig. 3. Number of genes per category.  
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Table 2 
Representative genes of Bacillus subtilis EM-A7 and Bacillus velezensis EM-A8 related to biofilm, motility, promotion of plant growth/defenses, and 
synthesis of resistance inducers.  

Gene Annotation Protein Function 

EM-A7 EM-A8 

abrB R3M60_19295 R5D67_19070 Transition state regulator Transcription control of biofilm 
alsS R3M60_02665 R5D67_11345 Acetolactate synthase Plant resistance type ISR 
aprE R3M60_11540 absent Subtilisin E Degradation of proteins, N source 
aroB R3M60_07695 R5D67_06185 3-dehydroquinate synthase Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
aroC R3M60_07700 R5D67_06180 Chorismate synthase Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
aroH R3M60_07690 R5D67_06190 Chorismate mutase Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
bglC R3M60_13550 absent 6-phospho-beta-glucosidase Carbohydrate catabolic process 
bslA R3M60_00050 R5D67_00005 Hydrophobic protein Biofilm assembly factor 
comA R3M60_00380 absent Two-component response regulator Positive regulation of late competence genes 

and surfactin production 
comX R3M60_00390 R5D67_00320 Competence pheromone Quorum-sensing pheromone for 

development of genetic competence 
corA R3M60_14760 R5D67_18415 Magnesium/cobalt transporter CorA Plant growth promotion, Magnesium 

utilization 
dacA R3M60_20270 R5D67_19455 Carboxypeptidase Plant resistance type PTI 
Ecs R3M60_11410 R5D67_09215 ABC transporter ATP-binding protein EcsA Control of protein secretion 
Efp R3M60_08610 R5D67_05205 Similar to elongation factor P Swarming motility 
Epr R3M60_17670 absent Extracellular protease Degradation of proteins, minor protease, N 

source 
epsA-O R3M60_01815 R5D67_01740 Operon for exopolysaccharide biosynthesis Assembly of extracellular matrix 
flgK R3M60_02335 R5D67_02250 Flagellar hook-associated protein Elicitation of plant basal defense 
flgL R3M60_02330 R5D67_02245 Flagellin Plant resistance type PTI 
fliD R3M60_02300 absent Flagellar capping protein Elicitation of plant basal defense 
Fni R3M60_07790 R5D67_06100 Isopentenyl-diphosphate Delta-isomerase Plant resistance type ISR 
gale R3M60_18180 R5D67_08265 UDP-glucose 4-epimerase GalE Carbohydrate metabolism 
galT R3M60_17555 R5D67_08270 UDP-glucose-hexose-1-phosphate uridylyltransferase Carbohydrate metabolism 
Hag R3M60_02310 R5D67_02225 Flagellin Bacterial type-flagellin 
ilvB R3M60_05025 R5D67_06765 Acetolactate synthase 3 catalytic subunit Plant resistance type ISR¸ plant growth 

promotion 
ilvN R3M60_05020 R5D67_06760 Acetolactate synthase small subunit Plant resistance type ISR: plant growth 

promotion 
ispD R3M60_18050 R5D67_18795 2-C-methyl-D-erythritol 4-phosphate Plant resistance type ISR 
ispE R3M60_19250 R5D67_19025 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase Plant resistance type ISR 
ispF R3M60_18045 R5D67_18790 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase Plant resistance type ISR 
ktrC R3M60_16540 R5D67_12635 Ktr system potassium transporter KtrC Plant growth promotion, Potassium 

transporter 
lytS R3M60_05340 absent Sensor histidine kinase controlling autolysis Transcription control of biofilm formation 
metC R3M60_12360 R5D67_08365 Cystathionine beta-lyase Plant resistance type ISR 
metE R3M60_15850 R5D67_13245 5-methyltetrahydropteroyltriglutamate–homocysteine S- 

methyltransferase 
Plant resistance type ISR 

mgtE R3M60_15915 R5D67_13205 Magnesium transporter Plant growth promotion, Magnesium 
utilization 

mmuM R3M60_14090 R5D67_12200 Homocysteine S-methyltransferase Plant resistance type ISR 
moaA R3M60_03035 R5D67_11030 Molybdenum cofactor biosynthesis protein A Cofactor for nitrogen assimilation 
Mpr R3M60_14170 R5D67_18270 Extracellular metalloprotease Degradation of proteins, minor protease, N 

source 
narH R3M60_03335 R5D67_10750 Nitrate reductase subunit beta Plant growth promotion, Nitrate transport 

and reduction 
narI R3M60_03325 R5D67_10760 Nitrate reductase subunit gamma Plant growth promotion, Nitrate transport 

and reduction 
narJ R3M60_03330 R5D67_10755 Nitrate reductase molybdenum cofactor assembly chaperone Plant growth promotion, Nitrate transport 

and reduction 
narK R3M60_03360 R5D67_10725 Nitrate transporter NarK Plant growth promotion, Nitrate transport 

and reduction 
nasD R3M60_13630 R5D67_11835 NADPH-nitrite reductase Plant growth promotion, Potassium 

transporter 
nirD R3M60_13635 R5D67_11840 Nitrite reductase small subunit NirD Plant growth promotion, Nitrate transport 

and reduction 
pelA R3M60_14975 absent Pectate lyase Degradation of pectin, C source 
pgsABC R3M60_02600 R5D67_03475 Operon for poly-gamma glutamic acid biosynthesis Adherence of charged molecules during 

biofilm formation 
phrA R3M60_12660 R5D67_13650 Phosphatase rapA inhibitor Secreted regulator of the activity of 

phosphatase RapA 

(continued on next page) 
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they have been linked to an increased potential to adapt to changing environmental conditions on plant surfaces [23,26]. The presence 
of genes that encode the synthesis of enzymes like hydrolase, protease, glycoside hydrolase or glucuronoxylanase suggests that both 
strains could use carbon sources available in plant surface exudates, e.g., xylan or pectin. Previously, we detected that EM-A7 and 
EM-A8 were able to produce hydrolytic enzymes such as chitinase, protease and β-1,3-glucanase in vitro [10]. The latter is responsible 
for the lysis and degradation of the cell and sclerotium wall in fungi [10], and could thus work as a mechanism of biocontrol. The 
synthesis of sulfur and iron, which is also encoded by genes in these two draft genomes, could be ecologically advantageous to bacteria 
and plant health, since the mobilization and bioavailability of micronutrients is important for plant development [27]. 

On the other hand, the genome of EM-A7 (but not that of EM-A8) contains a gene encoding the ABC transporter of bacitracin, an 
antibiotic. This may provide EM-A7 with immunity to bacitracin and its related metabolites [23,28,29], and thus enhance the 
effectiveness and persistence of the strain as a BCA. 

Several genes in the two draft genomes are related to motility and chemotaxis. This is especially important, since BCAs can only 
protect plants effectively if they succeed in establishing themselves in the host plant through chemotaxis, motility, and appropriate 
growth [30]. Chemotaxis allows bacteria to swarm across solid surfaces such as leaves and colonize them [31]. Under different 
environmental conditions (nutrient agar and different LED lights), EM-A7 and EM-A8 were able to swim and swarm [15,32]. Their 
genomes include genes efp (similar to elongation factor P), hag (flagellin), swrA (swarming motility protein) and yczE (integral 
membrane protein). 

Table 2 (continued ) 

Gene Annotation Protein Function 

EM-A7 EM-A8 

phrC R3M60_13370 absent Phosphatase rapC inhibitor Secreted regulator of the activity of 
phosphatase RapC 

phrK absent R5D67_14200 Phosphatase rapK inhibitor Secreted regulator of the activity of 
phosphatase RapK 

phyC R3M60_07145 R5D67_14240 phytase 3-phytase activity 
pstA R3M60_03495 R5D67_04960 Phosphate ABC transporter permease Plant growth promotion, Phosphate 

solubilization 
pstB R3M60_03490 R5D67_04965 Phosphate ABC transporter ATP-binding protein PstB Plant growth promotion, Phosphate 

solubilization 
pstc R3M60_03500 R5D67_04955 Phosphate ABC transporter permease subunit Plant growth promotion, Phosphate 

solubilization 
rapA R3M60_12655 absent Response regulator aspartate phosphatase A Negative regulation of Spo0F 
rapB R3M60_03030 absent Response regulator aspartate phosphatase B Negative regulation of Spo0F 
rapD R3M60_02860 absent Response regulator aspartate phosphatase D Regulation of coma regulon 
rapH R3M60_15325 absent Response regulator aspartate phosphatase H Negative regulation of coma 
rapJ R3M60_13870 absent Response regulator aspartate phosphatase J Control of expression of genes regulated by 

Spo0A 
resE R3M60_07905 absent Sensor histidine kinase Control of aerobic and anaerobic respiration 
sacB R3M60_01860 absent Levansucrase Synthesis of levan 
sigH R3M60_18010 R5D67_18755 Sigma factor H Initial stage of biofilm 
sigW R3M60_14380 R5D67_19255 Sigma factor W Transcription control of biofilm 
sinI R3M60_08685 R5D67_10230 Antagonist of sinR Transcription control of biofilm formation 
sinR R3M60_08690 R5D67_05130 Master regulator Transcription control of biofilm formation 
sipW R3M60_08700 absent Type I signal peptidase Involved in processing of TasA and TapA 
spo0A R3M60_08495 R5D67_05320 Master regulator of initiation of sporulation Sporulation, biofilm 
srfABCD R3M60_13515 R5D67_11765 surfactin non-ribosomal peptide synthetase Sporulation, antibiotic biosynthetic process 
swrA R3M60_02240 R5D67_02155 Swarming motility protein Swarming motility 
tapA R3M60_08705 R5D67_05115 Auxilliar protein Assembly and anchoring of TasA fibers 
tasA R3M60_08695 R5D67_05125 Amyloid-like protein Amyloid-like fibers in extracellular matrix 
trpA R3M60_07660 R5D67_06220 Tryptophan synthase subunit alpha Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
trpC R3M60_07675 R5D67_06205 Indole-3-glycerol phosphate synthase Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
trpD R3M60_07680 R5D67_06200 Anthranilate phosphoribosyltransferase Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
trpE R3M60_07685 R5D67_06195 Anthranilate synthase component I Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
trps R3M60_12110 R5D67_08625 Tryptophan–tRNA ligase Plant growth promotion, Indole-3-acetic 

acid biosynthesis 
tuf R3M60_17935 R5D67_18680 Elongation factor Tu Plant resistance type PTI 
vpr R3M60_17505 absent Extracellular protease Degradation of proteins, minor protease, N 

source 
xynA R3M60_06670 R5D67_11070 Endo-1,4-beta-xylanase Degradation of xylan, C source 
xynB R3M60_09300 R5D67_03790 Glycoside hydrolase Carbohydrate metabolism 
xynC R3M60_08965 absent Glucuronoxylanase Degradation of xylan, C source 
yczE R3M60_13475 absent Integral membrane protein Surface motility and biofilm 
ydbK R3M60_12955 absent Hypothetical protein Transcription control of biofilm formation  
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Other genes that were identified in the two strains are associated with biofilm formation. On leaf surfaces, biofilm awards mi-
croorganisms protection against numerous adverse conditions, and helps cells to become attached [33]. Attachment to a surface makes 
it possible to form communities in which each cell can obtain additional benefits from its neighbor’s phenotypic versatility [14]. In 
BCAs, the diversification of cell types in biofilms suggests that this lifestyle enables them to better adapt to and resist hostile conditions 
in agricultural ecosystems. EM-A7 and EM-A8 have several genes implicated in the assembly and regulation of biofilm formation, such 
as genes that encode the synthesis of components of the extracellular matrix. Gene bslA encodes a hydrophobic protein which confers 
hydrophobicity and contributes to biofilm architecture. Operon pgsB synthesizes polygamma glutamic acid, which facilitates the 
adherence of molecules during biofilm formation. Operon epsA-O encodes the synthesis of exopolysaccharides, and operon tapA that of 
amyloid fibers and signal peptidase. The TasA protein encoded by tasA is a structural protein of the extracellular matrix and major 
protein component of fibers. Finally, gene srfA is related to surfactin, a lipopeptide component of biofilm which acts as a surfactant and 
has antimicrobial activity [28,34,35]. 

In addition, we found regulatory genes such as lytS, a sensor histidine kinase controlling autolysis; sigH-W, a sigma factor H and W 
related with the transcriptional control of biofilm; sipW, a signal peptidase W, which processes TapA and TasA, and activates the 
expression of eps; sinR, which encodes a master regulator; sirR-sinI, an epigenetic switch that controls biofilm formation and the spo0A 
pathway, and which is also a main transcriptional regulator involved in the control of genes behind matrix expression and sporulation 
[35,36]. 

Quorum sensing (QS) is a process through which bacterial cells communicate with each other to coordinate activities such as 
biofilm formation, interactions with the plant, and other physiological responses. Operon comQXPA in Bacillus spp. is a QS system that 
controls the expression of several genes involved in the competition against other microorganisms or the production of surfactin, 
among other genes [37]. DegSU is a two-component system related to signal transduction in response to environmental stimuli. The 
genes for comQXPA and DegSU were found in EM-A7 and EM-A8, although the former was incomplete. Similar results were described 
by Na et al. (2023) [38]. 

In Bacillus spp., extracellular Phr peptides are implicated in relevant processes such as the synthesis of antibiotics, sporulation, and 
biofilm formation. Nine genes in EM-A7 encode Rap proteins (RapA to RapG) and five Phr peptides (PhrA to PhrG). These proteins 
inhibit the response regulators of different two-component regulatory systems [39]. Genes associated with these regulatory systems 
were not found in EM-A8. 

On the other hand, the analyses revealed that both draft genomes include genes implicated in the synthesis of molecules known as 
elicitors. As their name indicates, these elicit or induce nonspecific basal plant immunity or induced systemic resistance (ISR), and can 

Table 3 
Putative gene clusters that encode secondary metabolites in B. subtilis EM-A7 and B. velezensis EM-A8.  

Cluster Type Most similar known clusrer MIBiG (% of genes that show 
similarity) 

Bioactivity 

B. subtilis EM-A7 

Cluster 1 NRPS Bacillibactin NRP BGC0000309 (100 %) Iron-acquisition and 
antibacterial 

Cluster 2 Sactipeptide Subtilosin A – RiPP 
thiopeptide 

BGC0000602 (100 %) – 

Cluster 3 Other Bacilysin – other BGC0001184 (100 %) Antibacterial 
Cluster 4 NRPS Plipastatin – NRP BGC0000407 (30 %) – 
Cluster 5 Terpene – – – 
Cluster 6 T3PKS – – – 
Cluster 7 NRPS-beta lactone Fengycin – NRP BGC0001095 (73 %) Antibacterial and antifungal 
Cluster 8 NRPS- transAT-PKS Bacillaene – polyketide + NRP BGC0001089 (100 %) Antibacterial and antifungal 
Cluster 9 T3PKS-PKS like – – – 
Cluster 10 NRPS Surfactin – NRP lipopeptide BGC0000433 (82 %) Antibacterial 
Cluster 11 NRPS Plipastin – NRP BGC0000407 (30 %) Antifungal 
Cluster 12 NRPS Plipastin – NRP BGC0000407 (15 %) Antifungal 

B. velezensis EM-A8 

Cluster 1 NRPS – RIPP- like Bacillibactin NRP BGC0000309 (100 %) Iron acquisition and 
antibacterial 

Cluster 2 TransAT-PKS – T3PKS – NRPS Bacillaene - polyketide + NRP BGC0001089 (100 %) Antibacterial and antifungal 
Cluster 3 NRPS - TransAT-PKS – Beta 

lactone 
Fengycin – NRP BGC0001095 (86 %) Antibacterial and antifungal 

Cluster 4 TransAT-PKS Difficidin - polyketide + NRP BGC0000176 (100 %) Antibacterial 
Cluster 5 Terpene – –  
Cluster 6 Other Bacilysin – other AP012495_c1 (100 %) Antibacterial 
Cluster 7 NRPS Surfactin – NRP – lipopeptide BGC0000433 (91 %) Antibacterial 
Cluster 8 T3PKS – – – 
Cluster 9 Terpene – – – 
Cluster 10 NRPS Rhizocticin A – other BGC0000926 (16 %) – 
Cluster 11 NRPS Fengycin – NRP BGC0001095 (20 %) Antibacterial and antifungal 
Cluster 12 NRPS Plipastin – NRP BGC0000407 (30 %) Antifungal 
Cluster 13 NRPS – – –  

A. Fessia et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e32607

9

therefore enhance the plant’s resistance to pathogens [40]. An example of such elicitors are flagellin proteins, which are also essential 
for motility, and which are encoded by genes flgK, flgL and fliD in EM-A7 and EM-A8. Besides, tufA genes encoding an elongation factor 
were detected [23]. 

Other gene clusters found in the genomes of both strains are related to the promotion of plant growth. Essential elements such as 
nitrogen, phosphorus, and potassium play crucial roles in plant growth and development, and several genes in EM-A7 and EM-A8 may 
allow the bacteria to make such elements more readily available for the plant. Genes nar (H–K), nasD, and nirD have been predicted to 
be involved in nitrate transport and reduction; pst (ABC), a three-gene cluster, is involved in phosphate solubilization; and KtrC and 
yugO are implicated in potassium uptake [2]. 

Finally, the antiSMASH analysis showed that EM-A7 and EM-A8 feature 12 and 9 putative gene clusters, respectively, which encode 
the synthesis of secondary metabolites with antagonistic characteristics (Table 3). Bacillus isolates have exhibited different modes of 
antagonistic action, e.g. enzymatic activity, the production of volatile organic compounds, and/or direct antibiosis through other 
secondary metabolites [14]. The genomes of the two strains studied here contain genes encoding the synthesis of non-ribosomal 
peptide synthetases (NRPSs) and polyketide synthetases (PKSs), as well as ribosomally synthesized clusters. NRPSs have been asso-
ciated with the synthesis of bacillibactin, subtilisin, bacilysin, pliplastin, fengycin, and surfactin, all of which have antimicrobial 
properties. Fengycin and surfactin, in particular, are cyclic lipopeptides that can not only suppress pathogenic bacteria and fungi that 
affect plants, but also induce ISR [41]. Mo reover, they may confer an advantage to Bacillus strains in ecological niches [42]. EM-A8 
also has genes encoding difficidin, bacillaene, and butirosin A/butirosin B, which have antibacterial and antifungal effects [43–46]. In 
general, these findings support those of a previous in vitro study in which the two strains demonstrated a strong production of volatile 
compounds and antibiotics [10]. 

In summary, the draft genomes sequenced here for EM-A7 and EM-A8 have a similar size and are of appropriate quality according 
to the BUSCO values. EM-A7 has a greater number of protein-coding sequences than EM-A8 (4062 vs 3797). The distribution of genes 
across functional categories is similar in both strains, with a significant percentage of genes involved in the metabolism of amino acid 
derivatives and carbohydrates. Several genes found in EM-A7 were not present in EM-A8, e.g. genes associated with two-component 
response regulators and degradation enzymes, and genes encoding compound degradation, surface motility and control of biofilm 
formation. However, both draft genomes include genes related to colonization, biofilm formation, motility, and the production of 
secondary metabolites with antimicrobial characteristics. These may favor the establishment and activity of EM-A7 and EM-A8 as 
BCAs on the leaf surface of maize. 

4. Conclusion 

The bioinformatics analyses reported here resulted in the obtention of the draft genome sequences for B. subtilis EM-A7 and 
B. velezensis EM-A8. These strains, which were isolated from the maize phyllosphere, had been previously studied in vitro, in the 
greenhouse and in the field, and repeatedly showed promising biocontrol potential against a pathogen affecting maize. Knowledge 
about the genes that encode their antimicrobial activity and those properties that may favor their survival on maize leaves can help us 
have a greater understanding of their possible applications as biocontrol agents, as well as of the complex interactions between 
biocontrol agents, pathogens, and the environment. 
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