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Resumen  

Identificación y análisis funcional de determinantes asociados a 

los mecanismos de acción de la cepa de BAFE IBUN 2755 en el 

biocontrol de Burkholderia glumae  en plantas de arroz  
 

Bacillus velezensis IBUN 2755 es una cepa biocontroladora de Burkholderia glumae en 

plantas de arroz. Este trabajo buscó determinar el mecanismo de acción de la cepa IBUN 

2755 contra dicho patógeno. El genoma de la cepa fue secuenciado encontrando 214 

genes asociados a biocontrol y el 16,8% del tamaño del genoma dedicado a compuestos 

antimicrobianos. Ensayos de transformación dirigidos a mutar el gen sfp revelaron la 

recalcitrancia a la transformación genética la cepa IBUN 26755 y en consecuencia una 

estrategia de mutagénesis aleatoria por irradiación con luz UV fue desarrollada. Un 

tamizaje funcional de los mutantes mostró que células y sobrenadante de la cepa 130B 

(mutante de IBUN 2755), carecen de actividad antagónica contra B. glumae. Además, este 

mutante presenta una biopelícula cuya arquitectura difiere de la cepa silvestre y es incapaz 

inducir resistencia en plántulas de arroz. En contraste, la cepa IBUN 2755 silvestre induce 

la sobreexpresión del gen Npr1 y reprime el gen Ospr10 en plántulas expuestas a la 

biomasa o a los compuestos orgánicos volátiles, lo que conduce a la disminución de la 

incidencia de la enfermedad. Además, el mutante 130B deja de producir algunos 

compuestos de tipo surfactina en comparación con la cepa silvestre. El genoma del 

mutante 130B muestra una mutación en el gen spo0A que podría explicar el fenotipo de 

esta cepa. Así, los principales mecanismos de acción de la cepa IBUN 2755 contra B. 

glumae son la producción de compuestos tipo surfactinas y la inducción de resistencia 

sistémica por contacto y la producción de compuestos orgánicos volátiles. 

 

 

Palabras clave: control biológico, arroz, Bacillus , B. glumae , modificación genética, 

lipopéptidos   
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Abstract  

Identification and functional analysis of determinants associated 

with the mechanisms of action of the AEFB strain IBUN 2755 in 

the biocontrol of Burkholderia glumae  in rice plants  

Bacillus velezensis IBUN 2755 is a biocontrol strain of Burkholderia glumae in rice plants. 

This work sought to determine the mechanism of action of the IBUN 2755 strain against 

the said pathogen. The genome of the strain was sequenced, finding 214 genes associated 

with biocontrol and 16,7% of the genome size dedicated to antimicrobial compounds. 

Transformation assays aimed of designed to mutate the sfp gene, revealed recalcitrance 

to the genetic transformation of IBUN 2755 strain. Consequently, a strategy of random 

mutagenesis by irradiation with UV light was developed. A functional screen of the mutants 

showed that strain 130B (mutant of IBUN 2755 strain) lacks biomass and culture 

supernatant antagonistic activity against B. glumae. This mutant presents a biofilm whose 

architecture differs from the wild strain and cannot control B. glumae disease and induce 

resistance in rice seedlings. In contrast, the wild-type IBUN 2755 strain induces 

overexpression of the Npr1 gene and represses the Ospr10 gene in seedlings exposed to 

biomass or volatile organic compounds, leading to decreased disease incidence. In 

addition, the 130B mutant fails to produce some surfactin-like compounds compared to the 

wild-type strain. The 130B mutant genome shows an insertion in the spo0A gene that could 

explain the phenotype of this strain. Thus, the main mechanisms of action of the IBUN 2755 

strain against B. glumae are the production of surfactin-like compounds and the induction 

of systemic resistance by contact, and volatile organic compounds production (VOC) 
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Introdu ction  

Rice is a plant of great importance in the human diet, being the leading food in several 

Asian countries and some of South America, as well as the third most cultivated cereal in 

the world after corn and wheat (FAO, 2022). Different diseases have affected the yield of 

this crop, which them caused by the Burkholderia glumae bacterium is limiting 

(Nandakumar et al., 2009). 

 

The B. glumae bacterium has been reported in several rice-producing areas in the world, 

including Colombia (Zhu et al., 2008; Devescovi et al., 2007; Nandakumar et al., 2009; Fory 

et al., 2014; Hou et al. al., 2020). It has been associated with the presence of two main 

symptoms: seedling rot (Kurita and Tabei, 1967; Uematsu et al., 1976; Hikichi, 1993; 

Devescovi et al., 2007; Flórez-Zapata and Uribe-Vélez, 2011) and the bacterial panicle 

blight. The latter has caused losses of up to 75% of crop yield due to inflorescence sterility 

and grain vanishing (Nandakumar et al., 2009; Fory et al., 2014). 

 

The global incidence of B. glumae has been increasing in recent years due to climate 

change (Schaad, 2008; Shew et al., 2019), the high genetic variability of strains of the 

species (Nandakumar et al., 2009; Karki et al., al., 2012; Seo et al., 2015), and the absence 

of disease control or management strategies (Cui et al., 2016). The only control that has 

shown effectiveness is the use of oxolinic acid (Hikichi, 1993), but it is currently prohibited 

in several countries due to the appearance of strains of B. glumae resistant to this 

compound (Maeda et al., 2004; Nandakumar et al., 2009).  

 

Therefore, biological control is another option for managing this disease, whose strategy 

seeks to take advantage of the natural enemies of the causative agent. Among the 

microorganisms used in this control strategy are Aerobic Endospore-Forming Bacteria 

(AEFBs), as shown by Beric et al., (2012) in in vitro antagonism studies, and by Chung et 

al. (2015) and Shrestha et al. (2016) at in vivo level in leaves and panicles, respectively. 

Additionally, the Biocultivos company produces and markets the Actyvac® product, which 

includes Streptomyces racemochromogenes, which corresponds to one of the strains 

characterized in the work of Súarez - Moreno et al., (2019) (https://www.biocultivos.com. 

co/producto-actybac/). 

 

Likewise, Pedraza et al., (2021) evaluated 74 strains of rhizosphere AEFBs at in vitro and 

in vivo levels under two inoculation models of B. glumae, finding that 12 strains presented 

biocontrol activity, reducing disease symptoms in seedlings. At the greenhouse level, the 
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Bacillus IBUN 2755 strain, isolated from potato rhizosphere, stood out, given the ability to 

counteract the effects of the pathogen on the percentage of seed germination and the 

reduction in stem and root length. 

 

Additionally, it was found that the Bacillus IBUN 2755 strain reduced the population of B. 

glumae during the vegetative growth phase of the plant (Pedraza et al., 2021). When 

evaluated under field conditions, a decrease in the incidence of the disease caused by B. 

glumae was found, being able to counteract the deleterious effects of the pathogen on grain 

filling and decreasing the population of B. glumae in crop residues of rice (Pedraza et al., 

2021). 

  

The IBUN 2755 strain has also shown biocontrol activity against the Rhizoctonia solani 

fungus both in vitro and under greenhouse conditions in potato (Blanco, 2012). Likewise, 

through liquid chromatography (HPLC) coupled with mass spectrometry (MS), it was 

possible to demonstrate the production of surfactin and fengycin lipopeptides that are 

important in biocontrol mechanisms (Blanco, 2012). 

  

The previous results are evidence of the biocontrol activity of the IBUN 2755 strain, 

especially the possibility of its application in managing B. glumae. However, it is necessary 

to know the mechanisms of action responsible for its activity. Knowledge of these 

mechanisms allows us to contribute to the development of a commercial product that 

includes its true active ingredient against the target pathogen, but would also improve its 

application method, contributing to better results in the field. 

 

Although several works reported the study of mechanisms of action of biocontrol AEFBs at 

the in vitro level, especially of the genus Bacillus, only some attempt to describe these 

mechanisms at the in vivo level. Within the latter, some work carried out with the B. 

velezensis FZB42 strain stands out, which is used commercially in biological control and 

as a promoter of plant growth (Borriss, 2011). 

  

This work aimed to identify and evaluate the determinants associated with the mechanism 

of action of the Bacillus IBUN 2755 strain against B. glumae in rice plants. 

 

The hypothesis of this work, according to the results obtained in previous studies, is that 

the activity of antimicrobial compounds is one of the main mechanisms of action of the IBUN 

2755 strain against B. glumae due to its direct antagonism and its effect on the induction of 

plant defense system and using different tools would make it possible to find out the 

mechanisms of action used by the IBUN 2755 strain against the phytopathogenic bacterium 

B. glumae during its interaction in rice plants . 
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1.1 Rice crop  

Rice (Oryza sativa L.) is an annual grass of great importance in the human diet since it 

constitutes the leading food in several Asian countries and in some of South America. It is 

the third most cultivated cereal in the world after maize and wheat, reaching a production 

of 787 million metric tons in 165 million hectares by the year 2021 (FAO, 2022; Anders et 

al., 2021) of which Asia produces 90% of the total world value, being the largest producer 

China (Ospina & Aldana, 2001). 

  

Colombia was ranked number 22 in the world ranking of rice producers between 2013 and 

2019, with an average production of 2.71 million tons, with rice production being one of the 

most important items showing a 5% share in agricultural GDP for the year 2017 (Parra-

Peña et al., 2022). In Colombia, rice production generates around 500,000 direct and 

indirect jobs in more than 215 municipalities, which depend 90% on this activity 

(FEDEARROZ, 2014). According to the IV National Rice Census, there are approximately 

16,378 producers, in 25,256 UPA (Rice Producing Units) for dry rice production and 8,586 

producers in 11,007 UPA for flooded rice in the four rice-producing areas of the country. i) 

central area comprising Tolima, Huila and Valle del Cauca; ii) the eastern plains in the 

departments of Meta and Casanare, iii) the humid Caribbean area including Antioquia, 

Bolívar, Córdoba and Sucre and iv) the dry Caribbean area comprising the departments of 

Cesar, Guajira and Santanderes (FEDEARROZ, 2016). 

  

Rice is a crop of tropical or subtropical zones with optimum temperatures between 32 and 

34 °C and 40 and 42 °C, as minimum and maximum ranges, respectively. Thus, the growth 

of the plant depends mainly on the climate, water, and nutrients (Ospina and Aldana, 2001). 

The growth of the plant is continuous, including a complete cycle from the moment of seed 

germination to the maturity of the grains, where three growth phases are distinguished. The 

first phase, called vegetative, begins with the germination of the seed, and culminates with 

the formation of the leaf primordium; it is of variable duration (Fernández et al., 1985). The 

second is the reproductive, which covers the initiation of the panicle until flowering and has 

a constant duration between varieties of approximately 35 days. The last phase is 
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maturation, which begins with flowering, ends with grain maturation, and lasts 

approximately 30 days (Figure 1). 

 
 

Figure  1. Phenological phases of rice cultivation. The rice plant has two main phases: 
vegetative and reproductive. Taken from: https://images.app.goo.gl/MiJDifvFxK17h3wC9   

Given its importance as a food source, the need to maintain yields in rice production is 

recognized, which has been affected by different crop limitations, including diseases 

(Chaudhary et al., 2003). In this last category is the empty grain, or absence of grain filling, 

which strongly affects the crop and can be caused by various biotic and abiotic factors. 

Within the abiotic ones, there are high temperatures since they affect the plant in stages of 

heading and flowering, affect the viability of the pollen and reduce the photosynthetic rate 

(Shah et al., 2011). In the case of biotic factors, the disease caused by the pathogen 

Burkholderia glumae is reported, where several authors argue the significant decreases in 

yield attributed to the presence of this pathogen and the symptoms it produces in the crop, 

which coincide with climatic conditions that unfavored the crop, such as high night 

temperatures (Schaad, 2008; Nandakumar et al., 2009; Shew et al., 2019). 

1.2 Burkholderia glumae  and bacterial panicle blight  

Burkholderia glumae (Kurita & Taibei, 1967; Urakami et al. 1994) is a Gram-negative, non-

fluorescent, rod-shaped bacterium with a polar flagellum (Cho et al., 2007), whose genome 

of type strain LMG 2196 = ATCC 33617 has two chromosomes and two plasmids  (Lim et 

al., 2009). The pathogenesis process of this bacterium has been related to various virulence 

factors, where the synthesis of a phytotoxin called toxoflavin stands out, which is involved 

in the development of disease symptoms on the panicle (Suzuki et al., 2004). Other 

virulence factors described are the synthesis of lipases (Devescovi et al., 2007), the 

presence of the type III secretion system (Kang et al., 2008), the production of cell wall 

degrading enzymes such as polygalacturonases (Degrassi et al., 2008), exopolysaccharide 

(Schaad et al., 2001) and other pathogenicity determinants such as flagellum synthesis 
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(Kim et al., 2007; Karki et al., 2010), which has been described as key in the mobility of the 

bacterium through the inflorescence of rice. 

  

According to the work of Kim et al., (2007), most of the virulence factors of B. glumae are 

regulated by Quorum Sensing (QS) through a LuxR/LuxI, TofI, TofR type system, being 

TofI responsible for the biosynthesis of N-octanoyl homoserine lactone (C8-AHLs) and TofR 

which encodes the C8-AHLs receptor. In this way, B. glumae mutants in the QS system 

cannot cause disease symptoms in rice plants (Kim et al., 2004). 

  

In addition to rice, B. glumae can be found infecting other crops including Capsicum sp. 

(paprika), Solanum melongena (Eggplant), Sesamun indicum (Sesame), Allium cepa 

(Onion), Lycopersicum esculentum (tomato) (Jeong et al., 2003) and Brachiaria humidicola 

(Álvarez et al., 2017). It has also been found as an opportunistic pathogen in humans 

(Weinberg et al., 2007). 

 

The disease caused by B. glumae in the rice plant has two main moments, showing 

symptoms of seed rot and seedlings (Uematsu et al., 1976; Hikichi, 1993; Devescovi et al., 

2007; Flórez-Zapata and Uribe- Vélez, 2011) and in the flowering stage, the latter called 

bacterial panicle blight (Nandakumar et al., 2009). It has also been described that, during 

the vegetative stage, except for the seedling, no disease symptoms are observed, but B. 

glumae maintains a basal population in the plant throughout the crop cycle (Tsushima et 

al., 1985; Hikichi, 1993; Pedraza et al., 2018; Li et al., 2016a). In the flowering phase, the 

affected panicles present discoloration, rot and grain vanishing (Figure 2), with a reduction 

in rice crop production of up to 75 % (Chien et al., 1987; Tsushima et al., 1996; Nandakumar 

et al., 2008; Sayler et al., 2006; Fory et al., 2014). 

  

The disease cycle of B. glumae is still unknown. However, it is proposed as a model that 

the disease begins with an inoculum present in the seed and whose endophytic population 

is maintained throughout the crop cycle (Pedraza et al., 2018; Ortega & Rojas, 2021). In 

this niche, the bacterium can compete with the indigenous bacterial endophyte population 

of the plant through the injection of toxins secreted by the type VI secretion system (Kim et 

al., 2020a). Finally, it is proposed that the bacterium uses an important arsenal of 

pathogenicity and virulence factors, as previously mentioned, that allow it to colonize the 

plant from the seed to the vegetative tissue using motility, flagellum activation, and 

exopolysaccharide production. Mutants with loss of the flagellum or with abnormal 

exopolysaccharides have been found to decrease their virulence (Kim et al., 2007; Lee et 

al., 2019). 
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Figure  2. Symptoms of bacterial panicle blight caused by Burkholderia glumae. (A) 

vertical grayish lesion surrounded by dark reddish-brown margin. (B) symptoms 
associated with the panicle: straw-colored panicles containing florets with a darker base 

and a reddish-brown line across the floret between darker straw-colored and straw-
colored areas. (C) symptoms in the field, Erect panicle without filled grain (Taken from 

Nandakumar et al., 2009). 

The development of disease symptoms shows two possible windows for its management, 

either from the seed or at the panicle level. However, management tools are currently 

lacking (Cui et al., 2016). Some efforts have been made to search for rice varieties resistant 

to the bacteria, where only some of them with partial resistance have been reported, whose 

characteristics are not yet commercially desirable, such as nutritional, yield or tolerance to 

different environmental conditions (Sayler et al., 2006; Ham et al., 2011; Karki et al., 2012). 

On the other hand, chemical control has shown effectiveness after foliar application and 

oxolinic acid in seeds (Hikichi, 1993). However, it is currently banned in the United States 

and other countries due to the emergence of B. glumae resistant strains to this compound 

(Maeda et al., 2004; Nandakumar et al., 2009). Studies have also been carried out with 

other chemical substances, such as Cu+2 compounds, which have not shown significant 

efficiencies in disease control (Cui et al., 2014). 

  

A more recent alternative is the use of biological control agents, where a few studies show 

the efficiency of aerobic endospore-forming bacteria (AEFBs) in reducing disease 

symptoms caused by B. glumae in rice plants (Chung et al., 2015; Pedraza, 2015; Sherstha 

et al., 2016). 
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1.3 Bacillus  sp. and biological control of phytopathogenic 

microorganisms  

Biological control can be defined as using living organisms or natural enemies to prevent 

or reduce crop damage caused by pests or diseases (Crump et al., 1999). In the case of 

biological control using microorganisms, its could be antagonistic organisms or resistance 

plant inductors to reduce the population of the pathogen and reduce disease symptoms, 

which has been widely reported in the literature with successful results (Compant et al., 

2005; Shafi et al., 2017). These products are also more friendly to the environment and to 

the health of the farmer (De Bach & Rosen, 1991; Kamilova et al., 2015). 

  

Different organisms have been used as biological control agents of phytopathogenic 

microorganisms, where the bacteria of the genus Bacillus sp., which are considered 

versatile weapons for disease, control in agriculture (Shafi et al., 2017). Various commercial 

products based on this bacterial group are known (Shisler et al., 2004). 

 

In fact, currently Bacillus strains with biocontrol capacity are considered a first option, due 

to their ease of production, their survival in storage thanks to the formation of the 

endospore, their adaptive capacity to different environmental conditions, their because are 

friendly to the environment and especially for its versatility in mechanisms of action against 

phytopathogens shown in various studies that show its efficiency (Prasad et al., 2023). 

1.3.1 Genomic characteristics and phylogeny of biocontrol 

Bacillus  

Aerobic endospore-forming bacteria (AEFBs) initially were described as a group of Gram-

positive bacteria of the Firmicutes division that correspond to 31 species of the genus 

Bacillus and seven of other related genera (Mandic-Mulec & Prosser, 2011). Their 

predominant characteristic is the formation of endospores, which are resistance structures 

to adverse environmental conditions and are very stable and able to survive for long periods 

without special requirements (Shafi et al., 2017). 

 

The Firmicutes division was redesignated as Bacillota because the genus type is Bacillus 

(Oren, A., & Garrity, G. M., 2021). So initially Fritze, (2004) reported that Bacillus genus 

was divided into two main groups: the B. subtilis-related group and the B. cereus-related 

group. Within B. subtilis group, great importance has been given to strains with use as 

commercial products, including beneficial agents for plants in terms of biological control of 

diseases and promotion of plant growth (Geng et al., 2011; Fan et al., 2012). Within the 

group of Bacillus biocontrollers and associated with plants, the species B. subtilis and B. 

amyloliquefaciens (now B. velezensis) stand out, which are usually isolated from different 

environmental niches (Earl et al., 2008). 
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Recently, Gupta et al., (2020) through phylogenomic analysis identifies monophyletic 

clades of Bacillus species and identifies conserved signature indels (CSI) that are specific 

to the identified clades. Thus, 17 clades of Bacillus species should be recognized as novel 

genera, with the names Alteribacter gen. nov., EctoBacillus gen. nov., Evansella gen. nov., 

Ferdinandcohnia gen. nov., Gottfriedia gen. nov., Heyndrickxia gen. nov., Lederbergia gen. 

nov., Litchfieldia gen. nov., Margalitia gen. nov., Niallia gen. nov., Priestia gen. nov., 

Robertmurraya gen. nov., Rossellomorea gen. nov., Schinkia gen. nov., Siminovitchia gen. 

nov., Sutcliffella gen. nov. and Weizmannia gen. nov. Also propose to transfer 'Bacillus 

kyonggiensis' a Robertmurraya kyonggiensis sp. nov. (strain type: NB22=JCM 17569T 

=DSM 26768). Furthermore, they proposed a modified description of the genus Bacillus to 

restrict it only to members of Subtilis. and Cereus clades. So, the B. amyloliquefaciens and 

B. velezensis species are between Subtilis clade. 

  

The IBUN 2755 strain is an AEFB biocontroller of B. glumae and R. solani in rice and potato 

crops, according to the background of the research group (Pedraza et al., 2021; Blanco, 

2012). In addition, it is a strain that has been highlighted for its ability to promote plant 

growth in rice (Gómez-Ramírez & Uribe-Vélez, 2022) and lettuce crops (Benavides - 

Rodríguez, 2019). Taxonomically, this strain showed a 99 % homology with strains of the 

species B. subtilis, B. velezensis, B. amyloliquefaciens, B. metylotrophycus and B. 

siamensis using the 16s rRNA molecular marker (Pedraza, 2015). Itôs important mention 

that the B. velezensis, B, amyloliquefaciens and B. siamensis formed the B. 

amyloliquefaciens operational group (Fan et al., 2017). This operational group generally 

contains strains that have a genome that ranges from 3.68 to 4.2 Mbp in size, which is 

made up of a single circular chromosome which encodes between 3,501 and 5,000 CDS 

(Fan et al., 2017a; https://www.ncbi.nlm.nih.gov/) and may have a different number of 

plasmids depending on the strain (Molinatto et al., 2017). 

  

Studies comparing the complete genomes of the B. subtilis and B. amyloliquefaciens 

groups have shown that the central genome, or the genome shared by several strains, is 

about 60 % of the average genome size, while the pangenome is twice the average size. 

(Zhang et al., 2016). 

  

Genome studies in this group of microorganisms, specifically in the biological control 

agents, they have found important genes involves in the mechanisms of action against 

phytopathogenic microorganisms. The tools currently available for massive genome 

sequencing have facilitated the knowledge of these strains and provide information about 

the determinants of biological control within a particular pathosystem (Dunlap et al., 2013). 

 

At present, the sequences and annotations of several strains of Bacillus sp. in the GenBank, 

including those microorganisms deposited as biological control agents where B. 

amyloliquefaciens (190 assembled and annotated genomes 

https://www.ncbi.nlm.nih.gov/datasets/taxonomy/1390/November 2023), and B. velezensis 
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(681 genomes assembled and annotated 

https://www.ncbi.nlm.nih.gov/datasets/taxonomy/492670/November 2023), facilitating the 

use of bioinformatics tools for in silico analyses.  

  

In this sense, data mining works searching for genes associated with antimicrobial 

compounds stand out due to the general capacity of strains in Bacillus sp. to produce these 

substances (Shafi et al., 2017). It is worth mentioning that these strains have been 

suggested to be important as biological controllers of phytopathogens, and in medical 

applications, they are a source of potential new antibiotics (Arguelle-Arias et al., 2009). In 

this sense, Aleti et al., (2015), through an in silico analysis of 135 strains of bacteria from 

the Firmicutes phylum (now Bacillota), found a wide variety of antimicrobial compounds in 

clusters of polyketides and non-ribosomal peptides synthesis. Identification of new gene 

clusters that may have potential in various applications is also possible. Additionally, they 

conclude that a significant fraction of these compounds has not yet been explored. The 

genes associated with them are found in the genomes of biocontrol and plant-associated 

strains and not in strains isolated in other environments. In this context, there are several 

similar works for various strains of B. subtilis, B. amyloliquefaciens and B. velezensis (Chen 

et al., 2007; Chen et al., 2009; Dunlap et al., 2013; Belbhari et al., 2017; Li et al., 2020; Han 

et al., 2023). 

  

In the same sense, knowledge of the location of gene coding sequences of interest 

facilitates subsequent studies associated with biochemistry and molecular biology of the 

microorganism within a real context, such as using mutants in biological control activity 

during interaction with the plant. 

1.3.2 Biological control mechanisms of Bacillus  sp. against 

phytopathogenic microorganisms expressed during their 

interaction with the plant  

Some members of the Bacillus clade are used to control phytopathogenic microorganisms 

thanks to their rapid colonization and replication capacity. They are present in all 

agroecosystems, they survive in hostile environments, and, above all, they synthesize 

various antimicrobial compounds that give them a wide range of properties and a spectrum 

of action against different types of phytopathogenic microorganisms (Compant et al., 2005; 

Ongena and Jaques, 2008; Sumi et al., 2015). Additionally, some species of Bacillus sp. 

are declared safe organisms for health or the environment or GRAS (Generally Recognized 

as Safe) for their commercialization and use (Olmos & Paniagua-Michel, 2014). Figure 3 

summarizes the different mechanisms of action, which are grouped into i) production of 

antimicrobial compounds, ii) volatile organic compounds and iii) lytic enzymes. A fourth 

mechanism may include their ability to colonize and compete in the rhizosphere and induce 

systemic resistance (Chowdhury et al., 2015b; Zeroiuh et al., 2014; Pandin et al., 2017; Li 

et al., 2015; Pieterse et al., 2014; Garge & Nerurkar, 2017). 
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Figur e 3. Biocontrol mechanisms of Bacillus strains against phytopathogenic 

microorganisms in plants. Taken from Pedraza et al., (2020) 

Various studies show the presence of one or several of these action mechanisms at in vitro 

levels, such as the capacity for antagonism against different microorganisms thanks to the 

synthesis of antimicrobial compounds (Mora et al., 2015), lytic enzymes (Hamid et al., 2013) 

or volatile organic compounds (Xie et al., 2016). However, very few studies have been 

conducted at the in vivo or plant level. The following is a description of the different 

mechanisms mentioned; part of this subject was presented and published in a review article 

Pedraza et al. (2020). Mechanisms of action of Bacillus spp. (Bacillaceae) against 

phytopathogenic microorganisms during their interaction with plants. Colombian Biological 

Act, 25(1), 112-125. 

1.4.2.1 Production of antimicrobial compounds  

Strains of the genus Bacillus can produce antimicrobial substances of different natures, 

small peptide molecules of non-ribosomal synthesis (Ongena & Jaques, 2008; Wang et al., 

2014; Aleti et al., 2015; Mora et al., 2015); polyketides (Chen et al., 2009) and a group of 

ribosomal synthesis peptides (Fickers et al., 2012). 

According to the nature of the antimicrobial compounds, they will work against one or more 

plant pathogenic microorganisms (Ongena & Jaques, 2008). Several of these compounds 

have been widely reported in the literature due to their in vitro activity, such as the work of 

Mora et al., (2015), where they found that isolates of the genus Bacillus sp. with 

antibacterial activity produce several types of cyclic lipopeptides simultaneously. In the 
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same way, Torres et al., (2017) reported the production of lipopeptides (surfactins, iturines 

and fengycins) with action on Fusarium solani and Sclerotinia sclerotium. 

Antimicrobial compounds produced by strains of Bacillus sp. can act against 

phytopathogenic microorganisms in various ways. One is through direct antagonism 

through damage to the cell ultrastructure (Liao et al., 2016); through biofilm formation that 

contributes to colonization and competition in the rhizosphere (Zeriouh et al., 2014; Wu et 

al., 2015b); and indirectly in the induction of plant defenses (Ongena and Jaques., 2008; 

Chander et al., 2015 and Chowdhury et al., 2015b). 

The synthesis of non-ribosomal lipopeptides (NRPs), and polyketides (PKs) is performed 

by multienzyme complexes. In the case of NRPs are produced by multidomain modular 

enzymes called non-ribosomal peptide synthetases (NRPSs) where each module 

incorporates an amino acid into the growing peptide backbone, and each module has three 

domains, adenylation (A), peptidyl carrier (PCP) or thiolation (T) and condensation (C) 

(Bloudoff et al., 2016). 

On the other hand, polyketides are synthesized by machinery composed of several 

modules, where each module has three domains: acyltransferase (AT), acyl carrier (ACP) 

and keto synthase (KS) (Walsh et al, 2004; Aleti et al., 2015). It should be mentioned that 

strains of Bacillus sp. can synthesize hybrid PKs with NRPs (Ongena & Jaques, 2008; Aleti 

et al., 2015). 

For example, the lipopeptide plipastatin has biological activity against phospholipase A2, 

which is present in filamentous fungi (Jacques, 2011). This lipopeptide is made up of a core 

of ten amino acids, eight of which are cyclized by an intramolecular ester bond to form a 

ring that is attached to a two-residue side chain, and this is linked to a ɓ-hydroxy fatty acid 

chain. (C14 to C18) at the N-terminal residue of the chain (figure 4) (Gao et al., 2018). 

Plipastatin is assembled through five giant NRPS multienzymes, PPSA, PPSB, PPSC, 

PPSD, and PPSE, encoded by the ppsA, ppsB, ppsC, ppsD and ppsE genes, respectively, 

in the plipastatin synthetase operon (Figure 4). 
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Figur e 4. Production of plispastatin by Bacillus strains. (a) Schematic diagram of the 

plispastatin multienzyme complex and genes encoding the modules. (b) General structure 
of compounds of the plispastatin family. Taken from Gao et al., (2018). 

Along the same lines, in the genus Bacillus, both the NRPSs and the polyketide synthetases 

are encoded by genes arranged in clusters or operons described in Table 1. Importantly, 

one way to classify the NRPs is to know if their synthesis depends on the activity of the 

enzyme 4-phosphopanthetinyl transferase (PPT) encoded by the sfp gene, which is 

essential in the activation of the synthase enzyme complexes not only of NRPs but also of 

PKs (Hur et al., 2012; Aleti et al., 2015; Wu et al., 2015a). Specifically, the PPT enzyme 

activates peptide carrier domains (PCPs) in NRPSs and acyl carrier domains in PKSs 

through the transfer of a 4-phosphopantetheinyl prosthetic group (4-Ppant) from coenzyme 

A to a residue of highly conserved serine in these domains (PCPs and ACPs) (Mofid et al., 

2004). For this reason, the sfp gene is considered a regulator, and its mutation completely 

abolishes the production and synthesis of compounds whose synthetases are dependent 

on activation by PPT (Yi et al., 2018; Chowdhury et al., 2015a). 

Table 1. Main antimicrobial compounds produced by Bacillus strains and genes 

associated with them. Taken and modified from Pedraza et al., (2020). 

Antimicrobial 

metabolite 

group  

Metabolite 

type  
Genes  

Phytopathogens 

against which it has 

activity  

Bibliographic 

references  

sfp -dependent 

nonribosomal 

synthesis 

lipopeptides 

(NRPs) 

Surfactin srfABCD 

Botrytis cinerea ï 

fungus 

Lasiodiploia 

theobromeae ï 

fungus 

Xanthomonas oryzae 

pv. oryzae ï 

bacterium 

Cawoy H et al., 

2014 

Sajitha and 

Arun S. 2016 

Li et al., 2016b 

Iturin: 

(Bacilomycin) 
bmyCBAD 

Xanthomonas oryzae 

pv. oryzae ï 

bacterium 

Rhizotocnia solani ï 

fungus 

Phytophthora capsici 

ï oomycete 

Cheng et al., 

2016 

Zhou et al., 

2016 

Park et al., 2016 

Fengycin fenABCDE 
Rhizotocnia solani ï 

fungus 

Zhou et al., 

2016 
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Fusarium solani ï 

fungus 

Mardanova et 

al., 2017 

Bacilibactin dhbABCDEF 
Verticillium sp ï 

fungus 
Li et al., 2014 

sfp -dependent 

nonribosomal 

synthesis (PKS) 

polyketides  

Macrolactin mlnABCDEFGHI Bacteria 

Yuan et al., 

2014 

Yuan et al., 

2016 

Bacillaene 
baeBCDE, acpk, 

baeGHIJLMNRS 
Bacteria 

Magno-Pérez et 

al., 2015 

Difficidin dfnABCDEFGHIJKLMXY 
Xanthomonas oryzae 

ï bacteria 
Wu et al., 2015a 

sfp -independent 

non -ribosomal 

synthesis 

peptides (NRPs)  

Bacilysin bacABCDE, ywfG 

Lasiodiploia 

theobromeae ï 

fungus 

Xanthomonas oryzae 

ï bacterium 

Sajitha and 

Arun S. 2016 

Wu et al., 2015a 

Ribosomal 

synthesis 

peptides 

(RiPPs)  

Plantazocillin pznFKGHIAJC DBEL 
C. elegans ï 

nematodes 
Liu et al., (2013) 

Amylocycline acnABCDEF Bacteria 
Towle et al., 

(2017) 

Mersacidin mrsK2R2FGE Bacteria 
Kayalvizhi et al., 

2014 

 

Ribosomal peptides synthesized by Bacillus sp. are between 12 and 50 amino acids long 

and are cationic (Fickers et al., 2012), and generally affect the cell structure of 

microorganisms (Fuchs et al., 2011). 

At the in vivo level, different methodological approaches have revealed the production of 

NRPs during the tripartite interaction plant-biocontroller-phytopathogenic microorganism. 

Chowdhury et al., (2015a), using ultra-high performance liquid chromatography (UPLC), 

showed that the B. amyloliquefaciens strain FBZ42 (now B. velezensis) produces 

surfactins, fengycins and bacillomycin D in the rhizosphere of lettuce plants, during control 

of Rhizoctonia solani. However, the production of a substance does not necessarily imply 

that it has a role in the biocontrol capacity, so functional analysis is more recommended. 

Thus, the use of knockout mutants in genes associated with the synthesis of said 

substances would make it possible to show whether a compound is responsible for the 

biocontrol activity of a Bacillus strain. In this work scheme, Yi et al. (2018) mutated the sfp 

gene in the B. subtilis HS3 strain and showed that it lost the ability to produce fengycins 
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and surfactins, which are directly involved in the in vitro antagonist activity against fungi R. 

solani and Fusarium culmorum. However, in the tripartite interaction with the plant, very few 

studies demonstrate the role of these compounds. Through the generation of a mutant in 

the fenC gene of the B. subtilis NCD-2 strain, Guo et al., (2014) demonstrated that fengycin 

plays the most important role in damping off control on cotton seedlings.  

Chowdhury et al., (2015a) demonstrated that mutants in the sfp and srfA (surfactin) genes 

of B. velezensis FZB42 strain loses an important percentage of the control efficiency 

against R. solani in plants of lettuce. However, the biocontrol activity is not entirely 

abolished. 

Similarly, Fan et al. (2017b), through the generation of a library of mutants by transposition 

of B. subtilis 940, managed to find that a mutant associated with the synthesis of plispastatin 

(ȹppsB) is unable to generate an inhibitory halo against Botryosphaeria dothidea at the in 

vitro level and contrary to the non-mutated Bacillus. This same mutant was evaluated for 

its biocontrol capacity in apple fruits, finding that it fails to reduce symptoms related to the 

wild type strain. 

1.4.2.2 Production of volatile organic compounds (VOCs).  

Bacillus sp. strains can produce lipophilic gaseous compounds such as aldehydes, 

alcohols, ketones, indoles, terpenes and jasmonates of low molecular weight and which are 

called volatile organic compounds (VOCs) (Van Loon, 2007; Gotor-Vila et al., 2017). VOCs 

are closely related to biological control against phytopathogenic microorganisms, either by 

direct action on the pathogen or by induction of plant resistance (Mitchel et al., 2010; Ryu 

et al., 2003), and various molecules with antimicrobial activity have been reported such as 

benzothiazole, benzaldehyde, phenicetaldehyde, cyclohexanol, 2-ethyl-1-hexanol, 2,3-

butanediol, n-decanal and nonadal (Effmert et al., 2012). 

Several studies have reported the direct antimicrobial activity of VOCs produced by Bacillus 

sp. against various phytopathogenic microorganisms (Xie et al., 2016; Gao et al., 2017). 

VOCs (benzaldehyde, 1,2-benzisothiazole and 1,3-butadienol), produced by B. 

amyloliquefaciens FZB42 strain (now B. velezensis), can inhibit the growth of R. 

solanacearum, induce changes in cell structure, and alter the transcription of genes 

associated with virulence and chemotaxis. This effect was demonstrated at the in vitro level 

by Tahir et al., (2017).  

The study of Bacillus VOCs and their role in the biological control of plant diseases has 

been carried out conventionally in compartmentalized containers as shown by Tahir et al., 

(2017d). These authors grew tobacco plants infected with the pathogen R. solanacearumin 

one compartment and the Petri dish with the VOC-producing strain in another compartment 

and showed the wilt control by VOCs expositions of plants However, the use of defective 

mutants in genes associated with the synthesis of VOCs is an alternative to these tests. It 
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has been possible to demonstrate the importance of the VOCs, 2,3-butanediol and acetoin, 

of the B. subtilis 168 strain in the induction of resistance in A. thaliana plants against the 

bacterium Erwinia carotovora subsp. carotovora (now Pectobacterium carotovorum subsp. 

carotovorum) (Ryu et al., 2003). It is very difficult to find genes to generate defective 

mutants that do not produce volatile organic compounds since synthesizing these 

compounds can be part of the primary and secondary metabolism (Gotor-Vila et al., 2017). 

Recently, Yi et al., (2018) generated mutants of the PGPR strain of B. subtilis HS3 to 

determine the role of acetoin and 2,3-butanediol in the growth promotion of grass plants. 

The deleted genes were bdh, which codes for the enzyme 2,3-butanediol dehydrogenase, 

essential for the conversion of acetoin to 2,3-butanediol, and alsD, which codes for the 

enzyme acetolactate decarboxylase, which is part of the last step in the formation of 

acetoin. 

1.4.2.3 Colonization and competition  

An important characteristic of a biological controller is to be a good colonizer, this being an 

essential step for its activity (Choudhary et al., 2007). This implies establishing itself on the 

plant surface and being able to multiply, survive and disperse in the presence of 

endogenous microorganisms from the environment, such as the soil and the root (Kloepper 

et al., 2004). In this sense, a biocontrol microorganism must compete for space and 

nutrients with pathogenic and non-pathogenic organisms on the surface of the host plant, 

especially considering that the plant surface and soil are niches where nutrients are limited 

and live at the expense of the rhizospheric and phyllospheric exudates of the plants (Huang 

et al., 2014). An example of these is iron, which is an essential micronutrient and is 

extremely limited in the soil with a concentration lower than 10-8 mol/l (Shaffi et al., 2017); 

for this reason, microorganisms have developed the ability to synthesize siderophores, 

which are low molecular weight compounds that can sequester ferric iron (Fe III) (Ahmed 

& Holmstrom, 2014). 

Some works show that the production of siderophores is directly associated with biological 

control activity, such as the case of the B. subtilis CTS-G24 strain, which can produce a 

hydroxamate-type siderophore that is directly involved in its biocontrol capacity against M. 

phaseolina in chickpea plants (Patil et al., 2014). However, siderophores are not the only 

elements associated with competition and colonization in the rhizosphere. Motility and 

chemotaxis machinery, such as chemoreceptors, are also necessary, capable of sensing 

plant rhizosphere exudates (Allard -Massicotte et al., 2017). 

In this sense, it should be mentioned that there is a particular specificity towards 

compounds present in the exudates of the host plants by bacterial strains, in the case of 

organic acids such as malic, fumaric and oxalic acids that attract Bacillus strains (Rudrappa 

et al., 2008; Yuan et al., 2015). In this sense, cucumber exudates attract the B. 

amyloliquefaciens SQR9 strain, and 44 of these compounds have been identified as amino 

acids, sugars, alcohols, fatty acids and organic acids (Feng et al., 2018). Recently, Perea 
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et al., (2022) identified that the IBUN 2755 strain is positively attracted to the alanine and 

serine amino acids present in rice plant exudates; however, a general attraction is shown 

to the carbohydrates. In the same work, Perea et al., (2022) reported the amino acids 

proline and leucine work as chemorepellents.  

Once the chemotaxis occurs, the colonization of the plants implies the formation of a biofilm 

which is a characteristic of biological control agents of Bacillus sp., and it is directly 

associated as a mechanism of action (Pandi et al., 2017). The biofilm can participate in 

direct antagonism by niche exclusion and favor competition for space and nutrients (Abd El 

Daim et al., 2015). Biofilms are also involved in bacterial communication and interference 

(Chen et al., 2015), and their cells can produce antimicrobial compounds (Wu et al., 2015b). 

Several genes coordinate and regulate biofilm formation, as shown in Figure 5. Among 

these genes, it is worth mentioning the tasA and eps (A-O) operon, which make up the 

structural part of the matrix that embeds cells, and regulatory genes sinR, sinI, slrR, slrA 

and ywcC, which have been targets to study the relationship between biofilm formation and 

biocontrol capacity in Bacillus (Cairns et al., 2014). 

In this direction, Chen et al., (2013b), using mutants of the biocontrol strain B. subtilis 3610 

in genes responsible for biofilm formation (sinl, epsA-O and tasA), found that these mutants 

failed to colonize roots, form biofilms, and control wilt caused by R. solanacearum in tomato 

plants, in contrast to the wild strain. In the same context, Zeriouh et al., (2014) found that 

mutants of the B. subtilis strain UMAF6614 to produce surfactins failed in the formation of 

biofilm, colonization of the phylloplane in melon plants and biocontrol activity. Therefore, 

these studies make it possible to relate biofilm formation to the biocontrol activity of Bacillus 

sp. 

 

Figur e 5. Signaling pathways that govern biofilm formation in Bacillus subtilis. (A) Growth 
of planktonic cells and b) Growth of the cells as a biofilm. Arrows indicate activation and 
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T-bars indicate repression. The complexity and interlocking of genes in biofilm formation 
in B. subtilis can be observed. Taken from Cairns et al., (2014). 

1.4.2.4 Production of lytic enzymes.  

In the literature, the production of lytic enzymes is mentioned as a mechanism of action of 

Bacillus biocontrol strains in such a way that the production of chitinases, chitosanases, 

cellulases, xylanases, glucanases, peroxidases, proteases and lipases has been reported. 

These enzymes participate directly or indirectly in the control of plant pathogenic 

microorganisms (Hamid et al., 2013; Jha et al., 2014; Ben et al., 2016; Mota et al., 2017). 

Chitinases, chitosanases and ɓ-1,3-glucanases have activity on the cell wall and fungal 

spores (Seo et al., 2014; Suyotha et al., 2016). 

The isolation and purification, evaluation in antagonism or evaluation in the plant of lytic 

enzymes has been reported to study their role in biocontrol activity. For example, Guleira 

et al., (2016) reported the purification of an alkaline protease from the B. amyloliquefaciens 

SP1 strain, which can inhibit the growth of F. oxysporum at an in vitro level. In plant trials, 

the work of Wang et al., (2016) can be mentioned, who found that the purified PeBA1 

protein, which is produced and secreted by the B. amyloliquefaciens NJN6 strain, can 

induce systemic resistance in tobacco plants against the pathogens Botrytis cinerea and 

tobacco mosaic virus (TMV), however, it is unknown whether this enzyme has lytic 

characteristics. 

In this sense, in addition to the direct degradation of the cell wall of the pathogen, lytic 

enzymes play an important role in eliciting plant defenses thanks to the release of oligomers 

of membrane cells which act as DAMPs (damage-associated molecular patterns). These 

patterns stimulate their recognition by specific receptors that induce basal plant defense 

(Kaku et al., 2006; Hamid et al., 2013; Jha et al., 2014; Wu et al., 2015b). Until now, no 

studies show the use of knockout mutants in genes that code for lytic enzymes in biological 

control, so it would be very important in the future to carry out a functional analysis of these 

genes. 

Another type of lytic enzymes are the acyl homoserine lactonases produced by Bacillus sp. 

(Dong et al., 2002; Rasmussen & Givskov, 2006; Chen et al., 2013a; Fetzner et al., 2015) 

and which are very important for the biological control of microorganisms whose virulence 

factors are directed by quorum sensing dependent on acyl homoserine lactones. As an 

example of this activity, Garge and Nerurkar (2017) demonstrated the ability of Bacillus 

strains to attenuate the symptoms caused by Pectobacterium carotovorum subsp. 

carotovorum in Vigna radiate plants due to the production of acyl-homoserine lactonases. 

1.1.2.5 Systemic resistance induction  

Bacillus sp. strains can stimulate plants to resist future attacks by pathogenic organisms 

(Jones & Dangl, 2006), such activation works locally and in sites distant from the place of 
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application, which is called "Induction of systemic resistance" and Systemic Acquired 

Resistance (SAR) (Burketova et al., 2015). However, ISR is induced by beneficial 

microorganisms (Buterkova et al., 2014; Pietersen et al., 2014). While SAR is induced by 

brief exposure to pathogens (Li et al., 2016b). ISR works with signaling mediated by 

jasmonic acid (JA) and ethylene (ET), while in SAR, communication is mediated via salicylic 

acid (SA) (Pieterse et al., 2009). It allows having molecular markers associated with ISR 

and SAR. 

Bacillus strains induce ISR through different elicitors, including microorganism-associated 

molecular patterns (MAMPs), biofilm formation, VOCs, antimicrobial compounds, 

hormones, compounds associated with plant cell wall degradation, lytic enzyme production 

and siderophores (Chandler et al., 2015; Cawoy et al., 2014; Chowdhury et al., 2015a; 

Wang et al., 2016; Niu et al., 2016). The ISR promoted by Bacillus sp. has been reported 

for a wide range of microbial pathogens (Shafi et al., 2017). However, exist the possibility 

of induction of systemic acquired resistance (SAR) by strains of Bacillus sp. through SA 

production on the root surface of the treated plant or through crosstalk in signaling pathways 

(Choudhary et al., 2007; Li et al., 2015). This way, combining ISR and SAR can increase 

protection against pathogens. 

Wu et al., (2018a) used mutants of the B. velezensis SQR9 strain in genes associated with 

the production of different plant systemic resistance elicitors against the pathogens B. 

cinerea and P. syringae pv tomato. Deficiencts strain in the production of fengycin, 

bacillomycin D, surfactin, bacillaene, macrolactin, difficidin, bacillicin, 2,3-butanediol or 

exopolysaccharides, affect differently the ability of the strain to induce resistance in tomato 

plants. Macrolactin deficiency affected the expression of the Pr2 gene, which codes for 1,3-

glucanase and which, on the contrary, is not affected by surfactin mutants. In this case, 

mutants deficient in the production of polyketides (macrolactin, bacillaene and difficidin), 

are affected in the induction of resistance, showing only a 20% potential about the wild type 

strain and considering the level of transcription of molecular markers characteristics of the 

different mutant strains, which suggests a synergistic action of said elicitors. 

1.4 Genetic modification of Bacillus  strains for the 

elaboration of functional analyzes  

Gene identification has been accelerating with the possibility of almost immediate bacterial 

genome sequencing. However, determining the function of annotated genes by in silico 

analysis is still a challenge within functional genomics. Generating specific mutants in 

particular genes require a genetic transformation system. The use of a genetic modification 

of Bacillus strains is not new. In 1958, Spizizen reported the first transformation of B. subtilis 

under a process called "natural competition" (Spipizen, 1958), and since then, there has 

been an increased interest in studying this phenomenon in depth, looking at the genes 
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involved in different metabolic processes of these bacteria and their complexity (Hamoen 

et al., 2003). 

  

The methods of bacterial genetic transformation differ between naturals or artificials. In the 

first case, bacteria may have the ability to take exogenous DNA and incorporate it into the 

cell. Thus, more than 80 bacterial species from different taxonomic groups have been 

described as naturally transformable (Blokesh, 2016). However, there is an important 

variation in terms of the fact that genetic competence is expressed only under a certain 

cellular physiological state which depends on the species and even the strain, and that 

could be regulated by other processes, including quorum sensitivities and nutritional signals 

(Hamoen et al., 2003; MacFadyen et al., 2001). In this way, it could be possible that the 

development of gene competition and its triggering conditions are unknown in many species 

of bacteria (Claverys et al, 2006). 

 

In contrast, bacteria without natural competition are transformed using artificial methods 

ranging from membrane permeability generation with chemical reagents and heat shock 

treatment (Hanahan, 1983) to pore generation with an electric field (Dower et al., 1988), 

among others. 

 

Natural and artificial transformation methods have been used in strains of the genus 

Bacillus, depending on the presence or absence of natural genetic competition of the 

strains. Each of the methods for transformation into Bacillus sp. is explained below. 

1.4.1 Methods of transformation of  Bacillus  strains.  

1.4.1.1  Natural genetic competition.  

Genetic natural competition is defined as the ability of a bacterium to take up exogenous 

DNA and incorporate it into its genome (MiroŒczuk et al., 2008). Some strains of the Bacillus 

genus have this ability, especially B. subtilis, however, it is not very common in other 

species. In particular, the development of competition has been described in B. 

licheniformis and B. amyloliquefaciens and even in the case of the B. velezensis FZB42 

strain (Koumoutsi et al., 2004), but it has not been described in B. cereus and B. antracis 

strains or other Bacillus species (Kovács et al., 2009). The machinery for natural genetic 

competition is completely described in B. subtilis. However, there are a great variety of 

strains that have the complete machinery, but they do not have competition, limiting the 

possibility of being transformed (Kovács et al., 2009). 

Gene competition in Bacillus has a time window, which occurs in the early stationary phase, 

when cells differentiate into several subgroups or subpopulations due to nutrient deprivation 

and high cell density during culture (Rahmer et al., 2015). In this phase, the cells are 

differentiated into subpopulations: motile, biofilm formation, sporulation process, production 

of secondary metabolites and lytic enzymes, cannibalism and genetic competition (López 
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et al., 2009). In this sense, there is a rather complex gene regulation to give rise to a type 

of cell population. Figure 6 shows this framework and the interconnection in the gene 

networks of each process. 

 

Figur e 6. Gene regulation network of the different cell differentiation pathways in Bacillus 
subtilis. Included among the squares are the processes of motility, matrix production 

(biofilm formation), sporulation, lytic enzymes, and gene competition. Taken from López 
et al., (2009). 

According to figure 6, gene competition is mediated by a master regulator that is the ComK 

protein, which functions as a transcription factor that directs the expression of genes that 

code for DNA binding, uptake, and recombination proteins in Bacillus strains (van Sinderen 

& Venema, 1994). However, only about 10% of the cell population can express the ComK 

protein during the early stationary phase, so the number of competent cells is very small 

(Hagen, 2017). 

In summary, the process of gene competition begins when exogenous DNA binds to the 

cell surface using the ComEA receptor protein (Provvedi & Dubnau, 1999), in such a way 

that once the binding occurs, the NucA endonuclease cuts one of the DNA strands so that 

only one strand remains (ssDNA), while the other is degraded and released into the 

extracellular environment (Maier et al., 2004) (Figure7). DNA binding to ComEA is 

facilitated by a pseudo pilus that delivers the bound DNA to the cytoplasmic membrane 

(ComEC) channel. This pseudo pilus traverses the cell wall of peptidoglycan (ComG 

proteins) and is made up of some transmembrane members, such as the polytopic 

membrane protein ComGB that is involved in assembly and the trafficking NTPase ComGA 

that provides the energy for the assembly of the competing pseudo pilus (Maier et al., 

2004). Figure 7 shows the structure of the competition pseudo pilus and the process 

corresponding to each step of natural genetic competition in B. subtilis. 
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Figur e 7. Molecular model for the transport of DNA through the cell envelope in Bacillus 
subtilis. The NTPase ComGA trafficking protein is a member of a large family of proteins 

involved in the formation and retraction of the type IV pilus and in protein secretion. These 
proteins contain Walker A and B nucleotide binding motifs. It is reasonable to assume that 

ComGA is involved in the remodeling of a pilus-like structure formed by the major 
pseudopilin ComGB and possibly also includes the minor pseudopilins that may allow 
DNA to access the receptor of ComEA DNA. One strand of DNA is degraded and only 
one strand enters the cytoplasm through the ComEC membrane channel. The ATP-

binding protein ComFA is required for the transport of DNA across the membrane and has 
been proposed to contribute energetically to this process. Taken from Maier et al., (2004). 

The regulation of gene competition in Bacillus sp. is given by the transcription repression 

of comK through the binding of the AbrB, CodY and Rok proteins to its promoter region 

(Hamoen et al., 2003). However, another hypothesis is given by the entrapment of the 

ComK protein by MecA, which directs it to proteolytic degradation of ClpCP (Turgay et al., 

1998). In the same direction, it is known that the maximum expression of rok and abrB are 

contrary to comK, so they are outside the window of the early stationary phase and exert 

their repression during the exponential phase (Hagen et al., 2017). 

In order for a Bacillus strain to express natural competition, some methodologies have been 

established based on the use of a minimal medium that allows the necessary machinery to 

be expressed, and these are based on the methodologies developed by Spipizen (1958) 

and Anagnostopoulos and Spipizen (1961), where some modifications have been made. 

1.4.1.2  Electroporation  

Electroporation is an artificial transformation method in which a brief electrical or high-

voltage discharge makes cells permeable to DNA by generating transient pores on the outer 

cell membrane (Chassy et al., 1988). Thus, the electroporation process has different steps. 

In the first place, the formation of pores in the cell membrane occurs due to the response 

to the induced membrane potential threshold that lasts for microseconds (Neumann et al., 
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1999). Secondly, there is the expansion, whose duration is dependent on the size of pores, 

and is usually milliseconds (Leondiantiadou et al., 2004). The final phase is the recovery of 

the cell membrane, which consists of closing the pores and will last from minutes to hours, 

depending on the strain and bacterial species (Kanduġer & Miklavļiļ, 2009). Molecular 

transport of genetic material into the cell can occur from the moment of pore formation until 

the membrane recovery phase (Pavlin et al., 2007). 

In this way, the important elements that influence the electroporation results and that are 

dependent on the bacterial species and strain are (a) the electric field parameters; (b) the 

quantity, nature and purity of the DNA; (c) temperature; (d) cell size and density; (e) the 

composition of the electroporation buffer and (f) the phase of growth in which bacterial cells 

become competent. (Aune & Aachmann, 2010). In the case of strains of Bacillus genus, 

there is a wide variability of optimized parameters depending on both the species and the 

strain (Yi et al., 2017; Zhang et al., 2015; Brigidi et al., 2000). For B. velezensis and B. 

amyloliquefaciens strains, some studies have been reported. Roh et al., (2009) 

electroporated B. velezensis S3-5 strain using MgCl2.6H2O, sucrose and maleic acid in the 

electroporation buffer and the electrical parameters were 2Kv/cm for voltage, 100 ohms of 

resistance and 25µF of capacitance. On the other hand, Zhang et al., (2011) established a 

method for the strain of B. amyloliquefaciens TA208, recalcitrant to genetic transformation. 

For this, they applied a growth strategy in a semi-complex medium of a hypertonic nature, 

followed by the weakening of the cell wall by the addition of glycine and threonine and finally 

increasing the fluidity of the membrane through the supplementation of Tween 80, in 

addition to a high voltage (2.1Kv/cm). 

This shows that the conditions must be established for each strain. Therefore, it is 

suggested to carry out experiments to reach high efficiency and reproducible parameters 

for a certain strain. 

1.4.1.3  Calcium  and magnesium  amino  clays  

A transformation methodology that could be applied to Bacillus strains is the use of amino 

clays, which are amino organophilosilicates characterized by having a series of organic 

remains immersed in an inorganic matrix and having a nanocomposite nature (Burkett et 

al., 1997). Given their propionamide characteristic, high water dispersibility, unique 

structure, and low toxicity, amino clays can be used as bacterial transformation materials 

(Hoang et al., 2017). 

This is because the aminopropyl functional group gives amino clays the ability to interact 

electrostatically with the bacterial membrane, promoting permeability through pore 

formation. Additionally, negatively charged DNA molecules can strongly interact with the 

organic components of amino clays resulting in DNA surrounded by an ultrafine amino clay 

sheath (Patil et al., 2007). These findings were used by Choi et al., (2013) to transform 
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gram-negative (E. coli) and gram-positive (Streptococcus mutans) bacteria showing high 

efficiencies. Likewise, Brito et al., (2017) used the methodology described by Choi et al., 

(2013) to transform strains of PaeniBacillus riograndesis and PaeniBacillus polymyxa, 

obtaining favorable results for replicative plasmids. This suggests that this technique can 

be applied to other species of Gram-positive bacteria. 

1.4.1.4  Generation and transformation of protoplasts  

The cell wall is an obstacle to transformation, so it is possible to obtain protoplasts (cells 

without a wall) to be transformed by different techniques (Hopwood, 1981). This 

methodology is applied in bacteria and eukaryotic cells (Yue et al., 2021). 

In bacteria, the cell wall is removed by enzymatic treatment, which depends on the strain, 

species and whether the bacterium is Gram-negative or Gram-positive (Hopwood, 1981). 

In the case of Gram-negative bacteria, this generation of protoplasts goes through a 

previous step, obtaining spheroplasts in which the outer membrane has been removed. by 

lysozyme and EDTA. However, the treatment can also vary depending on the strain and 

the species to be transformed (Smith, 1969). 

In the case of Gram-positive bacteria, the generation of protoplasts has been studied in 

some species, such as B. subtilis and B. megaterium, where lysozyme is used to eliminate 

the thick peptidoglycan wall (Chang & Cohen, 1979; Zvenigorodskiǯ,1983).  

Once the protoplasts are generated, polyethylene glycol 6000 (PEG) is used to stimulate 

the entry of plasmid DNA into the protoplast. The percentage of PEG used is dependent on 

the species, finding 20% (w/v) for Streptomyces and 30% (w/v) for Bacillus (Hopwood, 

1981). In this last case, Chang and Cohen (1979) established the protocol used for the 

transformation of protoplasts with plasmidic DNA, where a critical step is the recovery of 

the protoplasts and the regeneration of the cell wall, in this case of the DM3 medium is 

used, which is characterized by having 1M sodium succinate. However, other variations 

have also been made in this medium; for example, Romero et al., (2006) replaced sodium 

succinate with mannitol or sorbitol that allowed the use of kanamycin antibiotic. 

1.4.1.5  Conjuga tio n 

Bacterial conjugation is the process of horizontal transfer of DNA from a donor cell to a 

recipient cell using specialized machinery, which in the case of Gram-negative bacteria is 

the Type IV Secretion System (T4SS) (Cabezón et al. al., 2015). This process is carried 

out in a general way through the following steps: (i) recognition/binding of the donor to the 

recipient cell, (ii) production of the channel through which the DNA is transferred, (iii) 

generation of the ssDNA that is transferred and (iv) establishment in the recipient cell. Thus, 

the conjugation mechanism can be divided into three functional components: the docking 

protein, the relaxosome, and a type IV protein secretion system (Chittora et al., 2019). 
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Conjugation has been studied in B. subtilis and B. cereus groups. In B. subtilis focused on 

the plasmid pLS20, which was found in the B. subtilis natto IFO3335 strain, which is used 

for soybean fermentation to produce "natto" in South Asia (Miguel-Arribas et al., 2017). In 

both Gram-positive and Gram-negative bacteria, it has been identified that the conjugation 

process begins with the formation of a nucleoprotein complex at the origin of transfer (oriT), 

where one of the components is a relaxase that introduces a cut in a specific site of only 

one of the DNA strands (Miguel-Arribas et al., 2017). Subsequently, the formation of a 

transferosome occurs, a type of channel that joins the membranes and is considered a 

T4SS (Singh et al., 2013). 

Recently, triparental conjugation can work in Bacillus. It requires a donor cell that contains 

a mobile plasmid (the one that carries an oriT), a helper cell (which has all the machinery 

for trans conjugation), and a recipient strain wthatreceives the mobile element. In the 

reported case, the donor strain was an E. coli and the recipient was a Bacillus (Heinze et 

al., 2018). 

1.4.2 Gene editing methods used in  Bacillus  spp.  

As it was possible to demonstrate, different transformation methods allow the entry of 

exogenous genetic material into the bacterial cell, but once this material is inside the 

bacterium, a strategy for genetic modification is required. In this way, different strategies 

allow the genetic modification of Bacillus strains. 

1.4.2.1  Gene editing methods based on homologous 

recombination.  

Gene editing by homologous recombination involves the exchange between homologous 

DNA sequences. This reaction w is catalyzed by recombination systems through a complex 

process that has three phases: (a) early (presynapse), where the ssDNA arm of a DNA 

fragment invades a homologous chromosome forming a D loop, (b) middle (synapse), 

where the branched DNA forms an intermediate Holliday double junction and (c) late 

(postsynapse), where the crossings are resolved by two types of cuts that allow molecules 

to be obtained recombinant or wild type (Fels et al., 2020). 

During the development of natural competition, Bacillus strains show a high induction of the 

RecA protein, which can interact directly with ssDNA, and this step is essential for initiating 

the recombination process, where homologous recombination occurs by highlighting 

pairing between pairs of sequences with high homology (Carrasco et al., 2004). Genes 

involved in recombination in Bacillus, other than recA, were classified into epistatic groups: 

Ŭ (recF, recL, recO, recR, recN), ɓ (addA addB), Ὓ (recP, recH), Ů (recU ruvA, ruvB, recD), 

ɕ (recS, recQ, recJ) and ɖ (recG) with different sensitivity to DNA damage agents, with the 

recA gene is essential and central to all groups (Fernández et al., 2000). 
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In this way, in addition to the recombination machinery in the cell, a gene editing method 

based on homologous recombination involves introducing into an integration vector the 

truncated target gene with a antibiotic marker. Also are putted the adjacent regions that are 

usually at least 400 or 500 bp upstream and downstream of the gene, these regions are 

called recombination arms (Guoyan et al., 2019). This vector can be introduced with any of 

the previously mentioned transformation methodologies, and once inside, the 

recombination process occurs. The recombination can be simple (Campbell type) or 

double. The simple one is given by the presence of a short homologous arm, and a double 

exchange is necessary to have homologous large sequences (Figure 8. In B. subtilis, 

circular plasmids are used to integrate genes through simple recombination or linear DNA 

to generate knockout, via double homologous recombination (Wu et al., 2019)- The problem 

is that Campbell-type recombination is unstable, so it is not a strategy widely applied in 

Bacillus strains for knockout generation (Juhas et al., 2016). 

 

Figur e 8. Integration of sequences of interest into the genome of Bacillus strains through 
(A) single crossing over or (B) double homologous recombination. Taken from Guoyan et 

al., (2019). 

1.4.2.2 Random mutagenesis in  Bacillus  strains  

A mutation is a change in the genotype of an organism, which can be local to base pair 

substitutions (transitions and transversions), insertions or deletions. These are important in 

functional studies of bacterial strains, where mutagenesis via rearrangement it has been an 

important tool, but also mutagenesis carried out chemically or based on exposure to UV 

light (Bose, 2016). 
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1.4.2.2 .1 Transposition  

A transposon is a DNA sequence that can mobilize in the genome of a cell, causing 

mutations in it. The transposons to integrate into specific DNA sites for which the 

transposon codes for a transposase enzyme that binds directly to the inverted terminal of 

sequences repeats (IR) at both ends of the transposon, in such a way that the enzyme 

eliminates the transposon sequence and inserts it into a new region of DNA, giving rise to 

mutations (Di Conza et al., 2013). The recognition region or insertion motif varies between 

different transposons. 

Transposons can be used in plasmids for bacterial genomic editing by modifying them to 

increase transposase activity and insertion stability (Zayed et al., 2004), such that it is 

possible to obtain knockout libraries in bacteria which they are evaluated by screening tests 

for a particular phenotype (Fan et al., 2017b). 

In Bacillus strains, different transposons have been used to obtain mutant libraries, such 

as the case of the Tn917 transposon of Streptococcus faecalis used in a B. subtilis strain 

(Youngman et al., 1983). Mariner pMarB333 transposon that was used to obtain a library 

of mutants of strain 2297 of B. sphaericus (Wu et al., 2012). More recently Dempwolff et 

al., (2020) developed a third-generation Mariner-based shuffling system called TnFLX for 

modification in B. subtilis with greater stability during propagation. 

1.4.2.2.2 UV light mutagenesis  

Mutations that occur under an artificial factor are called "induced mutations", and such 

factors are called "mutagenic agents" within which UV light is found (Foster, 1991). UV light 

predominantly induces GC or AT transitions but can cause various mutations because of 

repair pathways (Shibai et al., 2017). Based on experimental evidence, the main 

photoproducts of UV mutagenesis are cyclobutane dimers and Py(6-4)Pyo lesions.  

Additionally, mutagenesis in bacteria requires function under the control of the inducible 

SOS pathway that is induced in the presence of DNA lesions and allows their repair (Ikehata 

& Ono, 2011). 

UV light mutagenesis was one of the first used to perform functional analysis of bacterial 

strains particularly, there are few reports of the use of this type of mutagenesis in Bacillus 

strains. For example, Zeng et al., (2017) performed mutagenesis in the strain of B. 

amyloliquefaciens NCU116, with exposure to UV light combined with treatment with N-

methyl-N'-nitro-N-nitroso guanidine to obtain a mutant with improved enzymatic activity that 

would increase the efficiency of seed oil extraction of Cinnamomum camphora by the 

aqueous enzymatic method. Likewise, Kim et al., (2020b) used UV light irradiation to obtain 

a mutant of the B. velezensis KRF-001 strain with a higher iturin production, which would 

have more significant antifungal activity against the pathogen Fusarium oxysporum. 
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1.4.2.2.3 Chemical mutagenesis  

Different chemicals, including ethyl methane sulfonate (EMS), methyl methane sulfonate, 

and ethidium bromide, are mutagenic agents that can cause changes in DNA replication 

(Lakhssassi et al., 2020). Thus, mutagens allow the modification of the phenotype in 

bacteria because of deletions, insertions, and point mutations, allowing the generation of 

random mutants in bacteria, allowing the development of functional analyzes or the 

improvement of functional characteristics in bacteria (Latif et al., 2018). Very few studies 

have used chemical mutagens to obtain mutants of interest in Bacillus strains, thus, Latif et 

al., (2018) used EMS to obtain a mutant of a B. subtilis strain with improved production of 

proteases. 

1.4.2.3  CRISPR-CAS9 

CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats and its 

associated protein CAS9) is a prokaryotic adaptive immune system that allows defending 

against the incorporation of exogenous DNA into the cell (Chávez-Jacobo, 2018). This 

system is encoded by a locus that includes a promoter region for the transcription of the 

elements. The repeats and the spacers sequences, which codified short RNA molecules 

(30 to 40 bp) that are called RNA CRISPR (crRNA) and have the function of guiding the 

CAS protein to the target site(Jiang et al., 2013) (figure 9). In this way, when an exogenous 

DNA is incorporated into the cell, the CAS enzyme recognizes said molecule as foreign and 

incorporates it into the CRISPR locus, becoming a new spacer, later transcribed into crRNA 

that is used as a guide for the CAS protein to address the target (Jiang et al., 2013). For 

this, the CAS enzyme comprises two conserved domains called helicase (HNH) that opens 

the double strand of DNA and nuclease domain (RuvC) that is capable of cutting the DNA 

strand according to those indicated by the crDNA where additional for recognition is it 

requires a sequence of 3 to 5 nucleotides upstream of the target sequence and which is 

called protospacer adjacent motif (PAM) which differs between bacterial species (Mojica et 

al, 2006). 
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Figur e 9. Phases of the bacterial CRISPR/Cas system. (a) Immunization phase. 
Fragments of foreign genetic material acquired through viruses or plasmids is 

incorporated into the CRISPR locus, where it will later be used to protect the bacterium 
from reinfection. (b) Immunity phase. The spacer sequence is transcribed from the 

promoter region and the resulting transcript, intermediate crRNA, is processed into a 
mature crRNA. The crRNA guides the Cas nuclease, which has the RuvC and HNH 

domains, to its target site. Taken from Chávez-Jacobo, (2018). 

This natural system is used for genomic editing in bacteria where crRNA and tracrRNA are 

converted into a single guide RNA called sgRNA so that the maturation step is not required, 

and the corresponding PAM is added. For editing, only the specific sgRNA directed to the 

target gene and the respective CAS protein are required, which are introduced together in 

a replication plasmid and for which the promoter region of the gene that codes for caspase 

is induced (Altenbucher, 2016). Additionally, once the cut is made, the repair system in the 

bacterium uses homologous recombination, which requires that in the plasmid, a DNA 

fragment that acts as a template for the repair where the sequences of the adjacent regions 

of gen  can be provided, or the adjacent regions plus the target gene which is truncated 

with another sequence that can facilitate the selection of the edited colonies, for example, 

an antibiotic resistance cassette (Zhang et al., 2017). 

Altenbuchner (2016) developed a CRISPR CAS9 system to edit strains of the genus 

Bacillus which is inside a replicative plasmid that includes an origin of replication for E. coli 

and one for Bacillus (sensitive to temperature) and the region that encodes for the CAS9 

enzyme whose promoter is inducible by mannose, the other elements can be added 

including the template fragment and the sgRNA together with the PAM. 
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1.5 Conclusio ns  

As it has been possible to determine throughout this chapter, the biocontrol Bacillus strains 

have different mechanisms of action against phytopathogenic microorganisms and which 

can be summarized in five main ones: (a) production of antimicrobial compounds, (b) 

colonization and competition, (c) production of volatile organic compounds (VOCs), (d) 

production of lytic enzymes and (e) induction of systemic resistance. Some compounds and 

even the same bacterial cells or biofilm can elicit plant resistance. Depending on the strain, 

the mechanisms may have different weights in the biocontrol activity, being attributed to a 

single mechanism or being the synergistic sum of various mechanisms; for this reason, it 

is important to study them to broaden the knowledge of a strain in that facilitates its 

formulation and application in the field. 

For the study of these mechanisms, tools from genomics are important to elucidate the 

genetic potential of a strain, but also metabolomics that allows determining the production 

of compounds, as well as basic microbiology tests that allow determining the activity in 

plants and against microorganisms. An important tool is the functional analysis that allows, 

through the development of knockout mutants in target genes, to find which genes are 

associated with the activity of the strains. Different genomic editing methodologies have 

been reported in Bacillus strains, including those based on homologous recombination, 

random mutagenesis using shuffling or mutagenic agents and even editing based on 

CRISPR-CAS9 methods. Some of these methodologies involve the transformation of cells 

using exogenous DNA, whereas in Bacillus, natural competition or artificial methods are 

used, including electroporation, generation and transformation of protoplasts, among 

others, mentioning that the conditions in each of them are dependent on the strain and 

therefore should be investigated. 

Using different tools would make it possible to find out the mechanisms of action used by 

the IBUN 2755 strain against the phytopathogenic bacterium B. glumae during its 

interaction in rice plants. 
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2. Genomic characteristics and comparative 

genomics show the potential of the IBUN 2755 

strain as a biological control agent. 

2.1 Introduction  

Bacillus IBUN 2755 strain has biocontrol activity against different phytopathogens, including 

Burkholderia glumae and Rhizoctonia solani (Pedraza et al., 2021). Additionally, it 

promotes plant growth in rice and lettuce (Gómez-Ramírez et al., 2021, Benavides et al., 

in preparation). Pedraza et al., (2021) reported that the IBUN 2755 strain is a biocontroller 

against B. glumae in in vitro and in vivo tests under greenhouse and field conditions, having 

the ability to reduce disease symptoms, lower the population of the pathogen in plant tissue 

and reduce deleterious effects on plant grain fill. However, it is unknown the biocontrol 

mechanisms of this strain against B. glumae. 

According to the results of the 16s rRNA gene analysis, the IBUN 2755 strain aligns with 

99% similarity with strains of the Bacillus amyloliquefaciens and B. velezensis species 

(Pedraza, 2015), which were included in the group of B. subtilis sensu stricto. This group 

includes strains widely used in industry and agriculture as biocontrollers and plant growth 

promoters (Chen et al., 2007). Yi et al., (2014), through analysis of complete genomes, 

have described the genomic difference between strains of B. subtilis associated or not with 

plants. 

Likewise, due to the low resolution of the 16s rRNA marker, Belhbari et al., (2017) 

recommend using the complete genome and phylogenomic studies to assign a strain within 

the species B. amyloliquefaciens, considering the taxonomic inaccuracies of this species 

and the changes it has undergone in phylogenetic terms. In this way, the species B. 

amyloliquefaciens subsp. amyloliquefaciens, B. methylotrophicus, B. vanillae and B. oryzae 

were renamed B. velezensis by Dunlap et al., (2016). Subsequently, B. amyloliquefaciens 

was proposed as an operational group composed of the species B. amyloliquefaciens 

sensu stricto (formerly B. amyloliquefaciens subsp. amyloliquefaciens), B. velezensis and 

B. siamensis, the latter with plant-associated members (Fan et al., 2017a). 

Recently, Gupta et al., (2020) through phylogenomic analysis identifies monophyletic 

clades of Bacillus species and identifies conserved signature indels (CSI) that are specific 

to the identified clades. Thus, 17 clades of Bacillus species should be recognized as novel 

genera, where the genus Bacillus should be restricted only to members of Subtilis. and 

Cereus clades. So, the B. amyloliquefaciens and B. velezensis species are part of Subtilis 

clade. 

 

Complete genome studies have made it possible to show that strains that function as 

phytostimulants or associated with plants are different from non-plant associated strains, 
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and therefore changes in the genome of Bacillus strains; in general, may be related to 

adaptation processes to different habitats (Hartmann et al., 2008; Zhang et al., 2016; Hu et 

al., 2023). Said affirmation is given in the differences of genes in comparisons of the central 

genome, showing that phytostimulant strains have a greater number of genes involved in 

intermediary metabolism, biosynthesis of secondary metabolites, and associated with the 

transport and metabolism of amino acids and carbohydrates (Alcaraz et al., 2010; Borriss 

et al., 2011; Zhang et al., 2016). These genes are highly related to the adaptation of 

bacterial strains to the rhizosphere of the plant due to the existence of plant exudates and 

the high dynamics of interactions that were measured in this habitat (Bais et al., 2006; Wu 

et al., 2015b). 

Different mechanisms have been described for strains of the Bacillus genus with biological 

control capacity against phytopathogenic microorganisms, including the production of 

antimicrobial compounds, lytic enzymes, volatile organic compounds, colonization and 

competition, and induction of systemic resistance (Chowdhury et al., 2015b; Zeroiuh et al., 

2014; Pandin et al., 2017; Li et al., 2015; Pieterse et al., 2014; Garge & Nerurkar, 2017). In 

this way, there are many genes involved in the action mechanisms of biocontrol Bacillus 

strains that can be found in the genomes of the strains and allow determining their potential 

(Chen et al., 2007; Chen et al.., 2009; Dunlap et al., 2013; Belbhari et al., 2017). 

The objective of this chapter was to identify candidate genes in the genome of the biocontrol 

strain IBUN 2755 associated with the possible mechanisms of action against 

phytopathogenic microorganisms, in addition to using the complete genome as a strategy 

to taxonomically locate this Bacillus strain and compare the strain with others of the 

operational group B. amyloliquefaciens. 

2.2 Metodolog y 

2.2.1 Genome sequencing of strain IBUN 2755, gene identification 
and taxonomic location  

The IBUN 2755 strain is part of the Bank Strain of the Institute of Biotechnology of the 

National University of Colombia (IBUN), specifically the Laboratory of Agricultural 

Microbiology. It is a strain isolated from the yellow potato (Solanum phureja) rhizosphere 

and is covered under the access contract to genetic resources 160 of December 7, 2017. 

Total genomic DNA of IBUN 2755 strain was extracted using the method from Eikmanns et 

al., (1994). The complete genome sequence was obtained using the PacBio RS-II system, 

20Kb library blue pippin mate pared end, Pacbio SMRT cell (P6-C4) according to the 

manufacturer´s instructions (Pacific Biosciences), it used 2847 X depth and 6148 reads. Its 

assembly was performed de novo using Canu assembler software version 1.3 (Korens et 

al., 2017) which resulted in 1 contig with N50 = 4027039 and L50 = 1. The functional 

annotation was performed using the PROKKA software (Seemann, 2014), the RAST (Rapid 

Annotation using Subsystem Technology) software version 2.0 (Overbeek et al., 2014) and 

through the annotation tool of the PATRIC (Bacterial Bioinformatics Resource Center) 

software. version 3.6.8 (Wattam et al., 2017). 
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To localize taxonomically of the IBUN 2755 strain, complete genomic sequences of strains 

of the species B. siamensis, B. amyloliquefaciens and B. velezensis were obtained through 

the NCBI (June 2017 and January 2021, ftp://ftp.ncbi. nih.gov/genomes/Bacteria/). 

Additionally, the genome of the B. subtilis 168 strain was obtained as an outgroup. The 

percentage nucleotide identity index between genomes based on BLAST ANIb was 

determined using the ANIb calculator package of the JSpeciesWS software 

(http://jspecies.ribohost.com/jspeciesws) (Ritcher et al., 2016) according to the Goris 

algorithm. et al., (2007). The cut-off >96% was used to determine species, according to 

Richter and Rosselló-Mora (2009). A matrix was built with the ANIb results, and the distance 

of the matrices was determined with the Euclidean method, and the Ward.D method was 

applied to generate the clusters using the R software version 3.5 (R team. 2020). 

2.2.2 Genomic comparison of strain IBUN 2755 with strains of the 

operational group B. amyloliquefaciens  

To compare the genomes of the IBUN 2755 strain, some genomes of strains of the different 

species of the operational group B. amyloliquefaciens were selected and previously 

downloaded through the NCBI included type strains of each species. Subsequently, all the 

genomes of the selected strains were annotated using the PROKKA software (Seemann et 

al., 2014) and the annotations in gbk format were used to perform a BLAST genomic 

comparison using the BLAST comparison tool of the CGView Server software (Stothard et 

al. al, 2008) which is open online at http://cgview.ca/. A comparative genomics analysis was 

also carried out using 22 strains reported as B. amyloliquefaciens and 21 as B. velezensis 

in the NCBI database (Table s1) using the ROARY software version 3.11.2 (Page et al., 

2015) and for which searched for the difference of genes categorized into orthologous gene 

groups between the obtained strain clades. These results is going to present in the scientific 

article in Microbiology research journal "Genomic comparison of the IBUN 2755 strain with 

Bacillus amyloliquefaciens/B. velezensis strains reveals novel interactions of B. velezensis 

with plants." Pedraza et al., in a preparation that is the result of this thesis work. 

The pan-genome, core genome, and specific and accessory genes were obtained. The 

phylogenomic analysis was also carried out, and the phylogenetic tree was built according 

to the results obtained by ROARY. The ROARY results were visualized through the 

Phandango interface, and the Newick file was visualized using the Phylogenetic tree 

(newick) viewer of the ETE Toolkit (Python) (Huertas-Cepas et al., 2016). The core gene 

alignment output file from Roary was then used as the input to build the phylogenetic tree. 

The tree was constructed using the neighbor-joining method with 1,000 bootstrap 

replications in MEGA software version 7.0 (Kumar et al., 2016) and visualized using the 

Phylogenetic tree (newick) viewer of the ETE Toolkit (Python). 

Gene difference between strain groups was extracted using ROARY software. The list of 

gene symbols was analyzed using the PANTHER software (Protein ANalysis Throught 
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Evolutionary Relationships) version 13.1 (Mi et al., 2013) and the functional annotation tool 

of the DAVID database (Database for Annotation, Visualization and Integrated Discovery) 

version 6.8 (Huang et al., 2009). The genes were manually categorized by ontology 

according to the result of the classification systems. 

2.2.3 Search for genes associated with the biological control 

mechanisms of the IBUN 2755 strain  

For the search of genes of interest in the annotation of the genome of strain IBUN 2755 

and the corresponding position in the genome, the Bioperl version 5.8 software was used, 

and the genes of interest were selected from bibliographic reports, and the current identifier 

was determined in the GenBank gene database (https://www.ncbi.nlm.nih.gov/). Table S2 

lists the identified genes. For the prediction of secondary metabolites in the IBUN 2755 

strain, in addition to the search with the algorithm, the PRISM 3 (Prediction informatics of 

secondary metabolome) software (Skinnider et al., 2015) and the ANTISMASH software 

version 5.2.0 with Detection strictness: relaxed (Blin et al., 2019). 

2.2.4 Secondary metabolites in strain IBUN 2755 and strains of the 

species  B. amyloliquefaciens /B. velezensis  

Like the IBUN 2755 strain, the genome of B. amyloliquefaciens, B. siamensis, B. subtilis 

and B. velezensis strains (B. velezensis IBUN 2755, FZB42, AS433, CAUB946, CC178, 

SQR9, NJN6, S499, S31 and UCMB5113; B.amyloliquefaciens DSM7, XH7, MT45, RD77, 

SRCM100169 and TA208; B. siamensis KCTC13613 and B. subtilis 168) were used to 

predict secondary metabolites using the ANTISMASH software version 5.2.0 with Detection 

strictness: relaxed (Blin et al., 2019). A comparative table was prepared to see the arsenal 

of each strain and their registration as biological control agents or strains for industrial use. 

2.3 Results  

2.3.1 Genome characteristics of strain IBUN 2755  

The IBUN 2755 strain has a genome of a circular chromosome of 4027039 bp, with a GC 

content of 46.42.% in which 4063 coding sequences,105 tRNA genes, and 27 rRNA were 

predicted. Graphical representation of the genome with PATRIC software is shown in Fig. 

10. The IBUN 2755 genome was deposited in NCBI databases with the accession number 

CP138356. 

According to the PATRIC system, of the coding sequences in the genome of the IBUN 2755 

strain, there are 58 resistance genes (table 2), five virulence factors that are the protease 

clpXP, the genes purA and purB, CodY a pleiotropic regulator, influences multicellular 

behavior and efficient production of virulence factors, and Ribosomal silencing factor RsfA; 
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196 transporters of amino acids, carbohydrates and xenobiotics compounds and 48 drug 

targets (ndoA, nos, gyrA, hutP, icd, purF, xpt, hemH, nrdI, cdd, nadD, ribH, adk, glsA1, 

spsA, obg, nadE, tagD, glyA, amyE, dhbE, fadR, pdaA, upp, pfkA, sacB, gap, engB, pyrF, 

rnz, ptsH, aroH, xlnA, esta, iolS, glvA, moxC, pta, bacB, tenA, purr, licT, pare, luxS, prs, 

apr, yvbK), which are included in the mechanisms defense category. 

According to the annotation made with the RAST server, this strain has more genes 

associated with the metabolism subsystems of amino acids and derivatives (441) and 

carbohydrates (420). Additionally, other categories with a significant number of genes were 

found, such as the metabolism of cofactors, vitamins, prosthetic groups, and pigments 

(228), stress response (107), metabolism of fatty acids, lipids, and isoprenoids (138), cell 

wall biosynthesis and capsule (132), dormancy and sporulation processes (121) and 

nucleoside and nucleotide metabolism (118) (figure 11). Within each of these categories, 

several genes were found that are important in plant growth promoting and biocontrol 

bacteria of the genus Bacillus. Within these, the mechanisms of action are described in 

detail later. Other genes are part of other categories as stress defense mechanisms, genes 

associated with the production of secondary metabolites, ion transport and metabolism, 

among others. However, more than 50% of CDS are unknown genes.  

 

 

Figure 10. Graphical representation of the IBUN 2755 strain genome using the 

PATRIC software. In green CDS in forward sequence (CDS-FWD), purple CDS in 

reverse (CDS-REV), in turquoise non-coding regions (non-CDS-Features), in red 
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antibiotic resistance genes (ARM Genes), in yellow virulence genes (VF-Genes), 

in blue transporters, in white-black drug targets, in lilac-black GC content, in skin-

black the GC bias. 

Table 2. Genes associated with resistance to different antibiotics in the IBUN 2755 strain. 

Antibiotic  Genes  Localization  

Fusaric acid  fusC 480241-481254 

Aminoglycosides  aadK 
gibD 

 ant(g)-I 

3663687 -3664556 
387750-388469 

3663687-3664556 

B-lactamases  penP, familia bcII 3187181 -3188095 

Bacitracin  bceA 
bceB 
pnbA 

1462836 -1463588 
1463585 -1465525 
1021250 -1022698 

Bicyclomycin  bcr1 708008-709210 

Bleomycin  Ble 3188448 -3188834 

Danurobicin/doxorubicin  drrA 3201881 -3202618 

Daptomycin  pgsA, liar, liaS, gdpD 146716-147249 
1180076 -1180708 
169180 170310 

14311724-1432533 

Fosfomycin  fosB 3631517-3632746 

Glyoxalase/bleomycin  Familia proteínas VOC 401783-402163 
440803-441216 
495179-495865 

1967132 -1967560 
2055990 -2056382 
3659933-3660298 
3867485 -3867916 

Lincomycin  lmrB 121067-122500 

Multidrug  bceR, bceS,  bmr3, bmrA, Cfr, clbA, 
ebrA, ebrB, emrK, emrY, liaF, mdtH, 
mrpA-G, norM, rlmAII, stp1, yheH, 

yheI, ykkC, ykkD 

1461038-1461733 
1461768-1462730 
3523636 -3525228 

986671-988440 
3860478 -3861527 
2562770-2563102 
2563120 -2563473 
3457599 -3458231 
3992491 -3993915 
1466547 -1467731 
1326472 -1328874 
1326044 -1326475 
1325703 -1326044 
1324229 -1325719 
1323747 -1324223 
1323463 -1323747 
1323105 -1323479 
2296947 -2298308 

591397-592278 
1434500 -1436167 
3390120 -3392141 
3392098 -3393894 
3091884 -3092222 
3091570 -3091884 

Tetracycline  tetA, tetL 3308256 -3309452 
1793034-1794410 

Tuncamycin  tmrB 78911-79507 

 



60 Identification and functional analysis of determinants associated with the mechanisms 

of action of the AEFB IBUN 2755 strain in the biocontrol of Burkholderia glumae in rice 

plants 

 

 

 

Figure 11. Gene count by category according to the results of the annotation made with 

the RAST system. 

It is important to mention that the genes involved in the transport and use of amino acids 

and carbohydrates are very important for biological control agents because they confer 

competitive advantages in the ecological niche, as has been widely described (Zhang et 

al., 2016). 

2.3.2 The IBUN 2755 strain is of the species B. velezensis . 

The ANIb index allowed determining that the strain IBUN 2755 belongs to the species 
Bacillus velezensis. This strain has a cutoff > 96% with the B. velezensis strains SQR9, 
OB9, FZB42 (type strain of B. velezensis), AS433, TRIGOCOR1448 and CAUB946 as can 
be seen in the matrix of the values of the ANIB index (table 3). According to Richter and 
Rosselló-Mora (2009) this percentage is the one that establishes the species. On the 
contrary, the IBUN 2755 strain presented a cutoff < 96% with strains of B. siamensis and 
B. amyloliquefaciens species indicating that it does not belong to them. In addition, it 
presents a cutoff of less than 80% with the strain B. subtilis 168 (outgroup), which indicates 
a great distance between them. 

In this way, it was possible to establish that the use of the complete genome allows the 

taxonomic localization of strain IBUN 2755, in contrast to the molecular marker of the 16s 

rRNA gene, which showed a 99% similarity with strains of the species B. velezensis, B. 

amyloliquefaciens, B. siamensis and B. subtilis (Pedraza, 2015).  
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Table 3. Percentage of the ANIb index (Average nucleotide identity based on BLAST) 

between strains of the species B. amyloliquefaciens, B. velezensis and B. siamensis and 

the strain IBUN 2755 to determine phylogeny with the complete genome. 

Cepa 
Bv 

IBUN 
2755 

Bv 
SQR

9 

Bv 
OB9 

Bv 
FZB
42 

Bv 
AS4
33 

Bv 
TRIG
OCO
R144

8 

Bv 
CAU 
B946 

Bs 
KCT

C 
1361

3 

Bs 
SRC
M10
0169 

Ba 
XH7 

Ba 
TA20

8 

Ba 
LL3 

Ba 
DSM

7 

B. 
subtili
s 168 

Bv 
IBUN 
2755 

100 
98,4

9 
98,3

7 
98,4

1 
98,2

1 
98,2

5 
97,5

1 
93,9

4 
93,9

1 
93,3

7 
93,3

8 
93,3

8 
93,4

4 
76,22 

Bv 
SQR9 

98,2
9 

100 
98,0

9 
98,0

6 
97,9

1 
97,9

4 
97,1

8 
93,6

9 
93,7 

93,0
2 

93,0
2 

92,9
8 

93,0
8 

76,13 

Bv 
OB9 

98,4
8 

98,3
8 

100 
98,7

3 
98,7

3 
98,6

8 
97,6

1 
93,9

8 
93,9

8 
93,3

6 
93,3

7 
93,3

6 
93,4

4 
76,15 

Bv 
FZB42 

98,5
1 

98,3
9 

98,7
6 

100 
98,7

8 
98,8

5 
97,5

8 
93,9

5 
93,8

9 
93,2

7 
93,2

9 
93,2

8 
93,3

6 
76,35 

Bv 
AS433 

98,2
5 

98,1
2 

98,6
8 

98,7
4 

100 
99,1

8 
97,5

3 
93,9

9 
93,9

7 
93,4

2 
93,4

3 
93,4

3 
93,5

1 
76,31 

Bv 
TRIGO
COR1
448 

98,2
6 

98,1
6 

98,5
6 

98,7
8 

99,1
3 

100 
97,5

2 
93,9

6 
93,9

3 
93,3

7 
93,3

8 
93,3

8 
93,4

8 
76,21 

Bv 
CAU 
B946 

97,5 
97,3

6 
97,5

8 
97,5

1 
97,5

3 
97,5

4 
100 94 

93,9
6 

93,2
6 

93,2
7 

93,2
6 

93,3
9 

76,28 

Bs 
KCTC 
13613 

94,0
5 

94,0
3 

94,1
2 

94,0
7 

94,0
7 

94,0
8 

94,1
2 

100 
98,7

4 
93,2

3 
93,2

3 
93,2

2 
93,2

7 
76,11 

Bs 
SRCM
10016

9 

93,7
1 

93,6
9 

93,7
6 

93,6
4 

93,7
3 

93,6
9 

93,7
6 

98,4
1 

100 
92,8

4 
92,8

5 
92,8

7 
92,9 75,98 

Ba 
XH7 

93,7
1 

93,6
3 

93,8
1 

93,7
6 

93,8
8 

93,8
5 

93,6
9 

93,6
1 

93,5
7 

100 
99,9

8 
99,4

8 
99,3

1 
76,45 

Ba 
TA208 

93,6
7 

93,6
3 

93,7
5 

93,6
9 

93,8
5 

93,8
3 

93,6
5 

93,5
7 

93,5
9 

99,9
5 

100 99,5 
99,2

8 
76,32 

Ba 
LL3 

93,7
3 

93,6
1 

93,7
6 

93,7
4 

93,9
1 

93,8
7 

93,7
2 

93,5
5 

93,5
3 

99,3
9 

99,4
2 

100 
99,4

7 
76,44 

Ba 
DSM7 

93,8
4 

93,7
2 

93,8
9 

93,8
4 

93,9
7 

93,9
9 

93,7
8 

93,5
9 

93,6
3 

99,2 
99,2

3 
99,3

1 
100 76,43 

B. 
subtili
s 168 

76,4 
76,4

9 
76,3

6 
76,4

9 
76,4

2 
76,4 

76,3
4 

76,4 76,4 
76,3

4 
76,3

4 
76,3

9 
76,2

8 
100 

 

*Strains in green belong to the species B. velezensis, in purple to B. siamensis and in orange 

to B. amyloliquefaciens. The B. subtilis 168 strain was used as outgroup. Cutoff values > 96% 

are presented in fuchsia, while values < 96% are presented in black. Values of 100% are 

presented in blue and correspond to the strains compared to themselves just in the diagonal 

of the table. 
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Figure 12. ANIb clusters of strains of the operational group B. amyloliquefaciens 

indicating that strain IBUN 2755 belongs to the species B. velezensis 

This localization could be corroborated through the construction of the clusters from the 

ANIb data in the matrix (Table 3), clearly observing in the figure the definition of the strain 

groups in the species B. velezensis, B. siamensis and B. amyloliquefaciens (Figure 12). 

Where the IBUN 2755 strain was located in the group of B. velezensis with a cutoff >98% 

with the SQR9 strain, which is isolated from cucumber plants and one of the models in the 

study of PGPR-plants-pathogen (Feng et al., 2018).  

It should be mentioned that the species B. subtilis is far from the operational group B. 

amyloliquefaciens as expected and therefore functions as an outgroup (figure 12). In this 

same sense, it is highlighted that the use of the shole genome in phylogeny represents a 

great advantage over the use of single molecular markers such as 16s rRNA in terms of 

resolution and precision, as found in the case of the taxonomic location of the IBUN 2755 

strain. 

2.3.3 The genome of the  B. velezensis  IBUN 2755 strain has high 

similarity with members of the  B. velezensis  species.  

The CGView server software (Stothard et al., 2008) allows for a BLAST-based comparison 

of genomes from the annotation performed with the PROKKA software (Seemann, 2014). 

Where the strains of the species B. velezensis share the presence of several genes, 

especially those associated with the production of antimicrobial compounds (Figure 13), 

among these, the genes associated with the synthesis of pKs and associated with the 

synthesis of plispastatin (pps ABCD) and surfactin (srf ABCD), the latter being NRPs. 

Also, these strains have genes related to stress defense as copA gene, which is important 

for copper tolerance, some related to antibiotic resistance, and others associated with the 

metabolism of amino acids, carbohydrates, and lipids. It can be noted that most of these 
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genes reveal the biocontrol capacity of these strains in terms that several mechanisms of 

action are represented, including the synthesis of antimicrobial compounds, production of 

lytic enzymes and a series of elicitors. By example, the purL gene, which is important in 

nematicidal activity. Many of these genes are also present in the B. amyloliquefaciens 

species and very few in strains of the B. siamensis species (Figure 13). 

This genic difference is also evidenced in the genomic comparison for 44 strains in table 

s1 (Pedraza et al., in preparation) where it is possible to establish a phylogenomic distance 

between members of B. amyloliquefaciens and B. velezensis, which is reflected in the tree 

from the core genome (figure 14) and the construction of clusters from the ANIb calculation 

(figure 15). This is supported more robustly by the difference of genes and especially in the 

distinctive genes present between the members of B. amyloliquefaciens and B. velezensis 

(figure 16), within which it was found that the seven strains close to B. amyloliquefaciens 

DSM7 (not associated with plants) have a repertoire of 2060 genes, including accessory 

and specific (pangenome) genes. Thus, this group of strains have a core genome of 639 

genes, of which 320 genes were identified that distinguish them from the group associated 

with plants. Therefore, of the total gene repertoire, 1160 have an unknown function, and 

150 have a predicted general function, corresponding to 56.3% and 7.2%, respectively, 

which shows that there are many unknown genes (63.5 % of the total). 
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Figure 13. BLAST-based genomic comparison representation of strains of B. velezensis, 

B. amyloliquefaciens, and B. siamensis species from PROKKA annotation. Comparison 

made with CGViewer server software. Some important genes are indicated in blue in the 

annotation using the type strain of B. velezensis FZB42 as a reference. 

On the other hand, the strains close to B. velezensis FZB42 (associated with plants) have 

a whole repertoire (pangenome) of 4457 genes, including accessory and specific genes, 

and a core-genome of 553 genes, of which 239 can distinguish them from the industrial 

strains. In this sense, 87.59% of the total gene repertoire are specific and accessory genes, 

and of this total, 2379 genes of unknown function and 362 of general function were found, 

which corresponds to 53.37% and 8.12% respectively, for a total of 61.49% of unknown 

genes. Likewise, of the total repertoire, 1716 genes (38.5% of the total) had to be classified 

by the presence of the symbol, of which 924 have a unique symbol, and the rest (792 genes) 

are protein variants, considering that the genomic comparison of the strains was made at 

95% with the ROARY software. It should be mentioned that the strain IBUN 2755 was found 

in the group associated with plants (Figs. 14 and 15). 
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Figure 14. Phylogenetic tree built with the Core-genome of 22 strains of B. velezensis 
and 22 of B. amyloliquefaciens obtained from the comparison of genomes using the 

ROARY software. The tree was constructed using the neighbor-joining method with 1,000 
bootstrap replications 
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Figure 15. Clusters and matrix of the ANIb index for the 22 strains of B. 
amyloliquefaciens and 22 strains of B. velezensis, calculated with the JSpeciesWS 

software and built using the Euclidean method for the distance of the matrix and Ward.D 
for the generation of Clusters with the R program version 3.5. Cluster I (non plant 

associated) and cluster II (plant associated). 

Of the 320 genes distinguishing DSM7-closed strains from the plant-associated group, 187 

genes have unknown functions, and 61 only predicted general function. In the same way, 

for the group of strains close to FZB42 of the 239 genes that can distinguish them from the 

other group (non-plant associated), 128 genes are of unknown function, and 39 have 

predicted general function. The remaining number of genes could be categorized (74 genes 

for strains close to DSM7 and 50 for strains close to FZB42) into known COGs, and the 

count of the number of genes assigned to a category allowed us to observe differences 

between strains of the two groups (Figure 16). In this way, the secondary metabolite 

biosynthesis (Q) category can be highlighted, where the strains close to B. velezensis 

FZB42 have 11 genes that distinguish them from the other group. In contrast, the strains of 

B. amyloliquefaciens (not associated with plants) did not show any distinctive gene in this 

category. The genes in this category are associated with the synthesis of antimicrobial 

compounds of the nonribosomal peptide type, ribosomal polyketide peptide, siderophores, 

and volatile organic compounds (VOCs), for strains close to FZB42. Likewise, the strains 

close to FZB42 have a more significant number of genes in the categories of metabolism 

and transport of carbohydrates, metabolism and transport of nucleotides, metabolism and 

transport of lipids and as previously mentioned, biosynthesis of secondary metabolites, 

compared to strains close to DSM7. Meanwhile, those not associated with plants present a 

greater number of genes compared to strains close to FZB42, in the categories replication, 
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recombination and repair, transcription, defense mechanisms, cell membrane biogenesis, 

cell cycle control, metabolism and transport of amino acids, and amino acid metabolism 

and transport of inorganic ions (Figure 16). 

Likewise, the ANIb made it possible to find that there are two subspecies of B. velezensis, 

locating strain 2755 in group IIa (figure 15), where there are several biocontrol strains, and 

which draws attention to a large number of distinctive genes (core genome of each cluster) 

especially those involved in the synthesis of secondary metabolites (figure 17). Performing 

a search within the total repertoire of genes (pangenome) for strains of this specie (B. 

velezensis) is 4457, of which 553 corresponded to the core genome. Of the 4457 genes, 

the IIa have 87 genes in common with each other and 63 genes that distinguish them from 

the IIb subspecies and non-plant-associated strains. While the IIb subspecies coregenome 

was 644 genes of which 499 are genes that distinguish them from the IIa subspecies and 

the B. amyloliquefaciens species. These genes are distributed in different COGs such 

which related to their association with plants:  the transport and metabolism of 

carbohydrates and amino acids, the biosynthesis and transport of secondary metabolites 

and defense mechanisms y  (Figure 17). This result shows that subspecies IIa and IIb differ 

remarkably in genetic terms. 

 

Figure 16. Number of distinctive genes associated with each category of orthologous 

genes (COG) of the groups, strains related to B. amyloliquefaciens DSM7 (industrial) and 

B. velezensis FZB42 (associated with plants) in relation to the total number of categorized 

genes. 
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Figure 17. Number of distinctive genes associated with each category of orthologous 

genes (COG) in the accessory genome of the subgroups in B. velezensis, subspecies IIa 

and IIb. 

2.3.4 B. velezensis  IBUN 2755 has a large number of genes 

associated with biological control mechanisms  

The search for genes associated with biological control mechanisms against 

phytopathogenic microorganisms made it possible to find that the IBUN 2755 strain has 97 

genes to producing antimicrobial compounds (355845bp) (table S5). The ANTIMASH and 

PRISM3 programs, in addition to the manual search, allowed us to identify 13 complete 

gene clusters in the production of NRPs, PKs, and ribosomal synthesis peptides. Clusters 

to surfactin synthase or production of surfactin (C52H91N7O13), production of fengycin C 

(C72H110N12O20), production of bacillibactin (C39H42N6O18), which is an antimicrobial 

compound and a siderophores, and a cluster encoding a bacillothiazole-like compound (A 

ï N) with a 100% homology (Fig. 18), a recently discovered group of NRPs (Jähne., et al. 

2023). Likewise, for polyketides, three clusters were found to produce difficidin 

(C31H45O6P1), bacillaene (C34H50N2O6), macrolactin (C24H34O5) and two PKS clusters 

without homology with the structures reported so far, although one is for type III PKs (Fig.18; 

table. 4S). The PKs cluster 6 in ANTISMASH has different acetyltransferase and the gene 

that codified to alpha-pyrone synthesis polyketide synthase-like Pks11 which can found in 

IBUN 2755 genome for the position 2203122 ï 2204222. Also, the PKs cluster 12 of 

ANTISMASH prediction has a gene that codified to polyketide biosynthesis malonyl-ACP 

decarboxylase PksF which is present in position 3403602 ï 3404822 in IBUN 2755 

genome, in this cluster also is possible found amino and acyl transferases.  

A cluster to produce bacilisyn was identified, a small peptide of nonribosomal synthesis 

whose synthesis does not depend on the sfp gene. Along the same lines, the sfp gene was 

also identified in the genome of the IBUN 2755 strain. In addition to the NRPs and PKs, 

ribosomal synthesis peptides were found, such as one with high homology with 

plantazocillin (a microcin), and a second cluster with 8% homology with microccin P1 was 

also detected (Fig. 18, table 4S). In the cluster associated with microcin P1 was found in 

the IBUN 2755 genome the sqhC gen in position 2315532 ï 2317415, which is codified for 

sporulenol synthase where the sporulenol is a pentacyclic sesquiterpene. In the same way, 

in cluster 12 that ANTISMASH predicted to terpene compound was possible found gene 

yisP that codified to Putative phytoene/squalene synthase in the position 3286213- 

3286953 of genome IBUN 2755. This enzyme catalyzes the conversion of two farnesyl 

pyrophosphates to squalene, an acyclic isoprenoid. 

Competition and colonization stand out in second place, in which 54 genes were found, 

including those related to chemotaxis (mcpABC; pomA; cheABCDRWY), motility 

(flgBCDEGKLMN; swrC of the swrABC operon), biofilm formation (epsA-O; tapA, tasA; 
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sipW, sinR, sinI, spo0A) and siderophores (feuABC; besA; dhbABCEF) (Table S5). This 

result shows the potential of the IBUN 2755 strain as a good competitor and colonizer in 

the rhizosphere. 

Additionally, 49 genes associated with the production of lytic enzymes were found, which 

are one of the key biological control mechanisms in Bacillus strain. These genes 

correspond to exochitinase, chitosans (csn)a, endoglucanases (bglS, eglS, bglC), and 

proteases (ctpAB, clpP, Ion), and genes related to the production of plant cell wall 

degrading enzymes were also found, such as cellulases (bglS, eglS, bglC), xylanases 

(xynACD) and pectate lyases (pelB) (table S5). Other important lytic enzymes are 

phosphatases, phytases and others related to obtaining nutrients from the soil, as well as 

an enzyme associated with quorum quenching (ytnP), which could be key in the interruption 

of quorum sensing in phytopathogenic bacteria and, therefore the expression of virulence 

factors directed by this mechanism. 

Regarding the production of VOCs, 12 genes were found in the IBUN 2755 strain, which 

participate in the synthesis of acetoin, 2,3-butanediol and acetolactate (alsS, alsD). 

Additionally, the IBUN 2755 strain presents other genes (seven) related to the production 

of other elicitors, including plant hormones such as indoacetic acid (IAA) and polyamides 

such as spermidine, putrescine and asmagtin (speB) (table 4S). 

2.3.5 The B. velezensis  strain IBUN 2755 dedicates 16,7% of the 

genome size to the production of antimicrobial compounds 

in a similar way to other biocontrol strains  

According to the results of ANTISMASH, PRIMS3 and the manual search, 13 clusters 

associated with producing secondary metabolites were found, widely reported in the 

literature as antimicrobial compounds. Thus, these 13 clusters are composed of 97 genes 

with a total size of 355,845 bp, corresponding to 16,7% of the total size of the genome 

(4,027,039 bp). Figure 18 shows the graph of the ANTISMASH results for predicting 

metabolites in the genome of the B. velezensis IBUN 2755 strain.  

As indicated in Table 4S, these clusters also were localized  manually. In this direction, it 

can be said that the complete clusters were found to produce: surfactin, plispastatin, 

bacillicin, bacilibactin, dificidin, bacilaena, macrolactin, plantazocillin, microcin P1, 

bacillothiazole, two unknown PKs and an unknown terpene. These compounds have also 

been found in other B. velezensis strains recognized as biological control agents; however, 

not all show the presence of genes to produce all the compounds and even B. 

amyloliquefaciens strains vary markedly (table 4). 

According to table 4, the ANTISMASH results showed that five strains of B. velezensis 

including strain 2755, presented all the eight clusters evaluated. Others four B. velezensis 

strains presented all the clusters except the plantazocillin clusters Additionally these last 

strains present others did not evaluated clusters, such as an unknown Ripp in the S499 
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strain, a class II lantipeptide in the NJN6 strain, locilomycin (a type of lantipeotide III) in 

UCMB5113 or present novel polyketides and NRPs. 

 

Figure 18. Prediction of secondary metabolite clusters in the genome of the B. velezensis 
strain IBUN 2755 using the ANTISMASH version 4.5 software 

On the other hand, the strains of B. amyloliquefaciens, in general, present the gene clusters 

for the synthesis of surfactin, fengycin, bacilysin and bacillibactin, usually some present for 

the bacillaene polyketide but not for the others evaluated, except for strain SRCM100169 

which it only presents two clusters, fengycin and bacillaene. The MT45 strain presents 

additionally to these clusters, the  macrolactin cluster. Finally, the B. siamensis strain only 

has the cluster for the synthesis of bacillibactin in its complete genome, which, as previously 

shown, is a siderophore. 

Table 4. Antimicrobial compounds B. amyloliquefaciens y B. velezensis strains predicted 
with ANTISMASH software version 4.5. 

 Compound  
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B. velezensis IBUN 2755 X X X X X X X X 

B. velezensis FZB42 X X X X X X X X 

B. velezensis AS433 X X X X X X X X 

B. velezensis CAUB946 X X X X X X X X 

B. velezensis CC178 X X X X X X X X 

B. velezensis SQR9 X X X X X X X  
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B. velezensis NJN6 X X X X X X X  

B. velezensis S499 X X X X X X X  

B. velezensis S31 X X X X X X X  

B. velenzensis UCMB5113 X X X X X X X  

B.amyloliquefaciens DSM7 X X X   X X  

B.amyloliquefaciens XH7 X X X   X X  

B.amyloliquefaciens MT45 X X X X  X X  

B.amyloliquefaciens RD77 X X X   X X  

B.amyloliquefaciens 
SRCM100169 

 X    X   

B.amyloliquefaciens 
TA208 

X X X   X X  

B. siamensis KCTC13613   X      

B. subtilis 168 X X X X X X X  

 

It can be evidenced that in terms of the potential for the production of antimicrobial 

compounds, there is a noticeable difference between strains of the different species and 

that had already been evidenced in figures 7 and 8 of the present study. This indicates that 

the strains of B. velezensis use a good percentage of the genome size in the production of 

compounds that, according to their association with plants, could facilitate the direct 

antagonism of phytopathogenic microorganisms or the induction of systemic resistance in 

plants 

2.3.6  Genes associated with the production of antimicrobial 

compounds are targeted for mutation and functional analysis 

in the IBUN 2755 strain.  

Following the large proportion of the genome size that the IBUN 2755 strain occupies for 

the synthesis of antimicrobial compounds, as previously indicated, it is important to suggest 

the genes associated with the production of said compounds. Under Table 1, according to 

the need for activation of NRPs and PKs synthetases, the presence of the sfp gene that 

codes for 4´-phosphopantetheinyl transferase is required, which transfers a 4-

phosphopantetheinyl group (4-Ppant). from coenzyme A to a highly conserved serine 

residue in the peptidyl-bearing and acyl-bearing domains PCPs and ACPs of said enzymes 

respectively (Mofid et al., 2004). For this reason, the sfp gene is considered a regulator, 

and its mutation completely abolishes the production and synthesis of compounds whose 

synthetases are dependent on activation by PPT (Yi et al., 2018; Chowdhury et al., 2015a). 

This is the first target defined for functional analysis because, theoretically, this would allow 

the production of 9 antimicrobial compounds to be abolished (Fig. 19). 
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Likewise, the other defined targets are given for compounds, such as surfactin-type 

compounds, involved in different processes in Bacillus biocontrol strains (Zeriouh et al., 

2014; Chowdhury et al., 2015a). Polyketides are also important, all of which are 

antibacterial and have been shown to participate in biocontrol processes (Yuan et al., 2014; 

Yuan et al., 2016; Magno-Pérez et al., 2015; Wu et al., 2015a). As well as bacilicin, which 

does not depend on sfp for its synthesis, but whose described activity is antibacterial (table 

1). 
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Figure 19. Cluster of genes associated with the production of antimicrobial compounds in 
the IBUN 2755 strain. (A) Compounds whose synthesis depends on the 4'-

phosphopantethinyl transferase enzyme encoded by the sfp gene and (B) Compounds 
whose synthesis is independent of SFP. 

Likewise, the epsA-O, tapA and k genes associated with biofilm formation are proposed for 

functional analysis (Cairns et al., 2014) because Perea et al., (2022) found that the IBUN 

2755 strain can form biofilm on the root of rice plants. 

Since the location of these genes is already known, this will be important for developing the 

constructs. 

2.4 Discus sion  

The results allowed us to find that the IBUN 2755 strain has a genome of 4.02 Kb (Fig. 10), 

which coincides with the sizes reported for the genomes of members of the operational 

group B. amyloliquefaciens and, also for the number of CDS coding sequences (Fan et al., 

2017a). In this sense, according to the findings of Pedraza (2015) using the 16s rRNA 

molecular marker, strain 2755 shows a high similarity (99%) with strains of the species B. 

amyloliquefaciens, B. velezensis, B. metylotrophicus, B. siamensis and B. subtilis among 

others. However, since this gene does not solve the problem of the taxonomic location of 

the strain, it was decided to make use of the complete genome through the ANIb index with 

strains for each of the species found with high similarity with 16s. In addition, it was 

considered to B. amyloliquefaciens subsp. plantarum as a heterotypic synonym of B. 

methylotrophicus or renamed B. velezensis (Dunlap et al., 2016). The Figure 12 shows the 

clustering for the ANIb results, where it was possible to locate the IBUN 2755 strain in the 

B. velezensis species with a cutoff >96% with the type of strain of B. velezensis FZB42 

(table 3) and according to the metrics for this index established by Richter and Rosselló-

Mora (2009). In this same analysis, it was possible to determine that the IBUN 2755 strain 
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is close to other strains used as biological control agents in addition to FZB42, including 

strain SQR9, AS433, CAUB946, UCMB5113 and TRIGOCOR1448, this group being distant 

from species B. amyloliquefaciens sensu stricto and of B. siamensis (table 3 and Fig. 12). 

It is clear that the ANIb index has a high resolution and reliability, taking into account that it 

is the Gold standard established to calculate genomic similarity and establish taxonomic 

relationships between bacterial species (Ritcher and Rosselló-Mora, 2009). Similar results 

were obtained (Pedraza et al., in preparation) when comparing 44 strains (22 from B. 

amyloliquefaciens and 22 from B. velezensis), including strain 2755 (figures 14 and 15), 

which allowed the establishment of two main groups, one associated with plants (close to 

B. velezensis FZB42) and the other not associated with plants (close to B. 

amyloliquefaciens DSM7). This is reflected in the use of ANIb (Figure 6), similar to that 

found by Zhang et al. (2016).. 

With the aim of starting the search for genes of interest in the genome of the IBUN 2755 

strain, an annotation was made in the RAST system (figure 11). The results showed that 

the most significant number of genes is associated with the metabolism and transport of 

amino acids and carbohydrates, which is quite important in its adaptive relationship with its 

host, as shown by Zhang et al., (2016) for strains associated with plants of B. 

amyloliquefaciens subsp plantarum (now B. velezensis) and B. subtilis. This must be 

related to the early stages of colonization, in which these biocontrol strains must have a 

high capacity for competition, with the rhizosphere being a niche where different types of 

interactions with other organisms occur (Kloepper et al., 2004; Huang et al., 2014). In this 

sense, root exudates offer components for which bacteria are attracted before starting the 

colonization process and for which they must compete and where some Bacillus strains 

have been shown to have different chemoreceptors that participate in the chemotaxis 

process (Table S1) such as B. velezensis SQR9 (Feng et al., 2019). However, there must 

also be many genes involved in the use of carbohydrates and amino acids (Yang et al., 

2015), as well as defense mechanism genes, including those associated with resistance to 

antibiotics and xenobiotics that allow mediating competition.  

In this case, Wash et al., (2022) showed that PGPRs strains of the genus Bacillus have 

resistance to different antimicrobials including ɓ-lactams, macrolides, sulfonamides, 

tetracycline, aminoglycosides, and lincosamide, which show adaptation mechanisms to 

tolerate environmental stress, and it could explain the resistance to antibiotics found in the 

IBUN 2755 strain (table 2). Particularly, it should be mentioned that the presence of said 

antimicrobial resistance turns out to be common in strains that are even commercial 

PGPRs, as is the case of B. velezensis FZB42 in which by 2007 the presence of genes 

associated with resistance against bacitracin; fosfomycin; lincomycin and tetracycline had 

already been reported and are currently known resistances to have many more 

(https://www.kegg.jp/brite/bay01504+RBAM_019410). So, Kang et al., (2017) analyzed the 

possibility of a potential antibiotic resistance reservoir associated with introduction of PGPR 

strains into soils, but the impact of these characteristics of this type of strains is still 

unknown. In fact, the number of resistances is higher in gram negative PGPRs (Mahdi et 

al., 2022). 

https://www.kegg.jp/brite/bay01504+RBAM_019410
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Within the mechanisms of biological control is the colonization and competition, this 

involved the chemoattraction towards the compounds present in the root exudates, which 

implies the activity of different proteins codified for several genes that were found in IBUN 

2755 strain genome such as, the flgBCDEGKLMN operon, and flhABF genes (from the 

flhABFOP operon), necessary for motility and swrC (from the swrABC operon) necessary 

for swarming (table S5). This chemotaxis also requires sensors and chemoreceptors that 

in this strain were found such as  the mcpABC genes that code for methyl acceptor 

chemotaxis proteins, pomA that codes for chemotaxis protein, the cheABCDRWY operon 

involved in the regulation of the chemotactic response, tipA that is an HTH-type 

transcriptional activating factor, in addition to the hemAT, yfmS and xerCD genes (table 

S5). In this way, it is known that the IBUN 2755 strain has chemotactic activity towards 

different amino acids and sugars present in rice root exudates (Perea et al., 2022). Once 

the chemotaxis processes occur, bacterial cells are recruited to the root, where they form 

biofilms, which have quite complex genetic and biochemical processes and are coupled to 

other processes that occur simultaneously during the stationary phase in the Bacillus genus 

(López et al., 2009). Some of the genes found that are associated with biofilm formation in 

the IBUN 2755 strain are the epsA-O operon, responsible for the synthesis of 

exopolysaccharides from the extracellular matrix and the tapA, and tasA genes associated 

with the fibers of this biofilm. The genes that regulate biofilm formation sipW, sinR, sinI, and 

spo0A are present in IBUN 2755 genome (table S5) (Cairns et al., 2014; Chen et al., 

2013b). In the latter case, biofilm formation by strain IBUN 2755 was demonstrated both in 

vitro on various culture media and on the root of rice plants (Perea et al., 2022). 

A large number of genes associated with the biosynthesis and catabolism of secondary 

metabolites was also found (figure 18, table S5), which coincides with what was found by 

Pedraza et al., showed in the results of the genomic comparison in figures 16 and 17. In 

those figures can be seen strains associated with plants that presented distinctive genes in 

this category of COGs, unlike non-plant associated strains, such as the DSM7 strain of B. 

amyloliquefaciens.  Although it should be mentioned that the presence of some of these 

clusters may be shared, as shown in figure 16 and in table 4 between the two species. 

Undoubtedly, the IBUN 2755 strain is related with plant associated strains, which dedicates 

16,7% of its genome to the production of antimicrobial compounds including non-ribosomal 

synthesis peptides NRPs, polyketides and microcins (figure 18, table S5). This is reflected 

in the results presented by Blanco, (2012) who found that the IBUN 2755 strain was capable 

of producing compounds from the surfactin and fengycin families which were active against 

the potato plant pathogen R. solani, , when was using a cell free supernatant of 72 h of 

growth in MOLP medium. Likewise, Miranda (2022), demonstrated through metabolomics 

that the IBUN 2755 strain produces antimicrobial compounds of different natures and in 

different proportions in a sporulation medium (MES) or a MOLP medium. In that study was 

reported that the supernatant´s in vitro activity from MOLP medium fermentation was higher 

than the activity in MES media against the pathogen B. glumae. Also, the fractions with the 

highest activity have surfactin-type compounds. 

Regarding the production of antimicrobial compounds, many works make explicit the 

importance of these for biological control agents since they give them direct activity by 

antagonism (Mora et al., 2015). However, in addition to their role in direct antagonism, these 

compounds participate in the regulation of biofilm formation, and colonization of 

plants.These compounds also can induce systemic resistance, an indirect control 
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mechanism against phytopathogens, such as the production of siderophores that allows 

Bacillus to be good competitors in the rhizosphere (Ongena & Jaques, 2008; Andric et al., 

2020; Pedraza et al., 2020). All those distinctive compounds allows to classify the IBUN 

2755 strain as part of IIb subspecies (Fig. 15) together with FZB42 strain (type strain from 

B. velezensis). These strains are biological control agents against different pathosystems 

and both dedicate more than 7% of their genome size to the production of antimicrobial 

compounds, which may explain the benefits that these strains give to their host plants 

(Chen et al., 2013b; Chowdhury et al., 2015; Pedraza et al., 2021; Perea et al., 2022). 

Thus, the potential of the IBUN 2755 strain in the production of antimicrobial compounds is 

of great importance since this could explain its in vitro and in vivo activity against different 

pathogens. This occurs in other strains of the same species, as shown by Chowdhury et 

al., (2015a) for the strain of B. velezensis FZB42, which is capable of producing compounds 

of the surfactin, fengycin and mycosubtilin type in interaction with the R. solani - lettuce 

pathosystem. The knockout mutants of B. velezensis FZB42 in the sfp gene (which cancels 

the production of NRPs and PKs dependent on 4-phosphopantetheinyl transferase) lose a 

good proportion of their biocontrol capacity. Likewise, Koumoutsi et al., (2004) 

demonstrated the presence of different operons involved in the production of antimicrobial 

compounds in the FZB42 strain, with 7.0% of the genome size dedicated to this task.  

The antimicrobial compound production in biocontrollers agents allows a high activity and 

competition capacity in the rhizosphere against different phytopathogens, thus, being this 

potential higher than B. subtilis 168 and Streptomyces strains (Wipat & Harwood, 1999; 

Challis et al., 2000). Therefore, the IBUN 2755 strain shows a potential even higher than 

this type of strains. Nevertheless, it would be important to consider whether these 

compounds participate directly in the mechanism of action against B. glumae or their role 

against different phytopathogens. If the IBUN 2755 strain shows in its genome, the potential 

production of different types of antimicrobial compounds this could reflect possible broad-

spectrum activity as occurs with other Bacillus strains (Baptista et al., 2022). 

In this last scenario, Mora et al., (2015) found that there was an important correlation 

between the presence of genes that code for NRPs in the genome of Bacillus strains versus 

their simultaneous production and antibacterial activity. Therefore, strains that had few or 

no genes associated with the production of such compounds were unable to produce the 

compounds and lacked antagonistic activity. 

Additionally, table S5 shows other genes found in the synthesis of antimicrobials, which 

include a class II cyclic bacteriocin, linear gramicidin, and thiocidin, which controbute to 

those distinctive genes in figures 16 and 17 of the B. velezensis species in COG. However, 

it is also reflected in table 4 concerning strains of the species of B. amyloliquefaciens and 

B. siamensis. Gramicidin is a linear pentadecapeptide produced for a non-ribosomal 

pathway, as are tyrocidin and gramicidin S (Nakai et al., 2005). So, the prediction with the 

ANTISMASH software in the genome of the IBUN 2755 strain, showed the presence some 

compounds with 100% of homology like the cluster associated with the production of a 

bacillothiazole-like compound (A ï N) (Fig. 18). This is a type of NRPs that contains 

polyiazole, and which mechanism of synthesis has recently been reported in the type strain 

of B. velezensis FZB42 (Shen et al., 2022).  
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In the IBUN 2755 strain genome, genes associated with the production of VOCs such as 

acetoin, 2-3-butanediol and acetolactate (table S5) were detected, which have been 

described in other PGPRs and biocontrol strains of the Bacillus genus (Ryu et al. al., 2003; 

Tahir et al., 2017). However, a wide diversity of VOCs has been reported in Bacillus strains, 

including alcohols, ketones, aldehydes, esters, ethers, carboxylic acids, and inorganic 

compounds, among others, which have usually been characterized via mass-coupled 

chromatography (Kai, 2020). But the genes involved in these metabolic pathways need to 

be reported, and therefore it is very complex to make their prediction in the genome of a 

strain, thus, it is important to characterize the VOCs of each strain from its collection to its 

identification. Recently, Lemfack et al., (2017) developed the mVOC 2.0 database, which 

has close to 2,000 VOCs of at least 1,000 species of microorganisms, mainly regarding 

their mass spectrometry to contrast with metabolomics analysis and has some pathways 

from KEEG but does not show any data from strains of the genus Bacillus. 

Regarding lytic enzymes, 49 genes associated with their production were found in the 

genome of strain IBUN 2755 (table S5), which have been widely reported, highlighting 

chitinases and chitosanases involved in direct activity against phytopathogenic fungi (Chen 

et al., 2018). Several genes coding for plant cell wall degrading enzymes such as 

cellulases, which can induce plant resistance by generating DAMPs (Kaku et al., 2006) 

have been reported. The genes associated with cellulose degradation are universally 

present in the genome of B. velezensis strains, including those of the enzymes endo-1,4-

ɓ-glucanase, glucan endo-1,6-ɓ-glucosidase, 6-phospho-ɓ- glucosidase, 6-phospho-Ŭ-

glucosidase, 6-phospho-ɓ-galactosidase and ɓ-glucanase. Cellobiohydrolase genes must 

be present to affirm that a strain is capable of directly degrading cellulose (Chen et al.., 

2018). In this particular case, the IBUN 2755 strain presents some of the genes that codified 

for the endoglucanases, bglS, eglS, bglC, (endocellulases) and presents a cellobiose 

epimerase that performs the cellobiose reaction to D-glucosyl-D-mannose, but does not 

cellobiohydrolase-associated genes. On the other hand, the hemicellulose degradation 

genes, that include those that code for the enzymes 1,4-ɓ-xylosidase, endo-1,4-ɓ-xylanase, 

endo-1,5-Ŭ-L-arabinosidase, arabinoxylan arabinofuranohydrolase, Ŭ-N-

arabinofuranosidase, glucuronoxylanase, ɓ-mannosidase and arabinogalactan endo-1,4-

ɓ-galactosidase reported by Chen et al., (2018), in the IBUN 2755 strain the majority were 

found, which allows inferring the potential of this in the degradation of this substrate. 

It is important to highlight that antimicrobial compounds, lytic enzymes, VOCs, plant 

hormones, biofilm, PAMPs and DAMPs can function as elicitors of plant systemic plant 

resistance (Hamid et al., 2013). It is the main biocontrol mechanism of the Bacillus genus, 

concordly to the results of Wu et al., (2018a) for the B. velezensis SQR9 strain, where 

different elicitors have different contributions to the plant defenses induction. In this same 

scenario, Chowdhury et al., (2015b) conclude that after evaluating different mechanisms of 

action of the B. velezensis FZB42 strain against phytopathogens, the most important is the 

induction of resistance in the host on several pathosystems, and that the immense 

production of its antimicrobial compounds could directly contribute to competition in the 

rhizosphere, this being a mechanism with a lower contribution than the one that the same 

compounds can make as elicitors in the plant together with the VOCs. In this way, the 

different genes that can contribute to the mechanisms of action of the IBUN 2755 strain led 

to the possibility of having a direct activity against phytopathogenic agents or can lead to 

elicitors that give rise to ISR in the host plant. This option would explain why rice plants 
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treated from seed with IBUN 2755 show a decrease in the population of the pathogen B. 

glumae in plant tissue (Pedraza et al., 2021). However, Perea et al., (2022) reported that 

this strain can colonize the plant endophytically, thanks to an arsenal of compounds to act 

directly against B. glumae inside the plant. 

Finally, having a broad knowledge of the different genes associated with the biological 

control mechanisms against phytopathogenic microorganisms in the genome of the IBUN 

2755 strain, different targets for functional analysis can be suggested that would allow 

determining which of these would be the associated mechanism(s) to its activity against B. 

glumae. The sfp gene is postulated, because the PKs and NRPs synthetases are 

dependent of the 4-phosphopantetheinyl transferase, so a knockout mutant in sfp gene will 

stop the synthesis of these type compounds (Yi et al., 2018). According to the results for 

IBUN 2755 strain  at least eight compounds are sfp dependents (Table 4s, figs. 18 and 19). 

However, in order to evaluate a particular compound, it is suggested to mutate the gene 

that codes for the first module of the NRPs and PKs synthetase so to stop producing these 

particular compounds (Bloudoff et al., 2016; Chowdhury et al., 2015a). 

 Likewise, the biofilm, being an important factor, would be a target to carry out a knockout 

mutant in the epsA-O operon and in the tasA and tapA genes, as indicated by the work of 

Chen et al., (2013) in such a way that it allows determining the importance of the biofilm in 

the activity of said strain against B. glumae. In the same direction, another target to analyze 

are the VOCs foundin our strain, considering that those kind of compounds can contribute 

to ISR in the host (Ryu et al., 2003). Thus, having the molecular determinants to be 

evaluated in the IBUN 2755 strain and the respective sequence in the genome, the next 

step is the development of knockout mutants in said genes. 

2.5 Conclusions  

The sequencing of the IBUN 2755 genome made it possible to search for genes associated 

with biological control mechanisms, its taxonomic location, and the genomic comparison 

with strains of the operational group of B. amyloliquefaciens. 

Thus, it was possible to determine through the use of the ANIb index that the IBUN 2755 

strain is of the B. velezensis species close to the FZB42 type strain. It shares several 

genetic characteristics with strains of this species, that are categorized as associated with 

plants. These genes, including those related to chemotaxis and use of carbohydrates and 

amino acids, those for biofilm formation, the production of different antimicrobial 

compounds, VOCs, lytic enzymes, among others. It stands out that the IBUN 2755 strain 

dedicates 16,7% of the genome size to the production of antimicrobial compounds of the 

NRPs, PKs and ribosomal peptides type, being similar and even superior to other biocontrol 

strains of B. velezensis. 
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Identifying the molecular determinants associated with the mechanisms of biological control 

in the genome of the IBUN 2755 strain made it possible to define targets for functional 

analysis that make it possible to determine the mechanisms of action of IBUN 2755 strain 

against B. glumae in rice plants. 
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3. Antimicrobial compounds production and 

induced systemic resistance are the main 

biological control mechanisms of the Bacillus 

velezensis IBUN 2755 strain against 

Burkholderia glumae in rice plants. 

3.1 Introdu ction  

Bacterial panicle blight of rice caused by Burkholderia glumae is an important rice disease 

that leads to yield losses of up to 75% (Nandakumar et al., 2009; Ham, 2011; Fory et al., 

2014; Shew et al. al., 2019). The pathogenic bacterium is present in all rice-producing 

countries worldwide, showing great diversity and difficult management (Devescovi et al., 

2017; Fory et al., 2014; Ham, 2011; Shajahan et al., 2000, Zhu et al., 2008). In this way, 

different strategies have been evaluated. Oxolinic acid has shown promising results in 

chemical management, but it is prohibited in several countries due to the appearance of 

resistant strains (Hikichi, 1993; Maeda et al., 2004). There are no resistant varieties of rice 

plants to this pathogen (Mizobuchi et al., 2013; Pinson et al., 2010; Shew et al., 2019). An 

alternative strategy emerging in recent years is the application of biological controllers 

(Chung et al., 2015; Sherstha et al., 2016; Suárez-Moreno et al., 2019; Pedraza et al., 

2021). 

Biological control is using living organisms or natural enemies to prevent or reduce crop 

damage caused by pests or diseases (Crump et al., 1999). When biocontrol 

microorganisms are used,are expected to decrease the plant pathogen population and 

reduce disease symptoms, which has allowed many successful cases (Compant et al., 

2005; Shafi et al., 2017). Additionally, Bacillus biocontrol products are friendliest for 

environmental and human health (De Bach & Rosen, 1991; Kamilova et al., 2015). In the 

case of B. glumae in rice, Beric et al., (2012) report Aerobic Endospore-Forming Bacteria 

(AEFBs) with antagonistic activity in vitro. Meanwhile, Chung et al., (2015) and Shrestha et 

al., (2016), at the in vivo level, also report AEFBs strains with activity against the disease 

causes by B. glumae on leaves and panicles, respectively.  

AEFBs are a group of Gram-positive bacteria comprising several species of Bacillus and 

other genera (Mandic - Mulec and Prosser, 2011). Some strains of the genus Bacillus are 

used to control phytopathogenic microorganisms due to their rapid colonization and 

replication capacity, their presence in all agroecosystems, their ability to survive in hostile 

environments, and because they can synthesize various antimicrobial compounds that give 

them a broad spectrum of action (Compant et al., 2005; Ongena & Jaques, 2008; Sumi et 

al., 2015). Furthermore, some species of Bacillus have been declared safe organisms for 
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health or the environment or GRAS for their commercialization and use (Olmos & Paniagua-

Michel, 2014). 

Bacillus velezensis IBUN 2755 is a native Colombian strain with biocontrol activity against 

B. glumae in rice, and Rhizoctonia solani in potato plants (Pedraza et al., 2021; Blanco, 

2012). This strain was initially isolated from the rizosphere of native potato Solanum 

tuberosum special group phureja, and since then, it has shown an important performance 

as a plant growth-promoting bacterium in different plants, including rice and lettuce 

(Benavidez, 2022; Gómez et al., 2021). Recently, Pedraza et al., (2021) found that the 

IBUN 2755 strain has antagonistic activity against B. glumae in vitro but also decreases the 

severity of the disease in rice seed inoculated seedlings, also decreasing the population of 

the pathogen in plant tissue under greenhouse conditions. Under field conditions, this strain 

decreased the incidence of the rice bacterial panicle blight, even showing a decrease in the 

pathogen population in crop residues left after harvest. Additionally, the application of this 

bacteria statistically significant increase crop yield compared to the untreated control 

(Pedraza et al., 2021).  

Different mechanisms have been described for strains of the Bacillus genus with biological 

control capacity against phytopathogenic microorganisms, including the production of 

antimicrobial compounds, lytic enzymes, volatile organic compounds, colonization and 

competition and induction of systemic resistance (ISR) (Mora et al., 2015, Hamid et al., 

2013; Xie et al., 2016; Pedraza et al., 2020). Bacillus strains can produce different types of 

antimicrobial compounds, including nonribosomal synthetic peptides (NRPs), polyketides 

(PKs), and ribosomal synthetic peptides (bacteriocins) (Ongena & Jaques, 2008; Wang et 

al., 2014; Aleti et al., 2015; Chen et al., 2009; Fickers et al., 2012). Likewise, they produce 

volatile organic compounds (VOCs) of different kinds that can act directly or indirectly since 

they can also function as elicitors for the induction of plant defenses (Mitchel et al., 2010; 

Ryu et al., 2003). Likewise, as well as antimicrobial compounds, VOCs, lytic enzymes, 

biofilm components and microorganism-associated molecular patterns (MAMPs) can lead 

to the induction of plant resistance (Chandler et al., 2015; Cawoy et al., 2014; Chowdhury 

et al., 2015a; Wang et al., 2016; Niu et al., 2016). 

In this way, the induction of plant systemic resistance has been described as one of the 

most important mechanisms in biocontrol strains of Bacillus. Biological control activity of B. 

velezensis FZB42 type strain could depend on the potential antimicrobial activity of several 

bioactive secondary metabolites. From these, only surfactin-like products are produced in 

the root, and a very low amount of antifungals and no polyketides or other bioactive 

compounds have been detected in the vicinity of the roots of colonized plants so far by the 

bacterium (Nihorimbere et al., 2012; Debois et al., 2014; Chowdhury et al., 2015). This 

suggests that ISR mediated by surfactins, microbial volatile organic compounds (mVOCs), 

and possibly other hitherto unidentified secondary metabolites, is a major factor in plant 

pathogen suppression for this bacterial strain (Chowdhury et al., 2015). 

The induction of plant systemic resistance protects it against future attacks by pathogenic 

organisms because it allows the distal activation of the transcription of defense genes such 

as proteins related to pathogenesis (PRs) that are directed against phytopatogenic 

microorganisms (Jones & Dangl, 2006). Classically, the systemic resistance has been 

separated in Induced (ISR) or Systemic (SAR), depending on whether the source is a 
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beneficial or pathogenic microorganism. (Pieterse et al., 2014; Pieterse et al., 2009). In 

addition, the SAR has been associated with the salicylic acid and with the induction of NRP 

gene (Li et al., 2016b). On the other hand, ISR seems be jasmonic acid/ ethylene 

dependent and the expression of genes dependent of these hormones have been used as 

markers (Pieterse et al., 2014). 

Consequently, this work aimed to identify the mechanisms of biological control of B. 

velezensis IBUN 2755 against B. glumae during its interaction with rice plants. 

3.2 Materials and methods  

3.2.1 Biological material  

The B. velezensis IBUN 2755 (Bv IBUN 2755) strain is part of the Bank Strain of the Institute 

of Biotechnology of the National University of Colombia (IBUN) and specifically of the 

Laboratory of Agricultural Microbiology. It is a strain isolated from the rhizosphere of native 

potato Solanum tuberosum special group phureja  and is covered under the access contract 

to genetic resources 160 of December 7, 2017. 

The Burkholderia glumae CIAT 3200 -12 (Bg 3200) strain originates from Cordoba, 

Colombia was used as plant pathogen, which was kindly provided by Dr. Gloria Mosquera 

of the International Center for Tropical Agriculture. 

For transformation assays, Bacillus and Escherichia coli strains were used from bank of the 

Agricultural Microbiology group of the Institute of Biotechnology (IBUN), the laboratory of 

Plant Physiology and microorganisms of the Biology Department from Universidad 

Nacional de Colombia, Bogotá, and of the laboratory of Molecular Studies of the Division 

Bacterial Cell from the Department of Biochemistry of the University of Sao Paulo, Brazil. 

Table S3 shows the strains and plasmids used.  

The rice seeds using in this work was the Colombian variety FEDEARROZ 2000 which was 

kindly provided by Federación Nacional de Arroceros de Colombia FEDEARROZ. 

3.2.2 Identification of candidate genes associated with biological 

control in the genome of the IBUN 2755 strain.  

For the search of interesting genes in the annotation of the genome of strain IBUN 2755 

and the corresponding position in the genome, the Bioperl version 5.8 software was used. 

The genes of interest were selected from bibliographic reports and the current identifier was 

determined in the GenBank gene database (https://www.ncbi.nlm.nih.gov/). For the 

prediction of secondary metabolites in the IBUN 2755 strainwere used the PRISM 3 

https://www.ncbi.nlm.nih.gov/
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(Prediction informatics of secondary metabolome) software (Skinnider et al., 2015) and the 

ANTISMASH software version 5.2.0 (Blin et al., 2019).  

3.2.3 Generation of knockout  mutants of the IBUN 2755 strain  

To evaluate the genetic transformation and generation of the knockout, replicative and 

integrative plasmids for Bacillus were used (table S3). For the construction of the integrative 

sfp_cm plasmid, the plasmid PGemT easy from Promega ® was used as the backbone and 

the PCR fragment of the sfp gene from strain IBUN 2755 was added by T/A cloning, which 

was obtained using the sfpF and sfpR primers (Table S4) using genomic DNA of IBUN 

2755. Once the plasmid with the insert was obtained, it was cut with the restriction enzymes 

HindIII and PfoI. A chloramphenicol resistance cassette was amplified with the cmrF and 

cmrR primers containing HindIII and PfoI tails employing PTH1 plasmid as a template. The 

PCR digested product was ligated to the vector containing the digested sfp PCR fragment. 

Clones were analyzed by colony PCR using the sfpF and sfpR primers to amplify a fragment 

with an expected size of 2318 bp. From this plasmid, the sfp_ERI plasmid was obtained, 

for which the PDG646 plasmid was cut with the restriction enzyme HindIII NEB ® to obtain 

the fragment of the erythromycin resistance cassette. The sfp cm plasmid was cut with the 

same enzyme, and the corresponding ligation was performed (Fig. S2).  

In addition, CRISPR-CAS9 plasmid for sfp editing was constructed. For this, the fragment 

of the sfp gene, including adjacent regions, was amplified by PCR from the sfp_ERI plasmid 

using the primers sfp_GIBSON_F and sfp_GIBSON_R (Table S4). Additionally, the vector 

PJO8999 (Backbone) was digested with XbaI and SmaI NEB ®. The two fragments were 

purified and ligated.  

For the design of the sgRNA, the CRISPOR software (Concordet & Haeussler, 2018) was 

used through the page http://crispor.tefor.net/. The 90 bp region of the sfp gene was used 

as the target sequence, excised from the gene with the enzymes HindIII and PfoI to place 

the chloramphenicol resistance cassette while constructing the sfp_cm plasmid. In this way, 

two sgRNAs with 100% specificity were selected, which had efficiency according to the 

software and did not have mismatches close to the PAM region, as shown in figure 1S, 

where the search results.  

For the primer hybridization prepared at a concentration of 100 mM, 1µL of Buffer T4 ligase 

10X NEB ® and 7µL of MilliQ water. The program for hybridization consisted of 30 min at 

37°C, 5 min at 95°C and 15 min at 60°C. 

The sgRNA was placed on the plasmid PJO8999+sfp, it was digested with the BsaI 

enzyme, purified, ligated, and cloned in E. coli, and the CRISPR-CAS9 sfp_ERI plasmid 

was obtained (Fig. S2). 

Two replicative plasmids, IPTGcomK and PmancomK, were also obtained for the 

overexpression of ComK (natural competition master) and were constructed according to 
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supplementary material 3.5.1.Transformation IBUN 2755 assays to evaluate whether 

ComK overexpression would allow natural competition in the IBUN 2755 strain (Fig. S2). 

The IBUN 2755 strain was transformed using different methods. First, the presence of 

natural competition was evaluated, for which two methods were used, one-step and two-

step methods (Rudner laboratory, Details of each method can be found in 

3.5.1.Transformation IBUN 2755 assays, in Supplementary material). For this purpose, five 

replicative plasmids and two integrative plasmids were used (Table S3). 

Subsequently, transformation assays by electroporation were performed with some 

modifications made to this method: growth medium, electroporation buffer and 

electroporation conditions according to the methods described by Zhang et al., (2011), 

Meddeb-Mouelhi., et al., (2012) and Rosado et al., (1994) as indicated in Supplementary 

material. 3.5.1.Transformation IBUN 2755 assays, where a total of six assays were 

performed, highlighting that in all cases, the replicative plasmid PDG148 was used (Fig. 

S2). 

Finally, the modified protoplast generation and transformation method described by Chan 

and Coeher (1979) was used (details in Supplementary material. 3.5.1.Transformation 

IBUN 2755 assays,). A total of 10 replicative plasmids and the two integrative plasmids 

were used. 

The strain IBUN2755 was grown overnight in LB medium to generate UV mutants and 

subsequently adjusted to a concentration of 1.0x106 CFU/mL in saline solution at 0.85% 

NaCl. 1.5 ml of this inoculum was placed on a Petri dish and exposed to a UVITEC CL-508 

crosslinker at 254 nm with 16 cm between the lamps and the Petri dish. Different exposure 

times were evaluated 0.1, 0.3, 0.5, 0.7, 1.0 and 1.2 min. After the treatment, the bacterial 

suspension was plated on LB agar  medium. Once the exposure was carried out, 100 µL 

of the irradiated inoculum was plated in LB medium and incubated in the dark at 30°C for 

16h, and then the number of bacterial colonies on the plate was recorded. The death rate 

was calculated using the following formula: 

I% = [1 ī (Wt/W0)]  z100% 

where I represent the death rate, Wt represents the number of colonies in the UV irradiation 

group, W0 represents the number of colonies in the blank group (Zeng et al., 2017). The 

treatment with a death rate of 85% after UV treatment was selected and grown colonies 

were preserved in glycerol at 50% to -20°C. 
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3.2.4 Screening of random mutants obtained by irradiation with UV 

light for dual antagonism in vitro  against B. glumae  

For the antagonism assay, the Pedraza et al. (2021) methodology was used. Briefly, a 24h 

growth of B. glumae CIAT 3200-12 was used to adjust to OD from 0.2 at 600 nm with sterile 

saline solution and 100 µL of this inoculum was plated in LB medium. In parallel, each 

mutant colony was activated overnight in LB medium, then the inoculum was adjusted to 

OD 0.2 at 600 nm and inoculating 10 µL of the cell suspension on Whatman paper 

sensidiscs of 5 mm of diameter previously placed on Petri dishes with LB medium, which 

contain the inoculum of B. glumae. Initially, two replicates were evaluated for each putative 

mutant to evaluate the presence of an inhibition halo at 48 h in comparison with the 

antagonistic activity of the wild type strain. Mutants without activity were repeated four 

times, selecting only those that showed reproducibility on the lack of activity. Ten 

generations of the colonies were obtained to evaluate the mutation stability, and each 

generation was tested in an in vitro dual antagonism assay as previously described. Each 

generation being a peal of the bacteria with 24 hours of growth. Three replicates were made 

with two repetitions on time using the wild type strain as a positive control. 100 µl of 

inoculum of 1.0 x 108 CFU/ml of the putative mutants of IBUN 2755 strain were inoculated 

in 25 ml of MOLP medium to evaluate the activity of culture supernatant (Ahimout et al., 

2000) in a 125 ml Erlenmeyer flask. These flasks were incubated at 30°C, 150 rpm for 72h. 

The wild type strain IBUN 2755 strain was used as a positive control. 

After the incubation, the 25 ml of culture was centrifuged at 7500 x g for 5 min, and the 

recovered supernatant was filtered using a Millipore® filter of 0.25 µm of pore diameter. 

The recovered supernatants were evaluated under in vitro dual antagonism assay against 

B. glumae as indicated above. 

3.2.5 Screening of antagonistic activity against B. glumae  by VOCs 

of putative mutants   

Colonies of B. glumae were grown in liquid LB medium during 16 h at 30°C and 150 rpm. 

Subsequently, the inoculum of Bacillus was adjusted to an OD of 0.2 at 600 nm, and 100 

µL of the inoculum were plated as carpet on LB agar medium. The plates were incubated 

overnight at 30° C, and then the petri dish base was confronted with another base with the 

B. glumea strain CIAT 3200-12 previously inoculated on LB medium with 100 µL, adjusted 

at an OD of 0.2 at 600 nm. The Petri dish base with B. glumae was used as a coverlid when 

confronted with the putative mutants. The two bases were sealed with parafilm and 

incubated at 30°C for 48 h. Two replicates were used for each treatment and the activity 

was contrasted with the inhibition caused by the wild type strain. 

The colonies with loss of inhibition capacity by VOC were repeated four times over time 

and the putative mutants to which the lack of antagonistic activity was confirmed were 
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tested again for 10 generations. Each generation being a peal of the bacteria with 24 hours 

of growth. 

3.2.6 Evaluation in vitro  biofilm formation of 130B mutant (mutant 

derivated for UV light irradiation of IBUN 2755 strain)  

To evaluate the biofilm formation strains, the cells were grown in LB broth for 16 h at 30°C 

and 150 rpm in an orbital shaker. After incubation time, the cell culture was centrifuged at 

7000 g, washed with saline solution and adjusted to an OD of 1.0 at 600 nm. After, 3 µl of 

inoculum was placed on two biofilm inducing medium, and on LB (g/L: Tryptone 10, NaCl 

10, Yeast Extract 5) LBGM medium (LB supplemented with 1% v/v glycerol + 0.5 mM 

MnSO4), and 2SG medium (16g nutrient broth, 2g KCl, 0.5g Ca(NO3)2, 0.1 mM MnCl24H2O, 

1 mM FeSO4, 0.1% glucose) and left for 24, 48, and 72 h at 30°C  

Additionally, biofilm formation on liquid medium was evaluated in LBGM, placing 10 µL of 

an inoculum adjusted to an OD of 0.2 at 600 nm in 9-well plates, using triplicate for each 

bacterium. The plates were incubated at 30°C for 72h in darkness and then the morphology 

was observed. Then, the film obtained was extracted from the well of the plate and placed 

in a Falcon® tube with 5 ml of saline solution, and disrupted by using ultrasound bath CPHX 

BRANSON® at 40kHzintensity using 3 pulses of 1 min. Subsequently, serial dilutions were 

made in saline solution and 100 µL were plated in LB medium, and incubated for 24 h at 

30°C, time after which CFU/mL of each treatment was determined. 

3.2.7 Evaluation of the biocontrol activity of 130B mutant strain 

against B. glumae  in rice seedlings  

For a mutant without selected activity according to the previous tests, the biocontrol activity 

in rice seedlings was evaluated according to the substrate model proposed by Pedraza et 

al., (2018), briefly, an inoculum of B. glumae CIAT 3200 - 12 was prepared in LB broth 

overnight at 30°C and subsequently adjusted to an OD of 0.2 at 600 nm (1.0x108 CFU/ml) 

subsequently adjusted to a concentration of 1.0x107 CFU/ml and incorporated into 

semisolid agar (4 g/L) and brought to a final concentration of 1.0x106 CFU/ml, serving 10 

ml of this suspension in each Petri dish. In parallel, superficially disinfected rice seeds were 

bacterized in an adjusted inoculum for IBUN 2755 putative mutant strain at a concentration 

of 1.0x107 CFU/ml for 30 min, and incubated at 150 rpm and 28°C, using a ratio of 5 ml of 

inoculum for 15 seeds. The inoculated seeds were placed on the surface of the semisolid 

agar, previously prepared with the B. glumae strain CIAT 3200-12. The experimental design 

was completely randomized with experimental unit of one petri dish with 10 seeds and three 

replicates for each treatment were used. The uninoculated control treatment corresponded 

to seedlings that were not bacterized from seed and in the substrate did not have B. glumae. 
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A disease control was also used that corresponded to seedlings that were not bacterized 

with Bacillus from seed but did have B. glumae in the substrate. 

3.2.8 Analysis of metabolites in supernatants by HPLC  

To analyze the secondary metabolites of putative mutants, culture supernatant of 72h old 

cultures in MOLP media were analyzed. Briefly, 100 µL of a 1.0 x 108 CFU/ml inoculum of 

IBUN 2755 strain wild type and mutants were independently inoculated into 125 ml 

Erlenmeyer flasks previously prepared with 25 ml of MOLP medium. Ten Erlenmeyer 

biological replicates were prepared for each treatment. The Erlenmeyers were incubated at 

30°C, 150 rpm for 72h. Subsequently, the bacterial broth was centrifuged for 20 min at 7500 

x g and 4°C; the obtained supernatant was acidified with HCl at pH 2.0 and stored at 4°C 

for 12 h (Ohno et al., 1995). The precipitated supernatant was transferred to 50 ml 

centrifuge tubes, and spun down at 4500 rpm for 20 min. The obtained pellet was 

resuspended in 5 ml of 100% MeOH using a vortex for 10 min. Afterwards, the methanolic 

suspension was filtered using 0.2 µm pore size polyamide membranes, and then 

concentrated under reduced pressure in a rotary evaporator (50 °C, -50 psi) until a solid 

residue was obtained. This solid residue was considered the raw extract, which was then 

stored at 4 °C until analysis. 

The extracts were dissolved in methanol 100% to achieve a final concentration of 1 mg/ml. 

The samples were filtered (0.22 µm) concentration solution of each of the extracts was 

prepared in methanol 100% and used to run injected on an HPLC chromatographer UFLC 

ï HPLC LC-20AT Shimadzu® using gradient with water (B) and acetonitrile (A) as mobile 

phases. The chromatographic program was a linear gradient: following the proportions A: 

B; 0 min 35%: 65%, 8 min 35%: 65%, 10 min 40%: 60%, 25 min 40%:60%, 30 min 80%: 

20%, 45 min 80%: 20%, 50 min 100%: 0% and 60 min 35%:65%. For this the eclipse XDB 

C18 (dimensions 250 x 4.6 mm, and pore size 5ɛm) column was used with a volume of 

injection of 20 µL with a flow of 1mL/min and with UV detection at 214 nm. The column 

temperature was 40°C. The presence of Iturin and surfactins in the samples were evaluated 

by comparison of the peaks with two internal standards, Iturin A (purity Ó 95%, CAS is 

52229-90-0) and surfactin (Ó 98%, CAS 24730-31-2) Sigma Aldrich® standards were used 

to establish whether the solution had peaks with the same retention times. 

For the characterization of the compounds, this same solution was analyzed by LC-MS/MS 

using Acquity UPLC H-Class equipment coupled to a Waters XEVO G2-XS QTOF mass 

spectrometer, whose source of electrospray ionization (ESI). This team is located at the 

Lasallian University Corporation in Caldas, Antioquia. 

So, for HPLC coupled to mass analysis was performed on a Luna® Omega 3 µm PS C18 

100 Å column, 150 x 2.1 mm, using as eluents water with 0.1% formic acid (solution A), 

and acetonitrile with formic acid 0.1% (solution B) grade LC-MS from Merck®. The gradient 

started at 50% solution B and was led to 100% B in 12 min, where it was held for 3 min. 

The injection volume was 5µl of a solution of 1 mg/ml of each extract previously filtered 
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through a membrane of 0.22 µm pore size. The flow was kept at 0.3 ml/min, the column 

temperature was 40°C, and the temperature of the sample holder was 15°C. Additionally, 

sodium formate from Sigma Aldrich was used as a calibrant. Each sample was injected by 

triplicate. The parameters set for the mass spectrometer were those suggested by the 

developers of the GNPS platform for Waters equipment (Aron et al., 2020). 

The LC-MS data were processed by using MZmine (version 3.1.0) software. Briefly, for 

mass detection, a noise level of 1.0 × 104 and 1.0 x 103 was used for MS1 and MS2, 

respectively. Then, the ADAP chromatogram algorithm was used to generate the 

chromatograms based on MS1 data with the following parameters: minimum group size of 

scans = 4, group intensity threshold = 1.0 × 104, minimum highest intensity = 1.0 × 104, m/z 

and tolerance = 10 ppm (Schmid et al., 2023). Next, peak deconvolution was achieved 

using the local minimum resolver algorithm with an S/N threshold = 5.0 x 102, minimum 

feature height = 1.0 × 104, coefficient/area threshold = 10, peak duration length = 0.8 min, 

RT wavelet range = 0.0ð0.08. Isotopes, adducts and in-source fragments were identified 

and annotated using the 13C isotope filter and metaCorrelate modules using an m/z 

tolerance of 10 ppm and RT tolerance of 0.35 min. Peak alignment was performed with the 

join aligner module. m/z tolerance of 10 ppm and RT tolerance of 0,0035 were selected for 

alignment, giving a weight for m/z of 75 and RT of 25. The peak list was gap-filled using the 

same RT and m/z range gap filler with an m/z tolerance of 10 ppm. Finally, blank features 

were removed using the blank subtraction module with the solvent blank files as input. The 

data from the resulting peak list was exported in mgf. and csv. format and submitted to the 

GNPS platform for molecular networking and feature annotation. The default settings in the 

feature-based molecular networking and Ion Identity Molecular Networking (IIMN) were 

kept for this analysis. The GNPS job can be accessed through the link: 

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=5c1aaf6b20664b4fa73346ad67734ae

4  

Data were visualized with Cytoscape 3.7.1., which allowed the subtraction of ions 

corresponding to the culture media without inoculation and the identification of the different 

ions between the wild type and the putative mutant. The analyzed data were then sent to 

the GNPS to identify the molecular networks corresponding to the types of metabolites and 

were visualized using Cytoscape (https://ccms-

ucsd.github.io/GNPSDocumentation/cytoscape/). The features found to be different 

between the wild type strain IBUN 2755 and the putative mutant strain were searched in 

the literature with their m/z value and through their mass spectrometer to try to identify them 

or at least to try to identify them or each the family of compounds. 

So, the chemical and structural identities of interest metabolites were elucidated using their 

respective fragmentation patterns in the mass spectra, compoundôs elemental composition, 

and search in specialized databases. The putative empirical formula and mass information 

of each statistically significant extracted ion peak was obtained and searched in databases 

such as ChemSpider (www.chemspider.com), Dictionary of Natural Products 

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=5c1aaf6b20664b4fa73346ad67734ae4
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=5c1aaf6b20664b4fa73346ad67734ae4
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(dnp.chemnetbase.com). The metabolites were tentatively identified/annotated following 

the recommendations of Ferni et al. (2011). 

3.2.9 Evaluation of the induction of systemic resistance in rice 

plants  

3.2.9.1  Induction of systemic resistance mediated by VOCs.  

In order to determine the capacity to induce systemic resistance in rice plants of VOCs 

produced by strain IBUN 2755, rice seeds were germinated in agar substrate (agar 4g/l) at 

30°C in the dark. After 7 days of incubation, 0.2 cm of tip of roots seedlings were cut to 

facilitate the entry of the pathogen. Cut seedlings were placed in a 7-onze plastic cups with 

soil, using 10 seedlings per cup, and three replicates per treatment as the experimental 

unit. The cups with the plants were placed on a plastic container previously prepared with 

a Petri dish at the bottom with a 24h growth of the wild type strain or the putative mutant 

strains. Each plate was inoculated with 100 µl of a cell suspension at an OD of 0.2 at 600 

nm. The assembled plastic container-cup with plants interface was sealed with Parafilm® 

and the cups were incubated in a Sanyo® growth chamber at 30°C, 75% RH, 5 lamps on, 

and photoperiod of 12:12 light: darkness where the plants were left exposed to VOCs for 

48h. Exposure to Petri dishes with uninoculated culture medium was used as control 

treatment. 

For gene expression, total RNA of seedlings collected at 0 and 48h of exposure was 

extracted using the Invitrap kit®. RNA was treated with Thermo Fischer® DNAse I, following 

the manufacturer's instructions. A control PCR using actin primers was performed to 

determine the purity of the RNA relative to the DNA. Once the RNA was verified, cDNA was 

prepared with the multiscript enzyme kit Thermo Fisher®.  

Table 5. Specific primers for ISR marker genes in rice used in this study. 

Signaling 
pathway  

Gene 
symbol  

Locus number  Name Forward (5ô-
3ô) 

Reverse (3ô-
5ô) 

Reference  

HK Actin Os03g0718100 

Rice actin 1 GCGTGGACA
AAGTTTTCAA

CCG 

TCTGGTACC
CTCATCAGG

CATC 

McElroy et 
al., 1990 

ET EBP89 Os03g0182800 

Response to 
Ethylene 

TGACGATCTT
GCTGAACTG

AA 

CAATCCCAC
AAACTTTAC

ACA 

Yang et al., 
2005 

JA JiOSPR10 Os03g0300400 

PR10 JA 
inducible 
protein 

CGGACGCTT
ACAACTAAAT

CG 

AAACAAAAC
CATTCTCCG

ACAG 

Jwa et al., 
2001 

 

SA NPR1 Os01g0194300 

PR1 protein CACGCCTAA
GCCTCGGAT

TA 

TCAGTGAG
CAGCATCCT

GACTAG 

Chem et al., 
2001 

 

HK: housekeeping, ABA: absicic acid, ET: ethylene, IAA: indoleacetic acid, JA: jasmonic acid, SA: 

acetylsalicylic acid, PAL: phenyl ammonium lyase 
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In order to quantify the expression of the genes, the cDNA was used for the preparation of 

real-time PCR with the SYBER green kit from ROCHE® using actin as housekeeping gene 

and Npr1, JiOSpr10 and Ebp89 as marker genes of induction of plant response. Primers 

for these genes were selected from literature (Table 5). For this assay each treatment had 

a biological triplicate with two technical replicates. Once the real-time PCR data was 

obtained, the PFAFFI method (Pfaffl, 2001) was used to determine the relative expression 

of each marker. 

A trial set-up the same as the one previously described was carried out to evaluate the 

parameters of disease incidence, plant length and the concentration of the pathogen in the 

plant tissue. For this, the Petri® dishes with the putative mutant or wild type bacteria or the 

LB uninoculated medium, were removed after 48 hours of exposure. Then, B. glumae was 

immediately inoculated into the plastic cups containing the soil, with 30 ml of adjusted to a 

concentration of 1,0x108 CFU/mL, subsequently, the pathogen inoculated plants were 

incubated under the conditions of the growth chamber previously described for 7 days. After 

that time, the presence of disease symptoms and the incidence in each experimental unit 

were determined, as well as the stem and root length. Additionally, the concentration of B. 

glumae was determined in each treatment as described by Pedraza et al., (2021). Briefly, 

the plants were washed and superficially disinfected (6% sodium hypochlorite for 6 min, 

three washes with sterile distilled water, 70% ethanol for 6 min and four washes with sterile 

distilled water), macerated using 1 ml of PBS buffer pH 7.2 and then serial dilutions were 

made by plating on SPG medium (Quesada-Gonzales and Garcia-Santamaria, 2014). 

Then, the plates were incubated at 30°C for 48h in darkness. After time, the number of 

colonies of B. glumae per gram of fresh weight was determined. Subsequently, presumptive 

colonies of B. glumae were randomly selected and confirmed by using a PCR with specific 

primers previously described by Sayler et al., (2006).  

A plastic cup with seven seedlings were used as an experimental unit with three cups per 

treatment as replicates. Treatments without inoculation of the pathogen and without 

Bacillus were used as negative control. The disease control inoculated with B. glumae but 

not exposed to VOCs of Bacillus, was used as disease control, and the plants treated with 

the VOCs of wild type strain and inoculated with the pathogen was used as the control of 

the resistant induction capacity of the wild type in relation with the putative mutant treatment 

(130B and 36A).  

3.2.9.2  Evaluation of the induction of systemic resistance by 

exposure to direct exposition of the wild type and the 

putative strain  

To evaluate whether the cells of the IBUN 2755 strain had the capacity to induce resistance, 

a root split assay was used. Rice seedlings of 7 days after germination were cut 0.2 cm 

from the tip roots and the main root was placed in a plastic cup of seven ounces at distance. 
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Meanwhile, the seedling with the secondary roots were placed in another plastic cup of 7 

onze. The Bacillus strain was inoculated in the plastic cup with the main root system and 

left in incubation in a growth chamber for 48h. Total RNA extraction was performed as 

previously indicated, and Npr1, JiOspr10 and Ebp89 molecular markers were evaluated 

using actin as housekeeping gene, following the procedure previously described.  

To evaluate the development of the disease, a parallel assay was done. After 48 hours of 

inoculation of the Bacillus cells, B. glumae was inoculated in the cup containing the 

secondary roots of the seedlings using a 30 ml inoculum of 1,0X108 CFU/ml. After 7 days 

of inoculation, the disease incidence and stem and root length parameters were evaluated, 

in addition to the CFU of B. glumae/g of fresh weight, as previously indicated. Seven 

seedlings were used as an experimental unit with triplicate per treatment. The treatments 

used were the control without inoculation of the pathogen and without Bacillus, the disease 

control inoculated with B. glumae but not exposed to Bacillus, the plants treated with the 

wild strain and inoculated with the pathogen, and the plants treated with the mutant 130B 

and inoculated with the pathogen. 

The presence of Bacillus cells in the roots of the plants in both compartments was 

determined; for this, the roots of the plants were collected at 48 h and 7 d after inoculation. 

The plants were collected by separating the part corresponding to each compartment and 

these were shaken and placed in a 50 ml centrifuge tube with 5 ml of saline solution. The 

roots were left for 2 h in an orbital shaking shaker and subsequently ultrasound was 

performed with a Sonics Vibra Cell VC-130® ultrasonic disruptor. Sonicator was set to 30% 

for 10 pulses of 1s, each followed by a 1-s pause. Serial dilutions were made with saline 

dilution by seeding the dilutions from 10E-01 to 10E-04 in solid LB medium. 

3.2.10 Identification of mutation in 130B strain genome  

To determine the putative genes responsible for the loss of the biocontrol activity phenotype 

of the 130B mutant, the entire genome of this mutant, was sequenced using the Illumina 

Miseq system with 50X 2X300 pb coverage. The quality control of the reads was tested by 

FastQC and assembled with Velvet version 2.2.6, using the wild type strain IBUN 2755 as 

reference genome. The assembled genome was used to search for SNPs with the Snippy 

software version 4.6.0 (Seeman, 2015), comparing it with the genome of the wild strain and 

using the default parameters: Minimum mapping quality to allow = 60, minimum coverage 

of variant site = 10, minimum proportion for variant evidence = 0.9 and minimum QUALITY 

in VCF column 6 = 100. 

The SNPs obtained were analyzed to detect affectation in the reading frame and therefore 

changes at the protein level.  
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3.2.11 Statistical treatment of the data  

For all trials a complete randomized design (CRD) with triplicates was used. A one-way 

analysis of variance (ANOVA) was applied, and the Duncan multiple range test was 

performed with a 95% significance level P <0.05, to verify the existence of statistically 

significant differences. The Shapiro Wilk test was used with 95% confidence to verify 

normality, and the Levene Test with 95% confidence was used to evaluate homocedasticity. 

In cases where the data did not meet these statistical assumptions, they were transformed 

according to the symmetry and kurtosis of their distribution or using Kruskall Wallis Test 

with 95% confidence. R statistical software version 3.32 was used for the entire analysis (R 

Core Team, 2013). 

For metabolomic analysis each treatment had a triplicate of injection and multivariate 

analysis was done. So, the matrices obtained in MZmine from the LC-MS/MS data were 

exported to software MetaboAnalyst version 5.0 (Pang et al., 2021) where these were 

analyzed using PCA where the data were normalized with sum and used without 

transformation, subsequently auto-scaling was used. Also were determinate the PL-SDA 

analyse. R2 and Q2 values of each PCA and PLS-DA analyses were annotated. For PL-

SDA, seven-fold cross-validation analysis was performed by permutation test (1000 

replicates). In the permutation test, Q2 intercept values on Y (Q2 ^Y) below zero and p-

value under 0.1 in CV-ANOVA were considered acceptable for model validation (Worley, 

B., & Powers, R. 2016).  

3.3 Result s 

3.3.1 Candidate genes associated with biocontrol mechanisms in 

the IBUN 2755 strain.  

In the genome of the B. velezensis IBUN 2755 (Bv IBUN 2755) strain, 97 genes associated 

with the production of antimicrobial compounds have been found (Table S5; Pedraza et al., 

unpublished results). These genes are organized into 13 clusters representing 16,7% of 

the genome size. Among these genes, one of the best candidates involved in 

controlling/regulating the production of compounds with biocontrol activity is sfp codified for 

the enzyme 4´-phosphopanteteinil transferase (Fig. 19). 

3.3.2 Obtention and characterization of a mutant of IBUN 2755 

strain without activity against B. glumae . 

For the first time, a transformation based on natural competence was carried out employing 

five replicative plasmids without the sfp gene. In parallel, the integrative pGEMT-easy® 
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containing sfp gene of Bv IBUN 2755 (sfp_cm and sfp_ERI plasmids) was employed. In 

this case, two protocols (one and two steps) were evaluated, and no positive transformants 

were obtained. Consequently, the electroporation method with different modifications for 

electroporation conditions was used. However, it was impossible to obtain transformants 

for either of the two types of plasmids, replicative or integrative.  

 

Thus, a method to generate and transform protoplasts with modifications for the Bv IBUN 

2755 using PEG was evaluated. Ten replicative plasmids were used for transformation, and 

two integrative plasmids (sfp_cm and sfp_eri plasmids) for the assays. In this case, it was 

possible to obtain transformants for five replicative plasmids. However, the presence of the 

plasmids in the Bv IBUN 2755 cells was only confirmed by PCR for the PDG148 and CD1 

(comK overexpression plasmid) (table 6). The transformation efficiencies were very low, 

with 6,9E+01 CFU/µg DNA for the PDG148 plasmid and 4,2E+02 CFU/ µg DNA for CD1 

(table 6). It should be mentioned that when using the plasmids PDG148 and CD1 obtained 

from E. coli dam - higher efficiencies were obtained than when using E. coli plasmids whose 

methylation system is intact (table 6). Additionally, in all the assays for the protoplast and 

electroporation methods, the treatment without DNA showed the presence of colonies that 

grew on the plates with antibiotics and therefore were considered spontaneous mutants. 

 

These results highlight the recalcitrant nature of Bv IBUN 2755 to genetic transformation. 

Given that the positive cases were obtained using the replicative plasmids, we decided to 

follow an alternative way to obtain Bv IBUN 2755 mutants. In this case, the idea was not to 

generate mutants using integrative plasmid to induce homologous recombination but to 

employ a replicative plasmid. We take advantage of the reported use of a replicative 

plasmid direct to mutate genes based on CRISPR.CAS 9 system. For this, the CRISPR-

CAS9 vector directed to IBUN 2755´s sfp gene was obtained (Fig. S2). This plasmid was 

used as the backbone of Altenbuchner J. (2016), where a fragment with a truncated version 

of the sfp gene plus adjacent regions was included, such as template DNA to reparation 

pathways homologous recombination (HR). Using this vector, the Bv IBUN 2755 were again 

transformed by the protoplast and electroporation methods with different modifications. 

After several assays, no transformants were obtained. 

 

As mentioned above, transformants were obtained for the CD1 plasmid, which allows 

overexpression of the comK gene under an IPTG-induced promoter. A colony of the Bv 

IBUN 2755 carrying this plasmid was used to evaluate the one-step natural competition 

protocol with the integrative plasmid for sfp and the replicative plasmid PDG148. However, 

it was not possible to obtain transformants. 

 

Therefore, these results demonstrate the impossibility of transforming the Bv IBUN 2755; 

consequently, generating mutants for particular genes is not feasible. We decided to 

generate random mutation using classical UV radiation as an alternative. 

 



94 Identification and functional analysis of determinants associated with the mechanisms 

of action of the AEFB IBUN 2755 strain in the biocontrol of Burkholderia glumae in rice 

plants 

 

 
Table 6. Transformation efficiency of the B. velezensis IBUN 2755 strain with the 

protoplast method using different plasmids 

Plasmid  Resistance  Transformation efficiency 
(CFU/µg DNA)  

PDG148 Kanamycin/Phleomycin 6,9E+01 

PMTL500 Erythromycin 1,8E+02 

PJO8999 Kanamycin 2,3E+02 

PJJ114 Kanamycin 1,0E+02 

CD1 Kanamycin 4,2E+02 

sfp _cm Chloramphenicol 0 

sfp _Eri  Erythromycin 0 

CRISPR-
CAS9 
sfp _ERI 

Kanamycin/ Erythromycin 0 

PFK131 Kanamycin/ Erythromycin 1,3E+01 

CD1 dam- Kanamycin/Phleomycin 1,5E+03 

PDG148 
dam- 

Kanamycin/Phleomycin 8,6E+02 

CRISPR-
CAS9 
sfp _ERI 
DAM- 

Kanamycin/ Erythromycin 0 

  

The 0,7 min was an optimal time to obtain a death rate of 85% after UV irradiation treatment 

of IBUN 2755 inoculum (data donôt show), so this condition was used to obtain the random 

mutans. A total of 830 putative mutants were obtained and evaluated for screening for 

antagonism against B. glumae CIAT 3200 -12 (Bg3200). A colony, named 130B, was found 

with loss of activity of the biomass against Bg3200. This loss of activity phenotype was 

stable after 10 generations, confirming the stability of the mutation. The biomass and the 

cell-free supernatant of the MOLP culture medium lose the antagonistic activity completely 

against Bg3200 in comparison with the wild type Bv IBUN 2755 (Fig. 20). 

 

Figure 20. In vitro dual antagonism against B. glumae. (A) 130B colony biomass from 
MOLP medium; (b) IBUN 2755 wild type strain biomass from MOLP medium; (C) cell free 

supernatant of the MOLP culture medium 130B colony; (D) cell free supernatant of the 
MOLP culture medium IBUN 2755 wild type strain. 
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Additionally, to rule out the existence of essential mutations on strain 130B, a growth curve 

was performed in LB medium for 12 h and sporulation was determined at 48, 72 and 96 h. 

The same was done in MES medium, determining the levels of sporulation at different 

times, finding that there were no differences in the growth curve of the wild type Bv IBUN 

2755 and the 130B mutant (Fig. S4). For this reason, it was considered that the mutation 

obtained it could not be an essential gene. But the 130B mutant showed decrease of spores 

concentration in both media compared to wild strain (Fig. S4). 

3.3.3 The 130B mutant losses its biofilm architecture  

The biofilm of the 130B mutant was evaluated in solid and liquid media. In the first case, 

the use of LB, 2SG and LBGM media showed a notable difference in the biofilm phenotype 

for Bv IBUN 2755 and 130B strains. In all cases, the wild type Bv IBUN 2755 has a biofilm 

with folds and wrinkles that increase with colony maturity. Particularly in LB medium, the 

biofilm-type colony is round with a series of parallel folds that converge to a central point 

where present an uplift (Fig. 21A). Meanwhile, in LBGM medium the colony was completely 

full of wrinkles and folds forming a rounded central structure in the shape of a ring and just 

in the central point a depression. In 2SG medium the colony was flat presenting an irregular 

edge with different wrinkled projections and presents a rounded central structure where 

parallel folds converge at a common point (Fig. 21A). For its part, the 130B mutant is 

characterized by presenting a completely smooth biofilm without presenting the complex 

architecture for the wild type strain, where the biofilm-type colony in LB medium is raised, 

round, smooth, without wrinkles or folds. As well as in LBGM medium the colony was 

completely flat, smooth, without folds or wrinkles and finally in 2SG medium it was flat and 

irregular and smooth without presenting projections on the edges or central structures (Fig. 

21A). This suggests that the mutations present in strain 130B affect the architecture of the 

biofilm. 

To evaluate the effect of the mutation(s) in pellicle production, a quantification of bacteria 

was conducted on liquid medium. In this case the strain 130B differs morphologically from 

the wild type Bv IBUN 2755 (Fig. 21B) however, the counts indicate that there are not 

significative differences between both strains (Fig. 21C). 
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Figur e 21. Biofilm of the wild type strain IBUN 2755 and the 130B mutant. (A) 
Architecture of the biofilm in different solid culture media, (B) Film formed in liquid LBGM 
medium and (C) Cell count per mL of film after growth in LBGM liquid medium for 48h. 

3.3.4 The 130B mutant losses the biocontrol activity in plants  

To evaluate the ability of the mutant strain to protect rice plants against B. glumae, seeds 

pretreated with Bv IBUN 2755 or with the mutant 130B were germinated on petri dishes 

containing Bg3200. The level of infection in seedlings treated with the Bv IBUN 2755 was 

of 1,33 for a percent of disease reduction of 60,35% (Fig.22). On the other hand, seedlings 

obtained from treated seeds with 130B mutant showed a degree of infection of 2,97 like the 

control of disease (without biocontroller) that was of 3,37 with a percent of diseases 

reduction of 11,84% (Fig. 22) 

Taken together, these results indicated that the mutation(s) in 130B mutant loses around 

80,37% of the biocontroller activity against B. glumae. 
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Figure 22. Biocontrol activity of the wild strain IBUN 2755 and the mutant 130B in rice 
seedlings treated with the B. glumae CIAT 3200 strain inoculated in substrate for plant 

growth 7 dpi. (A) Shoot and root length and (B) Degree of infection.  

* Different letters show statistically significant differences using Duncan's Test with 95% 
significance (P value < 0.05). n = 3 (10 seedlings for experimental unit) for treatment 

3.3.5 The IBUN 2755 strain induces systemic resistance in rice 

plants by direct contact of the cells, while the 130B mutant 

strain loses this capacity.  

To evaluate if the biocontrol activity observed is product of an induction of systemic 

acquired resistance (ISR), roots of rice seedlings were treated with Bv IBUN 2755 or with 

the mutant and 48 after, roots were infected with Bg32000 (Fig. 23A). Previously, an 

experimental model for the B. glumae infection in seedlings of 7 days post germination was 

developed. Thus, rice seedlings that had a cut in all the root tips were placed in a non-

sterile soil and inoculated with Bg3200. These seedlings showed disease symptoms with 

high incidence and decreased stem length after 7 days post inoculation, in such a way that 

this system could be used to evaluate ISR (Fig. S5). 

In the ISR evaluation, seedlings treated with the Bv IBUN 2755 were taller than plants 

disease control (without Bacillus and with Bg3200) (Fig. 23B). In addition, these plants had 

a lower incidence of disease (14,2%) than the plants inoculated only with B. glumae (85,7%) 

indicating diseases decrease of 83,3% (Fig. 23C). The Bv IBUN 2755 was able to decrease 

the population of the pathogen in planta up to two orders of magnitude in relation to the 

seedlings of disease control (only with Bg3200) (Fig 23D). In addition, these seedlings 

showed and induction of Npr1 gene (salicylic acid pathway) after 48 after exposition of 

plants to Bv IBUN 2755, while the gene jiOspr10 (jasmonic acid pathway) showed a 

downregulation compared to control untreated and the Ebp89 gene (ethylene pathway) did 

not shown any change in their expression (Fig. 23E). Take together these results indicate 

thar one mechanism involved in biocontrol of wild type Bv IBUN 2755 against B. glumae is 

the ISR.  
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Figure 23. Induction of systemic resistance of the IBUN 2755 wild type strain and the 
130B mutant by direct contact. (A) Root split assay to induce systemic resistance 

evaluation (B) Stem and root length 7 dpi B. glumae, (C) Disease incidence 7 dpi B. 
glumae; (D) pathogen population in rice tissue 7 dpi B. glumae and (E) Gene expression 
of molecular markers for the induction of plant resistance in rice 48 h dpi Bacillus strains. 

*Different letters show statistically significant differences with Duncan's Test at 95% 
significance. (P value < 0.05) n = 3 replicates (7 plants = experimental unit) 

To evaluate if the 130B mutant have lost the ability to induce an ISR, the same experiment 

was carried out employing this strain. In this case, the seedlings were smaller as control 

disease (without Bacillus and inoculated with Bg3200) (Fig. 23B). In these seedlings the 

incidence of disease was high (61,9%) like the disease control (Bg3200) without significant 

differences (Fig. 23C). The mutant 130B decreases the endophytic pathogen population in 

rice seedlings to a less than a one order of magnitude, indicating again that this mutant fails 

in protect against B. glumae infection (Fig. 23D). Treatment with cells of the 130B mutant 

strain shows that it is unable of inducing the overexpression of the Npr1 marker, therefore 
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the expression of this gene is like that of the untreated control and statistically different from 

the Bv IBUN 2755 (Fig. 23E). Similarly, both the untreated control and mutant strain 

increase the expression of the marker jiOspr10 at 48h compared to untreated control to 

cero time t0, although it is worth mentioning that there were statistical differences with Bv 

IBUN 2755 treatment for this gene. The 130B mutant did not show any change in the 

expression of the gene Ebp89. (Fig. 23E). 

The roots of the compartment where the Bacillus is inoculated showed growth in an order 

of magnitude of 10E+02 CFU per gram of fresh root weight 7 days after inoculation. But the 

roots of the adjacent cup where Bg3200 was inoculated did not show Bacillus cell growth 

at 7 dpi (donôt show data). Likewise, after 48 hours no Bacillus growth was evident in either 

of the two compartments. 

Therefore, it is suggested that the cells of the wild type Bv IBUN 2755, suggest systemic 

resistance in rice seedling but the 130B mutant fails to induce systemic resistance. 

3.3.6 The wild type  strain IBUN 2755 shows induction of systemic 

resistance by volatile organic compounds (VOCs) and 130B 

mutant losses this activity.  

Once it was possible to determine that the ISR was a biological control mechanism of the 

IBUN 2755 strain against B. glumae, it was evaluated if the ISR was mediated by VOCs. 

For this, two compartments assemble was used, where the lower compartment inside the 

jar had the Petri dish with Bacillus cells and in the upper part of the jar a cup carried the 

seedlings in the non-sterile soil (Fig. 24 A)  

The results showed that seedlings treated only with VOCs of Bv IBUN 2755 without Bg 

3200 inoculation were taller than untreated control treatment, indicating VOC-mediated 

promotion of plant growth (Fig. S6). The seedlings exposed to VOCs of BV IBUN 2755 

showed a significant decrease in the incidence of the disease (19,04%) compared to 

seedlings not exposed to these VOCs but inoculated with the pathogen (Bg 3200) (100%), 

which indicates an 80.96% reduction of the disease (Fig. 24C). Additionally, seedlings 

treated with VOCs of BV IBUN 2755 for 48h showed a decrease in the population of the 

pathogen in plant tissue by up to three orders of magnitude compared to the disease control 

(Fig. 24D). Seedlings treated with the Bv IBUN 2755 showed an overexpression of Npr1 

gene compared with untreated control (12,19) and a markedly decrease of the expression 

of the jiOSPR10 gene (0,29) (Fig. 24E). The Ebp89 gene (ethylene pathway) did not shown 

any change in their expression. 

Take together these results suggest thar VOCs of Bv IBUN 2755 function as ISR elicitors 

in rice seedlings allowing protection against B. glumae. 
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Figure  24. Induction of systemic resistance of the wild type strain IBUN 2755 and the 
130B mutant, mediated by production of volatile organic compounds (VOCs). (A) Stem 

and root length of seedlings 7dpi B. glumae; (B) Incidence of the disease of B. glumae in 
plants 7dpi B. glumae; (C) Population of B. glumae in plant tissue of plants 7dpi B. 

glumae; (D) Gene expression of molecular markers for the induction of plant resistance in 
rice in plants for 48 h after Bacillus VOCs exposition.  

IBUN 2755 (Wt) is a wild type strain, 130B is a mutant strain, control in untreated 
seedlings, B. glumae are seedlings without Bacillus treatment but inoculated with patogen 

Different letters show statistically significant differences with Duncan's Test at 95% 
significance (P value < 0.05). For the CFU counts of B. glumae in the plant tissue, the 

statistical differences were determined with the Kruskall Wallis Test with 95 % confidence 
(P value < 0.05). n = 3 replicates (experimental unit = 7 plants). 

*For the gene expression assay, the actin gene was used as housekeeping. 

When this experiment was conducted with the 130B mutant, the seedling treated with the 

VOCs of this strain showed a high incidence of disease (85.14%). It was lower than in the 

seedlings of disease control (100 %), but higher than in the treatment with Bv IBUN 2755 
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(19.04 %). This indicates that the VOCs of the 130B mutant had a disease reduction 

percentage of only 14.28 %.(Fig. 24C). The VOC exposure of 130B showed a half order of 

magnitude decrease compared to the disease control (Fig. 24D). The gene expression 

results showed that seedlings treated with 130B had a decrease in the expression of the 

Npr1 gene compared to the untreated control. However, the level of expression was 

significantly less to Bv IBUN 2755 treatment (3,65), indicating that the mutation(s) could be 

explain 70,06% of the induction capacity by VOCs associated with the salicylic acid 

pathway (Fig. 24E). The seedlings treatment with VOCs of 130B mutant did not have 

difference for jiOspr10 gene expression compared to the untreated control but there were 

significant differences with the Bv IBUN 2755 treatment, the expression being higher for 

130B mutant (Fig. 24E). The VOCs of 130B allowed the overexpression of Ebp89 gene 

(Fig. 24E). 

These results indicate that 130B mutant loss the capacity to induce systemic resistance in 

rice plant against B. glumae. 

In addition, 154 putative mutants obtained by UV light irradiation were evaluated for 

antagonism by VOCs using a sandwich assay; the 36A mutant was selected after four 

repetitions over time for their loss of growth inhibition capacity against B. glumae, compared 

to the wild type strain. Moreover, the stability of the phenotype was evaluated during ten 

generations to confirm, that said loss of activity is maintained during the time. The 36A 

mutant was evaluated in the plant. It shows the loss of the ability to induce systemic 

resistance in rice seedlings.  (Fig. S7). 

3.3.7. The mutant 130B loses the capacity ability to produce some 

surfactin -like compounds.  

The 130B mutant was selected due to the loss of antagonistic activity in the in vitro dual 

antagonism assay for bacterial biomass and cell-free culture supernatant. For this reason, 

an HPLC experiment was designed to evaluate the compounds of the mutant after growing 

in MOLP broth for 48 hours. An acid extract of the cell-free supernatant was obtained, 

finding that through an HPLC 62-min run method, it could suggest that strain 130B losses 

the capacity to produce some compounds of the surfactin family, which have a retention 

time between 42 and 49 min (Fig. 25). It is important to mention that fractions were obtained 

in each minute of the HPLC run for the wildtype strain, establishing that the visible activity 

against B. glumae 3200 begins in the fractions of the retention time 36 min and becomes 

greater over time retention 42 min (data not shown). 

Subsequently, using HPLC-MS, an attempt was made to identify which compounds 

produced by the wild type IBUN 2755 strain were not produced in the 130B mutant strain. 

Figure 27 shows clear differences between the wild type and mutant chromatograms in 

different retention times (Fig. 26); these changes are summarized in Table 3. In this way, 

the data preprocessing with the Mzmine software allowed identifying twelve main 

compounds peaks absent in the chromatogram of strain 130B compared to the wild type 
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IBUN 2755 strain (Fig. 26). Differences between the two metabolomes were also 

determined through multivariate analysis, where the PLS.DA shows that the replicates of 

the wild strain IBUN 2755 group together and are distant from the group of the replicates of 

the 130B mutant (Fig. 27). This was validated with an R2 = 0.827 and a Q2 = 0.505, therefore 

it can be concluded that there are statistical differences between the two metabolomes. 

 

 

Figure 25. Chromatogram of the acid extract of the cell free supernatant grown in MOLP 
broth of the wild strain IBUN 2755 (red line) and mutant strain 130B (yellow line). In gray, 
it is shown a pattern of a mixture of commercial Bacillus surfactins and in the blue line a 

pattern of iturins Sigma Aldrich® is shown. 

The metabolites that make the difference between the 130B mutant and the wild type 

according to the statistical analysis were ordered and the top 20 was detected according to 

the VIP score (Fig.S12). The most prominent metabolite corresponded to feature 133, 

which is overexpressed in the 130B mutant, as well as features 357, 442, 136, 134, 104, 

478, 302, 374, 299 and 572 (Fig. S12). Meanwhile, from this top 20 metabolites, features 

557, 377 and 140 stand out, which are overexpressed in the wild strain but not in the 130B 

mutant (Fig.S12).  

To expand the knowledge of what was found in the statistical analysis, feature 133 was 

dereplicated, finding it at a retention time of 1.82 min. This feature has a precursor ion of 

1464.8 which was assigned as fengycin A (Appendix B). However, given that the work of 

Miranda (2022) did not determine that the active fraction against B. glumae involved the 

presence of fengycins and that in the case of the 130B mutant it results in overexpression, 

we decided not to focus the work on said compound. In contrast, we wanted to determine 

the absences observed in the chromatogram, where also within the top 20 compounds, 
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feature 377 was found present in the wild strain but not in the mutant, which, in accordance 

with the dereplication of the GNPS, corresponds to a C14 surfactin with a m/z of 1022.68 

and a cosine of 0.80 (Annex B). 

 

Figure 26. HPLC Mass-coupled chromatogram for the acid extract of the culture 
supernatant of MOLP medium for the wild strain IBUN 2755 (black) and for the 130 B 

mutant (in green). 

For these twelve differences, the search for the mass spectrum was performed, and the 

m/z of the precursor ion, an attempt was made to contrast with data present in the literature, 

including scientific articles and the GNPS database 

(https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp). In this way, it was difficult to 

identify the exact name of the compounds. However, in silico annotation of these twelve 

features using the GNPS platform and a search of literature allowed us to propose that they 

belong to the family of cyclic surfactin lipopeptides (table 7). Twelve different peaks with 

m/z values were found for the parent ion with values of 994.6537; 1008.6796; 1022.6854; 

1044.66; 1050.72; 1058.6836; 1050.71; 1072.7; 1072.7; 1072.7; 1072,71 and 1072.7 

respectively.  

Five of the twelve surfactin-like features were assigned to the C16 surfactin group in this 

case. In order to assign these compounds to each of the surfactin groups, the fragments 

presented in the highest proportion were taken into account, as indicated in table 7 and the 

annexed B. Based on these results, it is suggested that the 130B mutant strain loses its 

antagonistic capacity against B. glumae under in vitro conditions due to the absence of 

surfactin-type antimicrobial compound production. It is important to mention that all these 

compounds are part of the surfactin family in the molecular networks obtained through the 

GNPS analysis (Fig. S8). 
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Figure 27.PLS-DA analysis for metabolome from IBUN 2755 wild strain and 130B mutant. 
The component 1 explain the 53,5% of the variation and component 2 of 19,6%. 

Differences between metabolomes is possible with R2 = 0.827 and a Q2 = 0.505 with 
software Metaboanalyst version 5.0. 

Other than variations in surfactins production in the strain 130B metabolome, changes in 

the presence of compounds such as plispastatins, fengycins, bacillopeptins (iturins), and 

some features that could not be identified nor classified were also observed during this 

analysis (Fig. S8). About the surfactin molecular network, some non-identify compounds 

with fragmentation profile similarities with this family compounds were observed for 130B 

mutant (Figs. S8 and S9). Remarkably, some compounds are not present in the wild type 

but were detected in the 130B mutant. These features had similar masses and retention 

times to the surfactins; however, they do not seem to correspond to the same metabolite, 

and there are significant differences in their fragmentation profile (Fig. S9). However, to 

check if they are different compounds, it would be necessary to isolate, purify and reanalyze 
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each of the purified metabolites by HPLC-mass and magnetic resonance and compare it 

with the standards of the pure compounds. This same situation was presented for fengycine 

and bacillobactin compounds (Figs. S10 and S11).  

It is worth mentioning that the compounds present in the 130B strain, but not in the wild 

type strain, do not seem to be participating in the biocontrol activity since even with their 

presence, strain 130B lacks biocontrol activity against B. glumae and did not induce 

systemic resistance in rice plants. Therefore, it can be suggested that the compounds 

responsible for the activity in the IBUN 2755 strain are those of the surfactin family. 

 

 

Table 7. Absent compounds in cell-free supernatant extract from culture in MOLP 
medium of the mutant strain 130B compared to the wild type strain IBUN 2755.  

 

 

 

 

 

 

 

 





 

Retention time 

(min)  

m/z 

precursor 

ion  

More 

intense 

fragments 

Spectral mirror  Possible compound according to 

literature search 

8,60 994,6537 

-199,19 
-227,18 
-283,20 
-310,21 
-328,21 
-395,29 
-441,29 
-554,39 
-685,47 
-765,54 
-881,57 
-994,65 

 

Surfactin C12 

 
Cosine = 0,77 

Feature: 468 

9,25 1008,6796 

-183.12 
-227,18 
-245,19 
-296,22 
-342,2 
-396,28 
-456.32 
-568,41 
-685,46 
-1008,68 
  

 

Surfactin C13 

 
Cosine = 0,80 

Feuature: 504 
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9,71 1022,68 

-145,1044 
-199,1861 
-336.2942 
-342,2205 
-455,3067 
-568,3952 
-699,4708 
-909.6077 
-1022,68 

 

Surfactin C 

 
Masa exacta: 1022,68 

Cosine  0,79 

Feature = 529 

10,03 1044,66 

-199,18 
-267,17 
-320,24 
-391,27 
-463,26 
-594,36 
-657,47 
-707,44 
-800,48 
-931,58 
-1022,68 
-1044,66 

 

Surfactin B 

 
Masa exacta = 1022.3 

Adduct [M] + [Na] = 1044,66 

Cosine = 0,72 

Feature = 546 
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11,31 1050,72 

--227,18 

-328,19 

-384,2 

-441,28 

-497,37 

-582,46 

-610,46 

-685,46 

-822,61 

-1050,72  

 

Surfactin D 

m/z = 1050,72 

Cosine = 0,80 

Feature = 616 

 

11,32 1058,684 

-320.23 
-350,17 
-368.18 
-391,27 
-463,26 
-481,27 
-572,41 
-594,35 
-671,48 
-742,52 
-814.50 
-832,51 
-945,60 
-1058,68  

 

Surfactin C15 

m/z = 1058.68 

 
Cosine: 0,89 

Feature=617 
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11,44 1050,72 

-463,26 

-594,3803 

-707,4470 

-814,509 

-945,6061 

-1050,72 

 

Surfactin C15 

Features = 624 

m/z = 1050.72 

According to the m/Z, it has been reported 

as surfactin C15 by several authors Dimkiĺ 

et al., (2017); Molina-Santiago., et al., 

(2019). Reported ions: 945, 814, 707, 463. 

11,51 1072,71 

-215.147 
-227,186 
-325,226 
-495.290 
-608.377 
-721.461 
-828,524 
-959.622 
-1072,71 

 

Surfactin C16 

Features = 627 

m/z = 1072.71 

According to the m/Z, it has been reported 

as C16 surfactin by several authors 

Kecskem®ti., et al., (2018); Yang et al., 

(2015). 

Reported ions: 959, 846, 828, 721, 608, 

495. 

11,70 1072,7 

-463,26 

-594,35 

-707,44 

-828,52 

-959,62 

-1072,7 

 

Surfactin C16 

Feature=637 

m/z = 1072.71 

According to the m/Z, it has been reported 

as C16 surfactin by several authors 

Kecskem®ti., et al., (2018); Yang et al., 

(2015). 

Reported ions: 959, 846, 828, 707, 608 



 

12,04 1072,71 

-463,28 
-594,35 
-707,44 
-828,52 
-959,61 
-1072,7 

 

Surfactin C16 

Feature=656 

m/z = 1072.71 

According to the m/Z, it has been reported 

as C16 surfactin by several authors 

Kecskem®ti., et al., (2018); Yang et al., 

(2015). 

Reported ions: 959, 846, 828, 707  

12,26 1072,7 

-267,17 
-481,26 
-594.37 
-756,53 
-828,52 
-959,61 
-1072,7 

 

Surfactin C16 

Feature=668 

m/z = 1072.71 

According to the m/Z, it has been reported 

as C16 surfactin by several authors 

Kecskem®ti., et al., (2018); Yang et al., 

(2015). 

Reported ions: 959, 828, 756, 594, 481 

13,20 1072,71 

-267,17 
-481,27 
-594,36 
-756,63 
-828,52 
-959,61 
-1072,7  

 

Surfactin C16 

Features = 722 

m/z = 1072.71 

According to the m/Z, it has been reported 

as C16 surfactin by several authors 

Kecskem®ti., et al., (2018); Yang et al., 

(2015). 

Reported ions: 959, 828, 757, 481 



 

 

3.3.8 The spo0A  gene could be responsible for the loss in surfactin 

production in the 130B mutant strain . 

In order to identify the putative genes mutated in the 130B strain to explain the phenotype 
of lack of activity against the B. glumae, the genome of 130B mutant was sequenced using 
Illumina new generation sequencing system. The comparison of this genome with the 
reference Bv IBUN 2755 wild type allowed identifying 29 SNPs (Table 8). 

Table 8. SNPs present in the genome of the 130B mutant strain compared to the IBUN 
2755 wild type strain. 

POSITION CDS Type 
mutation  

GEN PROTEIN Analysis results  

134262 134211- 
134711 

Insertion 
C 

spo0A Stage 0 
sporulation 
protein A 

Effect:Shift in reading frame 
Function:Master regulator of 
sporulation involved in 
sporulation, regulation of 
biofilm formation and 
surfactin production 

160744 - Substituti
on G to A 

  Hypothetic 
protein  

Effect: Not inside a CDS 
Function:Unknown 

236541 236254 ï 
236625 

Insertion 
of CT 

rplO 50S ribosomal 
protein L15 

Effect: Change in reading 
frame 
Function: Important in cell 
proliferation and 
differentiation 

408635 407894 
408700 

Insertion 
G 

NorG HTH-type 
transcriptional 
regulator NorG 

Effect: Change in reading 
frame 
Transcription factor that 
activates antibiotic 
multiresistance pumps 

759964 759864 - 
760064 

Insertion 
C 

  respiratory 
nitrate 
reductase 
subunit gamma 
(blast) 

Effect: Change in reading 
frame 
Power production using 
nitrate as an electron 
acceptor 

891194 891159- 
891416 

Insertion 
C 

GerBC_3 Spore 
germination 
protein B3 

Effect: Change in reading 
frame 
spore germination 

891580 891568 
892518 

Insertion 
C 

GerBB2 Spore 
germination 
protein B2 

Change in reading frame 
spore germination 

1348068 1347968- 
1348168 

Insertion 
G 

  aromatic amino 
acid 
aminotransferas
e (blast) 

Change in reading frame 
Nitrogen group transfer in 
amino acid catabolism 

1590451 159034 -
159475 

Insertion 
C 

GapB_2 Glyceraldehyde
-3-phosphate 
dehydrogenase 
2 

Change in reading frame 
Involved in glycolysis 

1605382 1605551- 
1606054 

Insertion 
C 

infC Translation 
initiation factor 
IF-3 

Change in reading frame 
Binds the 30S ribosomal 
subunit to initiate protein 
translation 
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1974905 1974392 - 
1975861 

Substituti
on C by A 

Zwf Glucose-6-
phosphate 1-
dehydrogenase 

synonymous substitution 
First step of the pentose 
phosphate pathway. Mutants 
show growth inhibition 

2082687 2082443- 
2082700 

Insertion 
G 

SpoVAD1 Stage V 
sporulation 
protein AD 

There is no evidence of 
change in alignment. 
Formation of the endospore 
cortex 

2155766 2155666 - 
2155866 

Insertion 
G 

  ubiquinol-
cytochrome c 
reductase iron-
sulfur subunit 
(blast) 

Change in reading frame 
Involved in the assembly of 
complex III of the respiratory 
chain 

2338443 2338432-
2338536 

 Insertion 
C 

 Hypothetic 
protein 

Change in reading frame 
Unknown 

2376535 2370431-
2376688 

Insertion 
G 

ppsA_1 Plipastatin 
synthase 
subunit A 

Change in reading frame 
Encodes the first module of 
fengycin or plispastatin 
synthetase. Knockout 
mutants in this gene abolish 
the production of fengycins. 

2545917 2545887 
2546948 

Insertion 
C 

YjmB putative 
symporter YjmB 

change in protein 
Galatosidase/Na+ 
symporter, non-essential 

2688908 2687351 
2689468 

Substituti
on T 

Pnp Polyribonucleoti
de 
nucleotidyltransf
erase 

Change in reading frame 
It is involved in the purine 
pathway promoting the 
reversible phosphorylysis of 
the glycosidic bond of purine 
ribo and 
deoxyreibonucleosides and 
their analogues. 

2696596 2695461-
2696624 

Insertion 
C 

nusA Transcription 
termination/antit
ermination 
protein NusA 

Change in reading frame 
RNA polymerase termination 
factor. essential gene 

2698509 2698383-
2701646 

Insertion 
C 

PolC2 DNA 
polymerase III 
PolC-type 

Change in reading frame 
Required for replicative DNA 
synthesis, it exhibits 3 to 5' 
endonuclease activity. 

2752924 2752908-
2753345 

Insertion 
C 

trmD_2 tRNA (guanine-
N(1)-)-
methyltransfera
s 

Change in reading frame 
Guanosine ï 37 methylase in 
various tRNAs 

2798094 2797994 - 
2798194 

Insertion 
C 

  sulfate 
adenylyltransfer
ase (blast) 

Change in reading frame 
Domain group of enzymes 
that reversibly catalyze the 
transfer of the adenylium 
group from ATP to the 
phosphoryl group of NMN to 
form NAD+ 

2802232 2802193-
2802636 

Insertion 
C 

PyrD_2 Dihydroorotate 
dehydrogenase 
B (NAD(+))%2C 
catalytic subunit  

Change in reading frame 
Catalyzes the conversion of 
dihydroorotate to orotate with 
NAD as the electron 
acceptor 



114 Identification and functional analysis of determinants associated with the mechanisms 

of action of the AEFB IBUN 2755 strain in the biocontrol of Burkholderia glumae in rice 

plants 

 

 
2978919 2977376-

2978512 
Insertion 
C 

YknX Putative efflux 
system 
component 
YknX 

The mutation is outside the 
CDS 

3257696 3257687-
3259849 

Insertion 
C 

carB_3 Carbamoyl-
phosphate 
synthase 
arginine-specific 
large chain 

Change in reading frame 
Encodes the major subunit of 
the enzyme 
carbomylphosphate 
synthetase which in turn 
carries out the synthesis of 
carbomylphosphate from the 
hydrolysis of glutamine and 
ammonium 

3392149 3392098-
3393894 

Insertion 
C 

yheI Putative 
multidrug 
resistance ABC 
transporter 
ATP-
binding/permea
se protein YheI 

Change in reading frame 
Multidrug ABC transporter 
including doxorubicin and 
mitoxantrone. 

3394467 3394316-
3394564 

Insertion 
C 

nhaX stress response 
protein NhaX 

Change in reading frame 
General response to stress 
in Bacillus 

3403623 3403602-
3404822 

Insertion 
C 

pksF Polyketide 
biosynthesis 
malonyl-ACP 
decarboxylase 
PksF 

Change in reading frame 
Module F of Bacillaena 
polyketide synthase 
functions as a carrier for 
malonyl acyl decarboxylase 

3502907 3502807 - 
3503007 

Substituti
on A by T 

  Hypothetic 
protein 

synonymous substitution 
A stranger 

3506331 3506036-
3507019 

Substituti
on C by A 

  LexA-
binding%2C 
inner 
membrane-
associated 
putative 
hydrolase 

Change in reading frame 
Transcriptional repressor of 
the SOS response to DNA 
damage by binding as a 
dimer to a consensus 
sequence 

 

Mutation in zwf, pnp and lexA genes, and some CDS associated with hypothetical proteins, 

were substitutions (Table 8). In the case of CDS 3502807 ï 3503007pb, and zwf gene the 

substitution does not affect the ORF because the same were silent or synonymous where 

the changing of a particular amino acid conserving the same physio-chemical properties. 

Twenty-four genes showed the insertion of one nucleotide affecting the reading frame. 

However, in the yknX gene, the mutation outside of CDS and in the spoVAD1 gene could 

not be localized by the insertion in the sequence by alignment with IBUN 2755 genome. 

The remaining 22 insertions affected the reading frame due to their position in the sequence 

(Annexed A), so the search for their role in Bacillus strains was important. 

Among the mutated genes, highlighting some of them can have an important role in 

biocontrol, such as the spo0A, the ppsA and the pksF genes, which are closely related to 
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the synthesis of antimicrobial compounds. Particularly, spo0A (located in 134211- 134711 

pb), which is involved in various processes during the stationary phase of Bacillus (biofilm 

formation, sporulation and others), turned out to be a regulator to produce surfactins (Fig. 

6). On the other hand, the ppsA gene is key to producing non-ribosomal synthesis peptides 

of the plispastatin (Fig. 4), and the pksF is important to produce the bacillaene polyketide 

(Tables 1 and S4). However, in the HPLC and mass-coupled HPLC analyses, neither 

polyketide-type synthesis nor differences were identified between the mutated strain and 

the wild-type strain. Likewise, no absence of peaks associated with fengycins was found. 

Therefore, neither ppsA nor pksF are genes that may be associated with surfactin 

synthesis. 

According to these results and the SNPs found in the 130B genome and the profile obtained 

by chromatograph, the only gene related to the production of surfactins is spo0A. 

3.4 Discussion  

Rice constitutes the leading food in most Asian and South American countries, being the 

third most cultivated cereal in the world after maize and wheat (FAO, 2022; Anders et al., 

2021). The rice bacterial panicle blight caused by B. glumae is an important disease that 

decreases yield to 75% (Fory et al., 2014; Nandakumar et al., 2009). This pathogen is 

present in all rice-production countries, including Colombia and is control is very difficult 

because chemical control is prohibited for resistant strains of B. glumae aparition and 

resistant variables plants are not possible (Maeda et al., 2004; Mizobuchi et al., 2013; Fory 

et al., 2014). The best control alternative reported is the use of biocontrol bacteria, 

specifically Bacillus strains, had shown successful cases (Chung et al., 2015; Sherstha et 

al., 2016; Suárez-Moreno et al., 2019; Pedraza et al., 2021). Particularly the Colombian 

native strain B. velezensis IBUN 2755 showed an excellent performance in yield under the 

natural infection conditions of B. glumae (Pedraza et al., 2021).  

The IBUN 2755 strain is a promising bacterium to generate a bioproduct, for this reason, it 

is important to know the mechanism of action of this biocontroler. Here, combining the 

generation of mutants, genomics, metabolomics, and molecular strategies, was possible to 

identify the biocontrol mechanism of IBUN 2755 strain against B. glumae in rice. This was 

possible by producing antimicrobial compounds and VOCs that function as elicitors of ISR. 

Random mutagenesis allowed us to identify the 130B mutant, which loses the antagonist 

capacity, biocontrol activity in seedlings, ISR capacity and biofilm architecture of the wild 

type. This mutant also is compromised in surfactin compounds production, apparently due 

to a mutation on spo0A, which is a gene related to the negative regulation of abr gen, a 

repressor to surfactins production.  In the same way, the 130B mutant showed decrease in 

sporulation percentage compare to IBUN 2755 strain (Fig. S4) 

The production of antimicrobial compounds is one of the most important mechanisms for 

the biological control of Bacillus strains (Mora et al., 2015; Ongena & Jacques, 2008). 

Through genome sequencing, we found that the IBUN 2755 strain dedicates 16,7 % of the 
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size of its genome to the production of antimicrobial compounds (Table S5). Within these 

compounds are non-ribosomal synthesized peptides (NRPs), polyketides, and ribosomal 

peptides (fig. 18). Blanco (2012) showed the production of NRPs for IBUN 2755 strain, such 

as surfactin and fengycin families, which were active against the potato pathogen 

Rhizoctonia solani. Likewise, Miranda (2022) demonstrated by metabolomics that the IBUN 

2755 strain produces antimicrobial compounds of different nature, where the fractions with 

the highest activity against rice pathogens have a high and varied production of surfactin-

like compounds. So, dude that some of the antimicrobial compounds of Bacillus strains are 

diffused in the culture media (Farzan et al., 2020).is possible selecting a mutant without 

antagonism activity against B. glumae by evaluating of the role of antimicrobial compounds 

in biocontrol activity.  

After several transformation assays, no positive results were obtained, demonstrating the 

recalcitrant nature of the IBUN 2755 strain. This strain lacks natural competition despite 

having all the genetic machinery that encodes for necessary complexes for this activity 

(data not shown). Several reasons for the absence of natural competition have been 

reported for native Bacillus strains; among these, it is worth to remark the genetic crosstalk 

between the genes involved in biofilm production and those associated with gene 

competition, specifically during the process of cell differentiation in the stationary phase 

(She et al., 2020). Another reason for the absence of natural competition is given by the 

presence of elements that repress the ComK protein (master regulator of natural gene 

competition) (Singh et al., 2012), or that inhibit the process of competition. For example, 

transcription of comK is repressed by binding of AbrB, CodY and Rok to the comK promoter 

region (Hamoen et al., 2003; Konkol et al., 2013). Optimal natural competition-inducing 

conditions have not been found in many bacterial strains (Calverys et al., 2006). However, 

artificial methods usually transform bacteria lacking natural genetic competence 

successfully. In the present work, different methods were evaluated under various 

conditions. However, it was not possible to obtain more than a few transformants with 

specific replicative plasmids. Even the transformation of protoplasts of strain IBUN 2755 

was unsuccessful; therefore, it was no possible to obtain knockout mutants in the genes of 

interest (Table 6). Various reasons have been proposed to explain the failure to transform 

native bacteria by artificial methods, such the Gram-positive solid cell wall which prevents 

the entry of plasmids (Groot et al., 2008). Non adequate conditions of transformation 

(culture medium, growth temperature, electroporation buffer, voltage between others), 

therefore those should be optimized for each strain in order to achieve satisfactory results 

(Bach et al, 2016; Zhang et al., 2011).  

Additionally, bacterial strains have restriction-modification systems (R-M systems), that 

impose a barrier to genetic manipulation. These defense mechanisms are present in all 

bacteria, consisting of methyl transferase (Mease) and restrictase (REase) activities to 

protect their DNA from self-degradation and in defense of exogenous DNA (Rodic et al., 

2017). Thus, in the genus Bacillus and related genera, it has been found that when DNA is 
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methylated by E. coli DNA adenine methyltransferase (dam), this is strongly restricted by 

methylation-dependent R-M systems, however the DNA from strains of E. coli damï is also 

restricted showing the presence of independent methylation systems (Shen et al., 2018). 

In the case of the IBUN 2755 strain, it was shown that many plasmids from E. coli dam 

strains and dam- strains couldnôt be transformed by any of the proposed methods (Table 

6). In this sense, it is important to notice that the PDG148 and CD1 plasmids were 

transformed in IBUN 2755 strain using the protoplast method (table 6). However, the 

transformation efficiency was higher (by an order of magnitude) when plasmids obtained 

from E. coli dam- were used (table 6), which suggests that there is an effect of a 

methylation-dependent restriction system (Zhang et al., 2012).  

As an alternative to the impossibility of transforming and obtaining mutants for specific 

genes, random mutagenesis and in vitro dual antagonism screening was conducted. In this 

way, it was possible to identify the mutant 130B, which lacks antagonistic activity against 

B. glumae (Fig. 20). This mutant is unable to protect plants against B. glumae infection 

when the seeds were bacterized with this strain and placed in agar with B. glumae (Fig. 

22). In addition, plants treated with the mutant or with their VOCs did not induce ISR. In 

contrast, the wild type strain activated the ISR in rice plants as well with cells or the VOCs 

produced by it. The comparison of the HPLC profile from the cell-free supernatant between 

the wild type strain and the 130B mutant, showed in the latter, the absence of a set of 

surfactin family compounds (Fig. 25). These data suggest that the surfactin production 

would be involved in the biocontrol activity of the IBUN 2755 strain since these compounds 

could have a direct antagonistic activity (Mora et al., 2015; Miranda, 2022). The genome 

sequencing of the mutant and their comparison with the wild type allowed the identification 

of 29 SNPs. But not all of them affect the phenotype of the strain because the mutation(s) 

do not affect the growth and biomass production of the bacteria for example (Fig. S4), so 

is no possible thing in essential genes. A particular mutation identified was in the spo0A 

gene, which is involved in synthesizing surfactins and other process during stationary phase 

(biofilm formation, sporulation). Although it is not possible to discard the role of the mutation 

on other genes, the hypothesis privileged here was that the mutation of this gene could 

explain the lack of protection of this particular strain and highlight the importance of 

surfactins as a main mechanism, but probably not the only one, to control B. glumae. 

The surfactins are cyclic peptides with an amphipathic character that have broad-spectrum 

antimicrobial activity and can act directly by inserting into the cell membrane of 

microorganisms causing disintegration or osmotic imbalance. These compounds can attack 

Gram-negative bacteria by inhibiting protein synthesis or particular enzymatic activities, 

which leads to the affectation of reproduction in such bacteria (Chen et al., 2022). Several 

studies underline the importance of surfactins in the biocontrol activity. Mora et al., (2015) 

showed a direct antagonistic activity of surfactins. These compounds in different Bacillus 

strains are involved in several processes, such as biofilm formation, plant colonization, 

induction of resistance and competition with other microorganisms (Zeriouh et al., 2014; 

Zhang et al., 2022). Feng et al., (2022), determined that the production of surfactins in the 

B. amyloliquefaciens strain Ba01, is essential for the biocontrol activity against 
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Streptomyces scabies in potato tubers, but also are important to perform swarming motility 

and the wrinkled architecture of the biofilm.  

The absence of surfactin production observed in the 130B mutant could be correlated with 

the modification of the architecture of the biofilm observed (Fig. 21), as it has been reported 

in other studies (Aleti et al. 2016). It would be interesting to determine the effect of this 

mutant on the colonization capacity of the plant's roots and its relationship with the 

biocontrol in rice plants against B. glumae. In this study and somewhere else (Perea et al., 

2022), it has been possible to demonstrate the formation of biofilm by the IBUN 2755 strain 

both in vitro, on different culture media, and on the root of rice plants. It will be important to 

conduct these kinds of assays using the mutant 130B, to identify if this capacity is impaired 

as it was its biofilm architecture. 

The metabolome comparison between the wild type strain IBUN 2755 and the 130B mutant 

allowed found some differences in several types of compounds (Figs. 26, 27 and S8). The 

multivariate analysis allowed us to determine that the metabolomes are different, with the 

compound that makes the most difference being that of feature 133 with VIP score > 1.52 

(fig. S12). The analysis of this feature allowed it to be associated with a compound from the 

fengycin family (Annex B) which had been manually dereplicated by Miranda (2022). This 

compound is overexpressed in the 130B mutant (Fig. S12). However, previous studies of 

the IBUN 2755 strain show that fractions enriched with fengycins present antifungal and 

not antibacterial activity (Blanco, 2012; Miranda, 2022). 

Thus, we decided to study the marked differences in the HPLC chromatogram. Because, it 

is worth to remark, the absence or decrease of some peaks in the chromatogram, specially 

12 of them that are surfactins-like compounds, particularly C12, C13, C14, C15 and C16 

surfactins (table 7). It is important to notice, that although the 130B strain did not completely 

lose the capacity to produce surfactins, the 12 compounds missed allowed to suggest that 

these types of compounds are very important in the activity against B. glumae. In addition, 

given that surfactins belongs to a large family of compounds, their quantity and kind can 

have differential roles in biocontrol activity. 

Stoll et al., (2021) investigated the role of surfactin production on colonization, biofilm 

formation and induction of resistance of B. velezensis strains in tomato protection against 

Botrytis cinerea. In their study, the authors found that strains that produce a higher 

concentration of surfactins have a greater ability to colonize plant tissue, establish itself, 

form more stable biofilms and induce plant systemic resistance. 

In the present study, it was found that the 130B strain generally ceases to produce 

surfactins of all isoforms, but of twelve surfactin-type compounds, five were C16 isoform 

(Fig. 26 and Table 7). This suggests that these isoforms could be important for activity 

against B. glumae, and consequently it would be desirable to isolate, and characterize 
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these compounds in order to evaluate them individually in terms of its activity in plant and 

their antagonistic capacity. 

It should be noted that Bacillus strains can produce different surfactin isoforms from a single 

srf gene cluster, (srf ABCD), as can be seen in the IBUN 2755 strain (Tabla S4, Fig. 19). 

This is due to the promiscuous specificity of the adenylation domains of modules 2, 4 and 

7 of the surfactin synthetases that can accept amino acid residues L-Leu, L-Val or L-Ile, as 

well as L-Ala for module 4 (Théatre et al., 2021). Some works have shown that the 

production of isoforms is a differential attribute between strains (Zhao et al., 2012). Even in 

a particular strain, the isoforms are expressed in different concentrations (Bartal et al., 

2023). Aleti et al., (2016) showed that strains of different Bacillus species produced different 

proportions of surfactin isoforms and that surfactin-deficient mutants lack swarming, biofilm 

formation and colonization in lettuce plant roots. The phenotype was recovered by adding 

surfactins (Aleti et al., 2016).  

Some compounds that are expressed by IBUN 2755 wild type strain, but not for 130 mutant, 

had been already identified in previous works; it is the case of the compounds present in 

peaks at retention times 8.61 and 9.71, which Miranda (2022) identified as surfactins. 

Additionally, in another study with the same strain, Blanco (2012) found the signals of 

molecular peaks of m/z 1017, 1031, 1044, and 1059 of greater intensity (in greater quantity) 

that corresponded to sodium-containing molecules [M+Na]ϕ of molecular weight 993, 1007, 

1021 and 1035 Da respectively. That finding indicates that they were homologous 

molecules that differ from each other by 14 Da, which is equivalent to a CH2, and agrees 

with the molecular weights of surfactins C12, C13, C14 and C15, respectively. In contrast 

to the results of Blanco (2012), in the present work, it was possible to identify surfactins of 

the C16 group (table 7).  

The present work demonstrated that the IBUN 2755 wild type can induce systemic 

resistance med|iated by biomass inoculation or VOCs exposition which was evidenced the 

overexpression of Npr1 gene (Figs. 23 and 24). It is known that some Bacillus strains can 

induce resistance through the salicylic acid pathway throughout different elicitors, including 

VOCs, MAMPs or antimicrobial compounds (Nie et al., 2017; Li et al., 2015). Additionally, 

for Bacillus strains, there are reports of different elicitors that activate ISR, such as lytic 

enzymes that generate DAMPs, MAMPs that are part of the bacterial cell structure, 

components of the biofilm structure, production of plant hormones, and the antimicrobial 

compounds of the NRPs and PKs type (Chandler et al., 2015; Cawoy et al., 2014; 

Chowdhury et al., 2015a; Wang et al., 2016; Niu et al., 2016).  

Several genes can be involved in eliciting the ISR observed in the IBUN 2755 strain 

genome. For example, the genome has genes associated with lytic enzymes (table S5), 

which have been widely reported to induce plant resistance by generating DAMPs (Kaku et 

al., 2006). Also, the IBUN 2755 strain genome has other genes related to the production of 

other elicitors, including plant hormones which are widely reported to stimulate the plant 

immune system (Choudhary & Johri, 2009). 



120 Identification and functional analysis of determinants associated with the mechanisms 

of action of the AEFB IBUN 2755 strain in the biocontrol of Burkholderia glumae in rice 

plants 

 

 
Some works have shown the capacity of VOCs of the genus Bacillus to induce resistance 

in plants. Tahir et al, (2017) found that VOCs of the strains of B. amyloliquefaciens LSSC22 

and FZB42 (now B. velezensis), can induce resistance via salicylic acid. Such attribute has 

been elucidated by overexpression of the eds1 and npr1 genes in tobacco plants leading 

to a marked decrease in the symptoms of the disease caused by Ralstonia solanacearum 

when plants were treated with Bacillus VOCs.  

The use of knockout mutant strains in genes of interest, is a strategy to know the possible 

elicitors of ISR (Wu et al., 2018). In the present work, the 130B mutant strain was 

characterized by losing the capacity to induce resistance after exposing rice plants to 

mutant cells or VOCs. The results showed that plants treated with130B strain had a high 

disease incidence and population of B. glumae in the plant tissue, like the disease control 

(not treated with Bacillus) (Figs 23 and 24). This was correlated with the inability of this 

strain to induce overexpression of the npr1 gene (Figs. 23E and 24E). As previously 

explained, the 130B mutant stops producing some surfactin-like compounds compared to 

the wild type strain (Fig. 25 and 26, Table 7), consequently, it could be suggested that these 

compounds could participate in the induction of resistance when the seedlings were 

inoculated with bacteria biomass. It should be highlighted because the surfactins had been 

previously reported as ISR elicitors (Rodríguez et al., 2018). 

Wu et al., (2018) used knockout mutants of the B. velezensis SQR9 strain in genes 

associated with the production of different possible elicitors of plant systemic resistance. 

The genes mutated were the antimicrobial compounds fengycin, bacillomycin D, surfactin, 

bacillaene, macrolactin, difficidin, bacilysin, the VOC 2,3-butanediol and some 

exopolysaccharides. They found that the deficiency in the production of each of those 

compounds contributes in a differential way to the capacity to induce resistance in tomato 

plants against the pathogens B. cinerea and P. syringae pv tomato.  

For this reason, it should be noted that the absence of surfactin production explains 100% 

of the reduction in the incidence of strain IBUN 2755 against B. glumae in rice seedlings by 

ISR when use the bacteria cells as inoculum (Fig. 23C). Some works have shown the 

contribution of surfactins in the induction of resistance (Stoll et al., 2021). Chowdhury et al., 

(2015) reposted that a surfactin mutant of B. velezensis FZB42 strain, showed  decrease 

in the overexpression of the Pdf 1.2 gene (of the JA pathway) in lettuce plants in the 

presence of R. solani, but the ISR activity was not completely eliminate and the reduction 

of this activity  is more dramatic when using a FZB42 mutant unable to produce all NRPs 

and PK-like compounds, therefore the results suggest that antimicrobial compounds in 

general contribute to the induction of resistance and biocontrol activity against the 

pathogen, but it is possible that other bacterial elicitors also contribute with the ISR 

induction in rice plants. 

In the same way, Wu et al., (2018) examine the role of acetoin and 2,3-butanediol (VOCs) 

of the B. velezensis FZB42 strain in the induction of resistance in A. thaliana and Nicotiana 
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bethamiana. For this purpose, the mutants FZB42 alsD, which lacked the production of 

acetoin and 2,3-butanediol, and FZB42 bdhA, which could produce acetoin but not 2,3-

butanediol were generated. The FZB42 bdhA mutant failed to close stomata, unlike the 

wild-type strain, indicating that stomatal closure is an important mechanism in plant 

defense. 

The results of VOCs assay for the mutants 36A and 130B suggest that the VOCs are also 

involved in the capacity of ISR of the IBUN 2755 strain (Figs. 24C ï E and S7). Therefore, 

it is important to characterize these compounds in the mutants and the wild type, to 

determine which VOC are missing or if there are differences in their expression in the 

mutant strain. As well as it is important to sequence the 36A strain to determine the genes 

involved in this activity, although it is important to notice that in the 130B mutant, a gene 

involved in the production of VOCs could not be determined. 

Finally, to determine the gene that affects the production of surfactins in the 130B mutant, 

this strain was sequenced, and the search for SNPs was carried out in comparison with the 

IBUN 2755 wild type strain, finding 29 SNPs (Table 8). Mutagenesis by exposure to UV 

light induces thymine dimer lesions that, when not repaired, lead to an increase in 

replication errors and, therefore, mutations in such a way that the exposure time can 

contribute to generating mutants that do not have a single mutation (Shibai et al., 2017). 

Thus, to determine which gene was involved in the 130B phenotype, it was necessary to 

analyze each gene and see if there could be a relationship with it in the literature (Table 8). 

For this reason, the only gene involved in synthesizing surfactins is spo0A (Rahman et al., 

2021). Klausmann et al. (2021), recently found that a knockout mutant in the spo0A gene 

of the B. subtilis strain KM1016 leads to low surfactin titers, while a mutation in abrB results 

in high surfactin titer. It shows that the abrB gene is a repressor of surfactin production and 

that the spo0A gene leads to the inhibition of abrB. It is clarified that in this same study, it 

is indicated that the spo0A mutation does not eliminate the synthesis of surfactins but 

decreases their concentration; this is comparable with what occurs with the 130B mutant 

(Fig. 26). 

This interconnection and crosstalk between pathways occur during the stationary phase in 

Bacillus strains, when they differentiate into subpopulations (Lopez et al., 2009). In this 

complexity between gene pathways, it can be indicated that the spo0A gene encodes the 

master regulatory protein, which is involved in different processes (sporulation, biofilm 

formation, motility and others) as has just been seen with the evidence in the production of 

surfactins. In fact, Rosier et al., (2023) found that spo0A is required for the antagonism of 

B. subtilis UD122 against some fungal pathogens, where a defective mutant in said gene 

leads to a 24% reduction in activity given the association of this gene with the production 

of surfactins and in turn their influence on the biofilm. Also, Hamon & Lazazzera (2001) 

found that the spo0A mutation affects the three-dimensional architecture of the biofilm in a 

strain of B. subtilis. In the same scenario, Zhang et al. (2022) compared the signaling 

mediated by surfactins and the spo0A gene in biofilm formation in different Bacillus strains. 

They found that the role of surfactins is strain and species dependent, but the spo0A 

regulatory gene is essential and very conservative for biofilm formation in all strains of the 
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four species studied. In fact, knockout mutants in this gene result in a smoother and moister 

biofilm because the typical wrinkles of spo0A disappear in them. It is important to say that 

mutation in 130B mutant causes a biofilm without wrinkles that differs from the IBUN 2755 

wild type strain (Fig. 21). 

Other genes that could be involved in the phenotype of the 130B mutant are pksF and 

ppsA, that code for antimicrobial compound synthase modules. pksF gene encodes for a 

bacillaene polyketide synthase module, which is an antibacterial compound whose role in 

biocontrol has been studied using knockout mutants, and found to be essential in some 

Bacillus strains for antagonism and resistance induction (Erega et al., 2021; Wu et al., 

2018a). However, it should be mentioned that in the case of NRPs and PKs, not all the 

connections in any module of the synthase lead to the elimination of the production of the 

compound. Depending on the module or the site or domain in the module where the 

mutation falls, it may lead to obtaining truncated products or new derivatives by module 

jumps (Gao et al., 2018). It is clear that if the mutation occurs in the first module, specifically 

in the peptide or acyl carrier domain, it will lead to the complete loss of compound 

production (Koumoutsi., 2004; Chen et al., 2006). 

In this work, it was not possible to identify polyketide-type compounds between the 

differences among the two strains (wild type and mutant), even in the general repertoire of 

compounds of the wild type strain; this may be because of the extraction method in this 

study was the acid precipitation, which favors the precipitation and extraction of peptide 

compounds (Miranda, 2022). 

Regarding the fengycin-like compounds (plispastatin), an absence is not observed in the 

chromatogram of the130B mutant but some changes at the metabolome level in the 

molecular network where observed (Figs. 26 S8 and S11). It is evident in the chromatogram 

with some gains of compounds of this nature in the retention times between 1.19 to 1.89 

min with m/z of 1.463, 1464.8, 1477.8 and 1478.8 (Figs. 26, S8 and S11). This m/z 

correspond to fengycins previously reported in the literature, including some that Miranda 

(2022) found for the IBUN 2755 strain. However, it is noteworthy that the gain of these 

compounds does not provide antagonistic or biocontrol capacity to the strain 130B against 

B. glumae, it is unknown for other plant pathogens. So, could be interesting to evaluate the 

biocontrol activity of the 130B mutant against other pathogens. 

It is important to determine if the compounds differ from those of the wild strain or if the 

130B strain expresses a higher concentration of fengycins that are also present in the wild. 

However, knockout mutants in the ppsA gene cause loss of fengycin production and 

therefore antagonistic activity against fungi (Iatsenko et al., 2014). 

It is worth mentioning that through the contribution of the various results of the present 

research, it can be concluded that the main biocontrol mechanisms of the B. velezensis 

strain IBUN 2755 against B. glumae in rice plants are the production of surfactins, and the 
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ISR mediated by cells or VOCs. The surfactin and VOCs may have activity by direct 

antagonism or ISR, and the surfactins are also important in biofilm formation, which could 

affect plant colonization (Fig. 27). 

 

.  
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Figure 28. Mechanism of action of the IBUN 2755 strain in the biocontrol of B. glumae in 
rice plants. (A) Production like surfactins antimicrobial compounds that could act by direct 

antagonism or ISR; (B) Production of VOCs that could act by direct antagonism 
(fumigation) or ISR; (C) Competence and colonization by chemotaxis to root exudates 

and biofilm formation which could cause niche displacement of B. glumae according with 
Perea et al., (2022). 
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3.5 Supplementary material  

3.5.1 Transformation IBUN 2755 assays  

Construction of plasmids  

-Replicative plasmid for ComK overexpression: to build a plasmid that would allow ComK 

overexpression, the region comprising the replication origin for E. coli, the kanamycin 

resistance cassette, and the sensitive replication origin was amplified from the PJJ4 

plasmid at temperature for Bacillus with the primers POP2-F and POP2R (2828 bp). Then, 

the fragment was digested with the enzymes BamHI and NheI NEB ®. On the other hand, 

the plasmid PDR110 was digested with the same enzymes to obtain the fragment 

comprising the IPTG-inducible promoter, and ligated with the previous fragment using the 

cohesive ends of the enzymes, obtaining the intermediate plasmid PDR110+PJJ4. For its 

part, the comK gene was amplified with the comkF and comkR primers from the genome 

of strain IBUN 2755 to obtain a 705 bp fragment, which was digested with the HindIII and 

NheI NEB ® enzymes. These enzymes were used to digest also the plasmid 

PDR110+PJJ4, and later the fragments were ligated to obtain the plasmid P-IPTGcomK 

with a final size of 3712 bp. The product was cloned in E. coli and the selection of the 

positive clones was made with the primers comK F and comKR by colony PCR. 

Likewise, a second plasmid comprising a mannose-inducible promoter instead of IPTG was 

obtained. For this, the region comprising the mannose-inducible promoter, the replication 

origin for E. coli, the kanamycin resistance cassette, and the temperature-sensitive origin 

of replication for Bacillus were amplified from the PJJ4 plasmid with the primers POP1-F 

and POP1R (3014 bp), later the fragment was digested with the HindIII and NheI NEB ® 

enzymes. On the other hand, the comK gene was amplified with the comkF and comkR 

primers from the genome of strain IBUN 2755 to obtain a 705 bp fragment. This was 

digested with the HindIII and NheI NEB ® enzymes and ligated to the fragment of the PJJ4 

plasmid to obtain the PmancomK plasmid with a size of 5277 bp. 

A modification was made to the P-IPTGcomK plasmid in which said vector was digested 

with the BamHI NEB® enzyme and dephosphorylated with APase NEB ®, subsequently, 

the pCN014 plasmid was cut with the BgIII and BamHI NEB ® enzymes to obtain the 

fragment comprising the phleomycin resistance gene with a size of 1000 bp. Finally, the 

two fragments were ligated, cloning was performed and the fleoF and fleoR primers were 

used to confirm the ligation, obtaining the CD1 plasmid (5277 bp). 

Evaluation of the natural genetic competence of the strain B. velezensis  IBUN 2755 
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Different methodologies were used to evaluate the natural genetic competence 

capacity of the IBUN 2755 strain:  

- Growth curve to determine the start of the stationary phase:  

Given that the natural genetic competition has as its time window the first hours of the 

stationary phase, and in order to know this moment in the strain IBUN 2755, a growth curve 

was prepared in LB medium. This is done, using 1000 mL elenmeyer with 100 mL of culture 

medium with an initial inoculum of 1,0 x 106 CFU/ml, taken from a pre-inoculum obtained 

by sowing an overnight colony in 5 mL of LB in a 50 mL falcon tube and subsequently 

adjusted to 0.2 optical density at 600 nm. Once the elenmeyer were inoculated, samples 

were taken every three hours from time zero until 12 o'clock and they were evaluated at 24 

hours for CFU/mL and optical density. An elenmeyer was used as the experimental unit 

and three replicates, where the counting by drops (20 µL seed) was done with technical 

triplicate in LB solid medium. 

- Methodology taking into account the beginning of the stationary phase: An assay was 

carried out with cells that were at the beginning of the stationary phase, for which the IBUN 

2755 strain was activated from a cryovial at -20°C by depletion in LB medium. It was 

incubated at 30°C for 16h and one colony was used to inoculate a 50 mL falcon tube with 

5 mL of LB broth and incubated at 30°C, 150 rpm for 16h. Then, 1mL of the pre-inoculum 

obtained was placed in 100 mL of LB medium in a 1000 mL capacity elenmeyer, which was 

left incubating at 30°C and 150 rpm until 9h, 9.5h and 10h, at which time the cells were 

collected. For the experimental design, one elenmeyer was used for each time with three 

replicates. Once the cells were collected, they were centrifuged at 8500 rpm for 5 min and 

washed twice. 

- One-step methodology  (Rudner laboratory): In brief, the IBUN 2755 strain was activated 

in solid LB from -20°C and grown overnight at 37°C. Subsequently, a colony of the strain 

was transferred to 1mL of 1XMC medium (100 mM KH2PO4 pH7.0, 3 mM sodium citrate, 

2% glucose, 22 mg/mL ferric ammonium citrate, 0.1% hydrolyzed casein, 0.2% of 

potassium glutamate) + 3 Mm MgSO4 and allowed to grow at 37°C in a roller drum for 4h. 

200 µL of the induced culture was placed with 2 µL of plasmid prepared at different dilutions 

(pure, 1:20, 1:200), incubated at 37°C in a roller drum for 2h. Subsequently, it was plated 

in LB medium with the appropriate antibiotic. The plates were incubated at 37°C for 24h. A 

NO DNA treatment (without plasmid) was used to determine the presence of spontaneous 

mutants and the quality of the medium. The B. subtilis strain PY79 was used as a positive 

control for wild type competition. 

-Two-step methodology  (Rudner laboratory): Briefly, a colony from a solid overnight 37°C 

LB culture of strain IBUN 2755 was transferred to 5 mL of SpC medium (1X T-base 20 mL, 

glucose 50% 200 µL, 100mM 300 µL MgSO4, 10% yeast extract 400 µL, 1% casamino 

acids 250 µL to 20 mL, TXbase (per liter: 2 g NH4(SO)4, 18.3 g K2HPO4.3H2O, 6 g trisodium 

citrate). It was then vortexed and 1 mL was transferred to a second tube containing 4 mL 

of spC medium. It was grown overnight at 22°C in a roller drum, and 20 mL (in a 250 mL 
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Erlenmeyer flask) of SpC medium was inoculated, adjusting the final optical density at 

600nm between 0.1-0.2. It was left to grow on a shaker at 37°C for 4h or until there was no 

change in the optical density measured at 600 nm. The culture was diluted 1:10 in SpII 

medium (1X T-base 20mL, glucose 50% 200 µL, 100mM MgSO4 1.4 ml, yeast extract 10% 

200 µL, casamino acids 1% 200 µL, CaCl2 100 mM 100 µL for 20 mL) (2 mL of culture in 

20 mL of medium) and grown for 90 minutes at 37°C. Subsequently, the culture was 

centrifuged at 5000 rpm for 5 min, where the supernatant was separated in one tube and 

the cells in another. The pellet was resuspended in 10% of the original culture volume using 

the supernatant. Cells were mixed in an equal volume of SpII-EGTA (1X T-base 20 mL, 

50% glucose 200 µL, 100 mM MgSO4 1.4 ml, 10% yeast extract 200 µL, 1% casamino acids 

200 µL, 100 mM EGTA 400 µL, to 20 mL) and mixed. The mixture was vortexed and 200 

µL was used for tranformation with 2 µL of plasmid. The cells were incubated for 40 min at 

37°C with a roller drum. The cells were plated in LB with antibiotic. 

For the one and two step assays, the replicative plasmids PMTL500, PDG148, PTH1, PJJ4, 

and PG111, and the integrative plasmids sfp_cm and sfp_ERI were used. Thus, each 

plasmid was used as a treatment and a NO DNA treatment to determine the presence of 

spontaneous mutants. The strain B. subtilis PY79 was used as a positive control. 

Evaluation of electroporation in the B. velezensis  strain IBUN 2755  

Different protocols were used for electroporation.  

- Zhang et al., (2011) method to electroporate strain IBUN 2755, a previously activated 

colony from -20°C in solid LB to 37°C with overnight growth was transferred to liquid LB 

medium (20 mL) and grown in shaker at 37°C overnight. Subsequently, the culture was 

diluted 100 times in NCM medium (17.4 g K2HPO4, 11.6g NaCl, 5 g glucose, 5 g tryptone 

(Oxoid, Basingstoke, Hampshire, UK), 1 g yeast extract (Oxoid), 0.3 g trisodium citrate, 

0.05g MgSO4.7H2O and 91.1 g sorbitol in 1 L pH 7.2) in a 250 mL flask containing 20 mL 

of the medium and incubated in a shaker at 37°C until reaching an optical density of 0.5 at 

600nm. Next, filtered glycine was added to a final concentration of 3% and tween 80 at 

0.03%, growth was continued for one hour. The cell culture was transferred to a centrifuge 

tube and chilled on ice for 20 min, then centrifuged at 4°C, 8000 rpm for 5 min. Afterwards, 

the cells were washed with ETM electroporation buffer (0.5M sorbitol, 0.5M mannitol and 

10% glycerol). Electrocompetent cells were resuspended in 1/100 volumes of the original 

culture in the culture supernatant. 

Electrocompetent cells (100uL) were mixed with 100 ng of plasmid preparation, the mixture 

was transferred to a 1mm gap electroporation cuvette (Biorad ®) and a Biorad ® brand 

electroporator was used to generate a 2.1kV/pulse. cm, with a resistance of 150 ohms and 

a capacitance of 36mF. The cells were immediately diluted in 1mL of LB + 0.38M mannitol 

and shaken at 37°C for 3h. Subsequently, it was centrifuged at 5000rpm for 3min and the 
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supernatant was removed, the biomass was resuspended in 100mL of LB, vortexed and 

plated on LB with the corresponding antibiotic. The plates were incubated at 37°C for 24h. 

-Method of Meddeb-Mouelhi, F., et al., (2012): an overnight colony of strain IBUN 2755 

from solid LB at 37°C was transferred to 5 ml of LB broth containing 0.5 M sorbitol, and 

overnight incubator at 37°C and 200 rpm- the culture was subsequently diluted 10 times in 

50 mL of the same fresh medium and incubated at 200 rpm, 37°C until reaching an OD of 

1 at 600 nm. Subsequently, the culture was cooled for 5 min on ice and centrifuged at 

5000xg for 10 min at 4°C and the pellet was resuspended in 50 ml of cold electroporation 

medium (0.5M sorbitol, 0.5M mannitol, 10% glycerol and 7.5 % glycine-betaine). This step 

was repeated three times and the cells were finally diluted in electroporation medium in a 

1:150 v/v ratio to an approximate concentration of 1,0x1010 cells/mL. For electroporation, 

60 µL of competent cells were used with 100 ng of plasmid DNA and the mixture was chilled 

on ice for 5 min and later transferred to a cold 1mm cell for electroporation. Once the cells 

received the pulse, 1 ml of LB containing 0.5 M sorbitol and 0.38 M mannitol was added to 

the cell and taken to an eppendorf tube which was incubated at 37°C, 200 rpm for 3h for 

recovery. Cells were centrifuged at 8500 rpm for 5 min and the supernatant was removed 

where a 100 µL volume was then plated in antibiotic-containing media and the plates were 

incubated at 37°C overnight. 

- Rosado et al., (1994) method: a colony grown overnight in solid medium was transferred 

to a 250 ml Erlenmeyer flask containing 10 ml of LB broth and incubated for 16h at 37 C 

and 150 rpm. Subsequently, the culture was diluted 1/100 with LB medium + 0.5M sorbitol 

and incubated at 37°C, 200 rpm until reaching a 0.2 of 0.5 at 600 nm. The culture was 

collected in a falcon tube and incubated on ice for 30 min and subsequently washed with 

cold wash GTM buffer (0.5 M sorbitol, 0.5 M mannitol, 10% glycerol) placing 30 ml of the 

buffer and centrifuging at 8000 rpm, 5 min at 4°C The washes were repeated three times, 

suspending the final pellet in 2 ml of GTM buffer. Subsequently, 100 µL of the 

electrocompetent cells mixed with 1 µg of DNA were used and transferred to the 1mm gap 

cuvette, the pulse was performed and then 1 ml of LB medium + 0.5 M sorbitol was added, 

incubating for 3h at 200 rpm. and 37°C for recovery. Finally, it was centrifuged at 8000 rpm 

for 5 min and the supernatant was removed, 100 µl of the pellet was plated in the media 

with the respective antibiotic and incubated overnight at 37°C. 

First electroporation assay: The Zhang et al., (2011) and Meddeb-Mouelhi, F., et al., (2012) 

methods were used with the voltages 0.8, 1.0, 1.2, 1.3, 1.5, and 2.1 preserving a resistance 

of 200 ohms and a capacitance of 25 µF. the IBUN 2755 strain and the B. subtilis PY79 

strain and the plasmids PMTL500, PDG148 and PG111 and the integrative plasmids 

(sfp_cm and sfp_ERI) were used. Thus, each plasmid was used as a treatment and a NO 

DNA treatment to determine the presence of spontaneous mutants. Electroporation was 

performed in triplicate to determine the transformation efficiency. In the repetition, 1 µg of 

plasmid DNA was used instead of 100 ng. 

Second electroporation assay: The Zhang et al., (2011) and Rosado., et al., (1994) methods 

were used with voltages 0.3, 0.6, 1.0 and 2.1 Kv/cm, maintaining a resistance of 150 ohms 
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and a capacitance of 75 µF, 25, 25 and 36 respectively for each voltage. the IBUN 2755 

strain and the B. velezensis FZB42 strain and the CRISPR-CAS9 sfp_ERI and PDG148 

plasmids were used. Thus, each plasmid was used as a treatment and a NO DNA treatment 

to determine the presence of spontaneous mutants. Electroporation was performed in 

triplicate to determine the transformation efficiency. The process was repeated. For plating, 

TSA and LB plates with 10 ug/ml Kanamycin were used. 

Third electroporation assay: The Zhang et al., (2011) and Rosado., et al., (1994) methods 

were used with a voltage of 0.8 Kv/cm, a resistance of 200 ohms and a capacitance of 25 

µF. The strains IBUN 2755 and that of B. velezensis FZB42 and the plasmids CRISPR-

CAS9 sfp_ERI and PDG148 were used. Thus, each plasmid was used as a treatment and 

a NO DNA treatment to determine the presence of spontaneous mutants. Electroporation 

was performed in triplicate to determine the transformation efficiency. The process was 

repeated and for plating TSA and LB plates with 10 ug/ml Kanamycin were used. 

Fourth electroporation assay: The method of Zhang et al., (2011) was used with a voltage 

of 2.1 Kv/cm, a resistance of 200 ohms and a capacitance of 37 µF. The IBUN 2755 strain 

and the CRISPR-CAS9 sfp_ERI and PDG148 were used. Thus, each plasmid was used as 

a treatment and a NO DNA treatment to determine the presence of spontaneous mutants. 

Electroporation was performed in triplicate to determine the transformation efficiency. The 

process was repeated and for plating TSA and LB plates with 10 ug/ml Kanamycin were 

used. 

Fifth electroporation assay: The Zhang et al., (2011) and Rosado., et al., (1994) methods 

were used with a voltage of 2.1 Kv/cm, a resistance of 200 ohms and a capacitance of 50 

µF. The IBUN 2755 strain and the CRISPR-CAS9 sfp_ERI, 3717 and PDG148 plasmids 

were used. Thus, each plasmid was used as a treatment and a NO DNA treatment to 

determine the presence of spontaneous mutants. Electroporation was performed in 

triplicate to determine the transformation efficiency. Plasmids were used from DH5alpha 

and GM2163. Additionally, a temporary inactivation of the restriction system or not was 

used, heating the cells after the recovery step at 46°C for 6 min and then plating on the 

respective medium. 

Sixth electroporation test: The method of Rosado, et al., (1994) was used, evaluating 

different parameters: voltages of .3.0 kV, 2.8 kV, 2.5 Kv, 2.2 kVc with a capacitance of 25 

ɛF and resistance. of 200 ohms. The IBUN 2755 strain and the CRISPR-CAS9 sfp_ERI, 

3717 and PDG148 plasmids were used. Thus, each plasmid was used as a treatment and 

a NO DNA treatment to determine the presence of spontaneous mutants. Electroporation 

was performed in triplicate to determine the transformation efficiency. Plasmids were used 

from DH5Ŭ and GM2163 (dam -) E. coli strains. Additionally, a temporary inactivation of the 

restriction system or not was used, heating the cells after the recovery step at 46°C for 6 

min and then plating one respective medium. 
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Evaluation of a transformation method with Ca lcium  amino clay  in the  B. velezensis  

strain IBUN 2755  

The method proposed by Choi et al., (2013) was used with some modifications. For this, 

calcium amino clay was prepared as proposed by Choi et al., (2013). A colony of an 

overnight solid LB active culture of strain IBUN 2755 was transferred to 20 mL of LB broth 

in a 250 mL flask and grown overnight at 37°C, 150 rpm overnight. The following morning, 

1 mL of the culture was transferred to 100 mL of medium in a 1000 mL Elenmeyer and 

incubated for 9 hours in a shaker at 150 rpm and 37°C, at which time the IBUN 2755 strain 

begins the stationary phase. Subsequently, the culture was transferred to centrifuge tubes 

and centrifuged at 9000 rpm for 15 min and resuspended in sterile and filtered milliQ water 

adjusting to an optical density of 1.2 at 600 nm. Next, 500ng of plasmid was mixed with 

50uL of hydrated amino clay in solution (10mg/mL) adjusted to 500uL in total volume with 

water and 500uL of cells were added to this mixture. Vortexing was done for 1 min and then 

100 uL of the mixture was plated on LB plates with the corresponding antibiotic. The assay 

was carried out under the previously described conditions and bringing the IBUN 2755 

strain cells to the stationary phase to increase the uptake of exogenous DNA. 

Evaluation of the method for obtaining and transforming protoplasts in the B. 

velezensis  IBUN 2755 strain  

The Chan and Coeher (1979) method was used with modifications made for the IBUN 2755 

strain. The IBUN 2755 strain was activated from -20°C in solid LB medium and allowed to 

grow for 16h at 37°C. One colony was immediately transferred to 1X PAB medium (Difco 

® No3 Medium) and allowed to grow in an orbital shaking shaker for 16h at 37°C and 200 

rpm. Once the time elapsed, 800 uL of the culture were transferred to 20 mL of fresh 1X 

PAB medium in a 250 ml Elenmeyer container and incubated in a shaker at 37°C, 200 rpm 

until the culture reached an optical density at 600 nm of 0. 5. It was centrifuged at 9000 

rpm, 10 min and 4°C to recover the biomass, the supernatant was discarded, and the 

biomass was resuspended in 5 mL of SMMP medium (50:50 PAB 4X and SMM 2X: 1M 

sucrose, 0.02M sodium malate 0.04M, MgCl2.6H20 0.04M pH 6.5) and 2mg/mL of powdered 

egg white lysozyme (Amresco ®) was added. It was incubated in a Falcon tube at 37°C in 

an orbital shaker at 100 rpm for 15, 30 or 40 min, verifying the presence of protoplasts. 

Subsequently, it was centrifuged at 5000 rpm for 10 min and 22°C, eliminating the 

supernatant and resuspending the biomass in 5 mL of SMMP medium. 

To transform the protoplasts, 150 uL of protoplasts were mixed with 200 ng of plasmid DNA, 

this mixture was transferred to a 2 mL eppendorf containing 450 mL of PEG (polyethylene 

glycol 8000 Sigma ® 10g in 25 mL of 1X SMM medium). It was mixed by pipetting and left 

to incubate for 2 min at room temperature, immediately 1400 mL of SMMP medium was 

placed, mixed by immersion and the tube was centrifuged at 10,000 rpm for 7 min at room 

temperature and the supernatant was completely discarded. The cells were resuspended 

in 300 uL in SMMP medium and allowed to recover in a shaker at 37°C (or 30°C depending 

on the plasmid used) for 90 min. 
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Subsequently, serial dilutions were made in 1X SMM medium up to 1.0E-05 and 100 mL of 

the dilutions were plated as follows: , -4 and -5 dilutions on DM3 without antibiotic medium 

plates (for 500 mL: 250 mL sodium succinate1M, 50 ml casamino acids to 5%, 25 mL yeast 

extract to 10%, 50 mL phosphate buffer (3,5g K2HPO4 + 1,5g KH2PO4/100 ml), 10 mL of 

MgCl2.6H2O solution (20.3 g/100mL), 15 mL glucose to 20%, 2.5 mL bovine serum albumin 

2%, 100 mL agar 7% L). Without dilution in DM3 plates without antibiotic and -3 and -4 in 

LB without antibiotic. In this way, it was possible to know the recovery of protoplasts and 

the percentage of cells that were not converted to protoplasts. The transformants were 

counted in the antibiotic plates. 

For these tests, different replicative plasmids (PDG148, PMTL500, PJO8999, PJJ114, 

CD1, CRISPR-CAS9 sfp_ERI and PFK131) and integrative plasmids (sfp_cm and sfp_ERI) 

were used, where a NO DNA treatment (without plasmid) was included to determine the 

existence of spontaneous mutants. The assays were carried out in triplicate with repetition 

over time. 

To determine if the use of unmethylated plasmids could improve the transformation 

efficiency of the IBUN 2755 strain, the GM2163 E. coli strain was used to transform the 

CD1 and PDG148 plasmids. Plasmid extraction was performed using the Quiagen miniprep 

kit. ®. The plasmid preparation was used to transform strain IBUN 2755 with the protoplast 

protocol described above. A NO DNA (no plasmid) treatment was used to determine the 

presence of spontaneous mutants, the CD1 and PDG148 plasmids from E. coli DH5Ŭ strain 

was also used to compare with the plasmid without methylations. The assay was done in 

triplicate and was repeated over time. 

3.5.2 Supplementary tables  

Tabla S 1. Bacillus strains used in genomic comparisons with Roary software. 

Strain name  
Genome 
size (Mb)  

CDSs 
number  

Origen 
and/or use  

History  Reference  

Bacillus 
amyloliquefaciens 

DSM7 
3,98020 3870 Industry 

Isolated from soil, producer 
of alpha-amylase, 1-

deoxynojirimycin, hydrolase 
inhibitor, restriction enzymes 

Borris et al., 2011 

Bacillus 
amyloliquefaciens 

TA208 
3,93751 3891 Industry 

Strain used to produce 
guanosine and ribavirin by 

formamide assimilation 

Zhang et al., 
2011 

Bacillus 
amyloliquefaciens 

LL3 
4,00199 3941 Industrial 

Poly-gamma-glutamic acid-
producing strain 

Geng et al., 2011 

Bacillus 
amyloliquefaciens 

XH7 
3,9392 3889 Industrial 

Purine (nucleoside) 
producing strain at industrial 

level 
Yang et al., 2011 
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Bacillus 
amyloliquefaciens 

IT-45 
3,93687 3735 Agriculture 

Phosphate solubilizing strain 
CILUS PLUS product 

Institut Rosell 
Lallemand, 2013 

Bacillus 
amyloliquefaciens 

Y2 
4,23862 4038 Agriculture Plant growth promoter He et al., 2012 

Bacillus 
amyloliquefaciens 

CC178 
3,91683 3702 Agriculture 

Isolated from cucumber 
phyllosphere and used as a 

biological controller 
Kim et al., 2015 

Bacillus 
amyloliquefaciens 

LFB112 
3,94275 3684 Agriculture 

Isolated from Chinese herbs, 
broad antagonist activity 

against diseases in animals 

China agricultural 
university 2013 

Bacillus 
amyloliquefaciens L-

H15 
3,90597 3666 Agriculture 

Isolated from cucumber 
seed substrate, PGPR 

China agricultural 
university 2013 

Bacillus 
amyloliquefaciens  

KHG19 
3,95336 3698 Industry 

Isolated from commercial 
soybean paste, with 

proteolytic and fibrinolytic 
activity, it improves the 

organoleptic characteristics 
of commercial soybean 

pastes. 

Kyung Hee 
University, 2015 

Bacillus 
amyloliquefaciens L-

S60 
3,90302 3662 Agriculture Soil isolated, PGPR 

China agricultural 
university 2013 

Bacillus 
amyloliquefaciens 

MBE1283 
3,97993 3734 Industry 

Isolated from alcoholic 
beverage industry in Korea 

Kangwon 
National 

University, 2016 

Bacillus 
amyloliquefaciens 

S499 
3,93593 3729 Agriculture Biological controllater 

Fondazione 
Edmund Mach 

Bacillus 
amyloliquefaciens 

UMAF6639 
4,03464 3741 Agriculture 

Isolated from biological 
controller melon plants 

Magno-Pérez et 
al., 2015 

Bacillus 
amyloliquefaciens 

UMAF6614 
4,00514 3754 Agriculture 

Isolated from biological 
controller melon plants 

Magno-Pérez et 
al., 2015 

Bacillus 
amyloliquefaciens 

B15 
4,00675 3759 Agriculture 

Isolated from grape plants, 
antagonist 

China national 
research institute 

of 
food%fermentatio
n industries, 2016 

Bacillus 
amyloliquefaciens 

RD7-7 
3,68821 3501 Industry 

Isolated from fermented 
soybean paste in Korea, 
antimicrobial activity in 

fermented soybean products 

National 
Academy of 
agricultural 

Science, 2016 
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Bacillus 
amyloliquefaciens 

Y14 
3,95716 3741 Agriculture 

Isolated from peanut 
rhizosphere, PGPR 

Shandong 
agricultural 

university, 2016 

Bacillus 
amyloliquefaciens 

WS-8 
3,92979 3670 Agriculture Soil isolated, PGPR 

Hebei academy 
of science, 2016 

Bacillus 
amyloliquefaciens 

SRCM101267 
4,08824 4028 Industry Fermentations? 

Microbial institute 
for fermentation 
industry, 2017 

Bacillus 
amyloliquefaciens 

MT45 
3,89752 3691 Industry 

Isolated from Maotai Daqu 
(fermented Chinese liquor). 

Surfactin producer 
Zhi et al., 2017 

Bacillus 
amyloliquefaciens 

DC-12 
4,01656 3889 Industry 

Strain that produces 
fibrinolytic enzymes with 

medical application for the 
treatment of thrombosis 

School of 
bioscience and 

bioengineer 
China, 2012 

Bacillus velezensis 
FZB42 

3,918589 3693 Agriculture 
Commercial biological 

controller 
Chen et al., 2007 

Bacillus velezensis 
B25 

3,86276 3625 Agriculture Biological controller 
Genoscope CEA, 

2016 

Bacillus velezensis 
JS25R 

4,01444 3776 Agriculture 
Isolated from wheat plants, 
biological fungal controller 

Institute of 
agroproducts 
processing 
science and 

tecnology, 2014 

Bacillus velezensis 
CAU B946 

4,01986 3792 Agriculture Biological controller Blom et al., 2012 

Bacillus velezensis 
YAU B9601-Y2 

4,24277 4042 Agriculture 
Isolated from wheat 
rhizosphere, PGPR 

Hao et al., 2012 

Bacillus velezensis 
AS43.3 

3,96137 3646 Agriculture Biological controller 
Dunlap et al., 

2015 

Bacillus velezensis 
NJN-6 

4,05255 3842 Agriculture 
Biological controller and 

PGPR 

Nanjing 
agriculture 

University, 2015 

Bacillus velezensis 
UCMB5036 

3,91032 3691 Agriculture 
Aislada desde plantas de 

algodón, PGPR 
HGEN, 2013 

Bacillus velezensis 
UCMB5033 

4,07117 3892 Agriculture 
Biological controller and 

PGPR 
HGEN, 2013 

Bacillus velezensis 
UCMB5113 

3,889532 3656 Agriculture Soil isolated, PGPR HGEN, 2013 
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Bacillus velezensis 
TrigoCor1448 

3,9579 3721 Agriculture Biological controller 
Novozymes, 

2014 

Bacillus velezensis 
CC09 

4,16715 3941 Agriculture 
Isolated from camphor tree, 

biological controller 

Nanjing 
agriculture 

University, 2016 

Bacillus velezensis 
S3-1 

3,92977 3677 Agriculture 
Aislada de rizosfera de 

pepino, PGPR y controlador 
biológico 

Shanghai Normal 
University, 2016 

Bacillus velezensis 
GQJK49 

3,92976 3677 Agriculture 
Isolated from Goji, PGPR 
and biological controller 

Shandong 
agricultural 

university, 2017 

Bacillus velezensis 
CBMB205 

3,92979 3679 Agriculture 
Isolated from rice 
rhizoplane, PGPR 

Hwangbo et al., 
2016 

Bacillus velezensis 
NAU-B3 

4,20461 3955 Agriculture 
Isolated from corn 

rhizosphere, PGPR 
Cebitec, 2013 

Bacillus velezensis 
YJ11-1-4 

4,00664 3639 Industry 

Isolated from fermented 
soybean paste, broad 
antimicrobial spectrum 
against pathogens in 

fermented foods 

Chung-Ang 
University, 2015 

Bacillus velezensis 
SB1216 

3,81472 3538 Industry 

Isolated from a lake in 
Oklahoma, production of 

enzymes of medicinal 
interest due to anti-tumor 

characteristics 

University of 
Tulsa, 2016 

Bacillus velezensis 
JJ-D34 

4,10595 3937 Industry 

Isolated from fermented 
soybean paste, broad 
antimicrobial spectrum 
against pathogens in 

fermented foods 

Chung-Ang 
University, 2015 

Bacillus velezensis 
LS69 

3,91776 3678 Agriculture PGPR 
Huazhong 
Agricultural 

University, 2016 

Bacillus velezensis 
D2-2 

3,92183 3612 Industry 

Isolated from fermented 
soybean paste, broad 
antimicrobial spectrum 
against pathogens in 

fermented foods 

Chung-Ang 
University, 2016 

 

Tabla S 2. Genes associated with biological control mechanisms of Bacillus sp against 
phytopathogenic microorganisms found in the literature. 

Gen name  Symbol  Biocontrol associate  Reference  

Surfactin synthetase  srf ABCD Antimicrobial 
compounds production 

Li et al., 2016b, 
Chowdhury et al., 

2015a, Zeriouh et al., 
2014 

Fengycin synthetase  FenABCDE Zhou et al., 2016, 
Mardanova et al., 2017 

Iturin synthetase  BmyCBAD Cheng et al., 2016, 
Zhou et al., 2016, Park 

et al., 2016 
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4-

phosphopantetheinil 
transferase  

Sfp Chowdhury et al., 
2015a 

Bacil laene synthetase  bae 
ABCDEFGHIJKLMNRS 

acpK 

Magno ï Peréz et al., 
2015 

Polyketide 
synthetase  

pksR ABCD Chen et al., 2006 

Bacillomycin 
synthetase  

bmy ABCD Chen et al., 2006 

Dif ficidin  synthetase  dfn 
ABCDEFGHIJKLMMXY 

Wu et al., 2015a 

Macrolactin 
synthetase  

mln ABCDEFGHI Yuan et al., 2016 

Bacylisin synthetase  bac ABCDE, ywfG Wu et al., 2015a 

Amylocycline 
synthetase  

acn ABCDEF Towle et al., 2017 

Mersacidin 
synthetase  

mrs K2R2FGE Kayalvizhi et al., 2014 

Genes associated 
with chemotaxis  

cheABCDRWY, 
mcpABC, pomA, tipA 

hemAT, yfmS  y xerCD 

Competition and 
colonization 

Kearns et al., 2005 
Ghelardi et al., 2012 

Genes associated 
with motility  

flgBCDEGKLMN, 
flhABFOP), swrABC 

Kearns et al., 2005 
Ghelardi et al., 2012 

Regulatory genes of 
biofilm formation  

sin I /sin R, sipW, 
spo0A 

Cairns et al., 2014 

Genes for the 
formation of 

extracellular matrix ï 
biofilm  

eps 
ABCDEFGHIJKLMNO 

Cairns et al., 2014 

Main component of 
the matrix ï biofilm  

tapA/tas A Cairns et al., 2014 
Zeriouh et al., 2014 

Siderophores  dhbABCDEF May et al., 2001 

Acetolactate 
synthase  

alsS VOCs production  Cruz-Ramos et al., 
2000 

Acetolactate 
decarboxylase  

alsR 

2,3-butanediol  bdhA 

Chitinases  chiA, chiS, chiL, chi113 Production of lytic 
enzymes 

Swiontek Brzezinska et 
al., 2020 

Cellulases  bglC, bglS, eglS Wolf et al., 1995 

Chitosanases  galI Chen et al., 2018 

Xylanases  xynACD 

Homoserin 
lactonases  

aiiA Dong et al., (2002) 

 

Table S 3. Strains and plasmids used for the evaluation of different transformation 
methods of the IBUN 2755 strain. 

Strain  Characteristics  References or sources  
E.coli  DH5Ŭ Genotype Fï endA1 glnV44 thi-1 recA1 

relA1 gyrA96 deoR nupG purB20 
ű80dlacZȹM15 ȹ(lacZYA-argF)U169, 
hsdR17(rKïmK+), ɚï 

IBUN UNAL cepario 

E.coli  DH10B Genotype Fï mcrA ȹ(mrr-hsdRMS-mcrBC) 
ű80lacZȹM15 ȹlacX74 recA1 endA1 

Laboratory of physiology of plants and 
microorganisms UNAL 
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araD139 ȹ (ara-leu)7697 galU galK ɚï 
rpsL(StrR) nupG 

E. coli  Top 10  Genotype F- mcrA ȹ(mrr-hsdRMS-mcrBC) 
ű80lacZȹM15 ȹlacX74 nupG recA1 
araD139 ȹ(ara-leu)7697 galE15 galK16 
rpsL(StrR) endA1 ɚ- 

IBUN UNAL cepario 

E. coli  XL10 Genotype ndA1 glnV44 recA1 thi-1 gyrA96 
relA1 lac Hte ȹ(mcrA)183 ȹ(mcrCB-
hsdSMR-mrr)173 tetR F'[proAB 
lacIqZȹM15 Tn10(TetR Amy CmR)] 

Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

E.coli  GM2163  F-dam-13::Tn 9 dcm-6 hsdR2 leuB6 his-4 
thi-1 ara-14 lacY1 galK2 galT22 xyl-5 mtl-1 
rpsL136 tonA31 tsx-78 supE44McrA - 
McrB- 

Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

E. coli  S17.1 Genotype (F) RP4-2-Tc::Mu 
aphA::Tn7recA. This strain lacks dam 
methylation 

Laboratory of physiology of plants and 
microorganisms UNAL 

E. coli  TG1 Genotype FôtraD36 lacIqȹ (lacZ) M15 
proA+B+ /supE ȹ(hsdM-mcrB)5 (rk - mk - 
McrB-) thi ȹ(lac-proAB), Allows obtaining 
linear plasmids 

Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

B.subtilis  PY79 Wild type, prototrophic strain derived from 
B. subtilis 168 

Youngman et al., (1984) 
Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

B. velezensis  
IBUN 2755 

Wild type strain isolated from rhizosphere 
soil of potato 

IBUN UNAL cepario 

B. velezensis  
FZB42 

Type strain of the species B. velezensis IBUN UNAL cepario 

B. velezensis  
IBUN 2755 + 
ComK  

Strain B. velezensis IBUN 2755 + CD1 This work. 

B. velezensis  
IBUN 2755 + gfp  

Strain B. velezensis IBUN 2755 + PTH1 This work. 

Plasmid  Characteristics  References or sources  
PGEMT-easy 
PROMEGA® 
plasmid  

Clonation vector T/A PROMEGA® 

TOPO 
INVITROGEN ® 
plasmid  

Clonation vector T/A INVITROGEN ® 

PTH1 plasmid  PUC ori Cmr gfp Rep (Bs) IBUN UNAL cepario 

PDG148 plasmid  PUC ori bla ble kan lacI Pspac rep (Bs) Stragier et al., (1988) 
Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

PDG646 plasmid  PUC ori bla emrR rep (Bs) Guérout-Fleury et al., (1995) 
Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

PMTL500 
plasmid  

PUC ori bla emrR rep (Bs) Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

PJO8999 plasmid  PUC ori, kanR, rep pE194ts, gRNA, Pman-
cas9 for use in CRISPR-CAS9 in Bacillus 

Altenbucher et al., (2016) 
Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

PJJ4 plasmid  PJO8999-derived plasmid that includes the 
WSSV VP28 gene (GenBank: AY422228) 
and ORF1 fragments from the IMNV gene 
(GenBank: AY570982) for dsRNA 
expression in a B. cereus strain. 

Costa, (2019) 
Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

pNC014 plasmid  Ori E. coli bla inser (Bs) Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 
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PDR110 plasmid  amyE intgr (Bs) Pspank promotor IPTG, 

spec (Bs)  
Singh et al., (2013) 
Cepario Laboratory for Molecular 
Studies of Bacterial Cell Division USP 

P-IPTGcomK  

plasmid  
PJJ4-derived plasmid (Ori -ComK IBUN 
2755 KanR, P-IPTG from plasmid PDR110), 
carrier of the comK gene from strain IBUN 
2755 for overexpression 

This work. 

Pman-comK  

plasmid  
PJJ4-derived plasmid (Pman, Ori -ComK 
IBUN 2755 KanR), carrier of the comK gene 
from strain IBUN 2755 for overexpression 

This work. 

CD1 plasmid  Plasmid derived from P-IPTGcomK (Ori -
ComK IBUN 2755 KanR, ble (from plasmid 
pNC014) P-IPTG from plasmid PDR110), 
carrier of the comK gene from strain IBUN 
2755 for overexpression with resistance to 
kanamycin and phleomycin for Bacillus 

This work. 

Sfp_cm plasmid  Integrative PGEM-T easy-derived plasmid 
with truncated IBUN 2755 sfp gene with 
chloramphenicol cassette + 600 bp of 
flanking regions at both ends 

This work. 

Sfp_Eri  plasmid  Integrative PGEM-T easy-derived plasmid 
with truncated IBUN 2755 sfp gene with 
erythromycin cassette + 600 bp of flanking 
regions at both ends 

This work. 

PJO8999 + sfp  
plasmid  

Plasmid derived from PJO8999 with 
template DNA for the sfp gene of strain 
IBUN 2755 with upstream and downstream 
homologous fragment and with 
erythromycin resistance cassette. No 
sgRNA 

This work. 

CRISPR-CAS9 
sfp _ERI plasmid  

PJO8999-derived plasmid with template 
DNA and 20-nucleotide sgRNA for the sfp 
gene of strain IBUN 2755 and upstream and 
downstream homologous fragment and with 
erythromycin resistance cassette 

This work. 

PFK131 plasmid  
(3717) 

Transposition plasmid  Dempwolff, Fet al., (2020). Give for Dr. 
Daniel Kearns 

 

 

Table S 4. Primers used in this study. 

Primer  Use Sequence  
SfpF Amplification of the sfp IBUN 

2755 gene plus adjacent 
regions for homologous 
recombination-based 
mutation. Expected size 1623 
bp 

TGGCTTTAACCTGCCTGTTC 

SfpR CCGTCCCAAACGTTTATGCT 

CmrF Amplification of the 
chloramphenicol resistance 
cassette from the PTH1 
plasmid 

AAGCTTAGCAGACAAGTAAGCCTC 

CmrR TCCGGGACGGGGCAGGTTAGTGAC 

EriF Amplification of the 
erythromycin resistance 

TTACTTATTAAATAATTTATAGCTA 

EriR ATGAACGAGAAAAATATAAAACACA 
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cassette from plasmid 
PDG646 

POP1F Amplify the region from 
plasmid PJJ4 comprising the 
mannose-inducible promoter, 
the E. coli origin of replication, 
the Bacillus temperature-
sensitive origin of replication, 
and the kanamycin resistance 
cassette, 

gtgAAGCTTTTGTCTCAACTGTATACCGAAATCAGC 

POP1R cgtaGCTAGCGAATTCGCATCACACGCAAAAAGG 

POP2F Amplify the region from 
plasmid PJJ4 comprising the 
origin of replication for E. coli, 
the temperature-sensitive 
origin of replication for 
Bacillus, and the kanamycin 
resistance cassette. 

cgcGGATCCCGTGAGTTTTCGTTCCACTGAGC 

POP2R cgtaGCTAGCGAATTCGCATCACACGCAAAAAGG 

ComkF  Amplify the fragment 
comprising the comK gene of 
strain IBUN 2755 with tails for 
cutting of the HindIII and NheI 
enzymes. Expected size: 
724bp 

gtgAAGCTTagattattagtataaattttcaagaaaaggattggagg 

ComkR  cgtaGCTAGCacaactctgcccgggc 

FleoF Amplification of the 
phleomycin resistance 
cassette from the plasmid 

 

FleoR  

sfp _GIBSON_F Amplify the sfp gene of the 
IBUN 2755 strain that allows it 
to be used in the GIBSON 
system 

CTAGTCTAGATGGCTTTAACCTGCCTGTTC 

sfp _GIBSON_R CTAGTCTAGACCGTCCCAAACGTTTATGCT 

sgRNA1_F  Synthesize guide RNA 1 for 
the CRISPR-CAS9 system of 
the sfp gene of strain IBUN 
2755 

TACGTTTATCAAACAGGCCGGAAA 

sgRNA1_R  AAACTTTCCGGCCTGTTTGATAAA 

sgRNA2_F  Synthesize guide RNA 2 for 
the CRISPR-CAS9 system of 
the sfp gene of strain IBUN 
2755 

TACGGCTGAATGAATCAAGCGGCA 

sgRNA2_R  AAACTGCCGCTTGATTCATTCAGC 

 

Table S 5. Genes associated with biological control mechanisms against phytopathogenic 
microorganisms in the genome of the IBUN 2755 strain. 

Gene Product  Action mechanism  Position in the genome  

Sfp 4'-phosphopantetheinyl 
transferase 

Antimicrobial 
compounds 

21011 21685 

srfAD  Surfactin synthetase  Antimicrobial 
compounds 

23153 23884 
srfAC  23904 27740 

srfAB  27775 38535 

srfAA  38557 49314 

putR  PKs synthesis regulator Antimicrobial 
compounds 

68304 69539 

bsdC  Phenolic acid decarboxylase 
subunit D 

Antimicrobial 
compounds 

14807 16228 

feuA  Fe-bacilibactin binding system  Antimicrobial 
compounds  

197717 198673 

feuB  198693 199700 

feuC 199693 200712 
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yxlF  ABC carrier protein Antimicrobial 

compounds 
697076 698020 

Bcr  Bicyclomycin resistance protein Antimicrobial 
compounds 

708008 709210 

bacA  

Bacillicin synthetase 
Antimicrobial 
compounds 

710832 711446 

bacB  711436 712146 

bacC 712143 712904 

bacD 712922 714340 

bacE 714337 715518 

bacF 715531 716730 

bacG 716747 717547 

Upp Phosphate pyrophosphatase 
Antimicrobial 
compounds 

792981 793610 

 Cyclic class II bacteriocin Antimicrobial 
compounds s 

1267842 1268180 

 
Besa 

Ferri-bacilibactin synthetase BesA 

Antimicrobial 
compounds 

1281884 1282753 

dhbA  

Bacilibactin synthetase 

1282889 1283674 

dhbC  1283698 1284894 

dhbE  1284913 1286538 

dhbB  1286556 1287482 

dhbF  1287497 1294624 

 PKs synthesis regulator 1298223 1299452 

uppP  Phosphate pyrophosphatase Antimicrobial 
compounds 

1375395 1376225 

ytbA  Phospholipase Antimicrobial 
compounds 

1429738 1430517 

stp_1  Multidrug resistance protein Antimicrobial 
compounds 

1434500 1436167 

lgrE  Linear gramidicin dehydrogenase Antimicrobial 
compounds 

1436433 1437137 

 Nitroreductase family protein Antimicrobial 
compounds 

1437160 1438143 

tycC  Thyrocidine synthetase 3 Antimicrobial 
compounds 

1438140 1448375 

pksM_1  Polyketide synthetase Antimicrobial 
compounds 

1448428 1451172 

pksJ_1  Polyketide synthetase Antimicrobial 
compounds 

1452301 1453950 

hisK  sensor histidine kinase Antimicrobial 
compounds 

1535913 1536725 

 
Haloalkane delhasogenase Antimicrobial 

compounds  
1977274 1978047 

pksE  dificidin synthetase 1981027 1983285 
 

acyl carrier protein 1984331 1984603 

pksN_1   
dificidin synthetase 

1986756 1999349 

pksJ_2  1999368 2005664 

pksL  2005704 2011430 

pks_N2  2011482 2027096 

pks_J3  2027101 2034819 

pksN  2034842 2040994 
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pks_L2  2040991 2047206 

pks_G1  3-hidroxi-3-metilgrlutaril-ACP 
sintetasa  

2048500 2049747 

pks_I1  enoyl-CoA isomerase dificidina 
sintetasa 

2049807 2050553 

Fni  isopentenyl-diphosphate delta-
isomerase 

Antimicrobial 
compounds 

2127273 2128322 

pks11  Alpha-pyrone synthesis 
polyketide synthase-like Pks11 

Antimicrobial 
compounds 

2203122 2204222 

mepA  Multidrug export protein MepA Antimicrobial 
compounds 

2365986 2367374 

ppsA_1  

Plispastatin synthetase 

Antimicrobial 
compounds 

2370431 2376688 

ppsA_2  2376772 2378088 

ppsB  2378114 2385811 

ppsC  2385827 2393476 

ppsD  2393502 2404277 

ppsE  2404296 2408099 

fad_3 3-[(3aS%2C4S%2C7aS)-7a-
methyl-1%2C5-dioxo-octahydro-

1H-inden-4-yl] propanoyl:CoA 
ligase 

2411540 2413180 

fenF Malonyl CoA-acyl transcyclase 
carrier protein 

Antimicrobial 
compounds 

2431002 2432204 

tycC_2  Thyrocidine synthetase 3 2432224 2444172 

grsB_2  GramicidinS synthetase 2 2444217 2460341 

lgrD  linear gramicidin synthetase 
subunit D 

2460425 2468284 

baeS bacillaena synthetase Antimicrobial 
compounds 

2568828 2570039 

baeR 2570175 2577632 

baeN 2577646 2593950 

baeM 2593940 2604475 

baeL 2604493 2617899 

baeJ 2617901 2632849 

baeI enoyl-coA isomerase 2632889 2633638 

baeH enoyl-coA hydratase bacillaena 
synthetase 

2633648 2634421 

baeG 3-hydroxy-3-methylglutaryl-ACP 
synthetase 

2634418 2635680 

acpK  acyl carrier protein 2635732 2635980 

baeE bacillaena synthetase 2636046 2638286 

baeD 2638288 2639262 

baeC 2639399 2640268 

baeB 2640583 2641275 

acpA  acyl carrier protein 2763192 2763425 

fabG_3 3-oxoacyl-[acyl carrier protein] 
reductase 

2763510 2764250 

fabD malonyl CoA acyl transcyclase 
carrier protein 

2764243 2765196 

pksJ_5  macrolactin synthetase Antimicrobial 
compounds 

2902412 2906263 

pksL_4  2906314 2913693 

pksL_5  2913693 2919404 
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pksJ_6  2919428 2926432 

pksN_5  2926425 2935133 

pksL_6  2935181 2939938 

pksJ_7  2939938 2952195 

baeE_2 2952217 2954523 

ykqA  gamma-glutamylcyclotransferase 
YkqA 

Antimicrobial 
compounds  

2962371 2963198 

ybiT  ABC transporter protein Antimicrobial 
compounds 

2968830 2970449 

pksF  Polyketide biosynthesis malonyl-
ACP decarboxylase PksF 

Antimicrobial 
compounds 

3403602 3404822 

yddE  isomerase YddE Antimicrobial 
compounds 

3519328 3520212 

 
trans-aconitate 2-
methyltransferase 

Antimicrobial 
compounds 

3640202 3641014 

mcbC  cyclohydratase C Antimicrobial 
compounds 

3641713 3642522 

mcbD  YcaO cyclohydratase 3642549 3643895 

mcbB  Linear Azole-containing peptide 
dehydratase 

3643898 3644890 

cheA  cheA chemotaxis protein Competition and 
colonization 

2713892 2715910 

cheB  2715916 2716983 

cheC 2712751 2713380 

cheD 2712254 2712754 

cheR 2139551 2140462 

cheV 3001303 3002214 

cheW 2713396 2713869 

cheY 2724503 2724865 

mcpA_1  Methylacceptor chemotaxis 
protein 

Competition and 
colonization 

1366132 1368120 

mcpA_2  1368248 1370233 

mcp_3  1370349 1372355 

mcpA_4  3274667 3276316 

mcpB  1363962 1365947 

mcpC  3011436 3013403 

pomA  PomA chemotaxis protein Competition and 
colonization 

3038501 3039316 

hemAT  Heme-based aerotactic 
transducer 

Competition and 
colonization 

3326170 3327462 

Tipa HTH-type transcriptional activator Competition and 
colonization 

3830257 3830727 

yfmS  YfmS transduction protein Competition and 
colonization 

3627442 3628296 

xerC site-specific tyrosine recombinase Competition and 
colonization 

1526900 1527202 

xerD 2074761 2075651 

flgB  flagellar basal body Competition and 
colonization 

2736913 2737302 

flgC  2736461 2736913 

flgD  2728522 2728962 

flgF  832488 833285 
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flgG  833307 834131 

flgK  933870 935387 

flgM  933091 933357 

flgN  933372 933854 

flhA  2718961 2720994 

flhB  2721028 2722110 

flhF  2717870 2718961 

swrC  Swarming motility protein Competition and 
colonization 

3675800 3678943 

epsD Transferases associated with 
biofilm formation 

Competition and 
colonization 

1026927 1028066 

epsE 1028063 1028905 

epsF 1028898 1030034 

epsG 1030038 1031141 

epsH 1031160 1032197 

epsI  1032202 1033278 

epsJ  1033275 1034309 

epsK  1034306 1035823 

epsL  1035820 1036428 

epsM 1036425 1037072 

epsN 1037077 1038249 

epsO 1038228 1039193 

Tasa Major component of the biofilm 
matrix 

Competition and 
colonization 

1901321 1902106 

fliN  flagellar motor swicth protein Competition and 
colonization 

2724892 2726028 

sinI  Anti-repressor SinI Competition and 
colonization 

1902523 1902696 

sinR_2  HTH-type transcriptional regulator Competition and 
colonization 

1902154 1902495 

sinR_1  
 

1022779 1023234 

slrA  transcriptional regulator Competition and 
colonization 

658319 658480 

ycdF  glucose-1-dehydrogenase Competition and 
colonization 

109304 110083 

clpC  Negative regulator of gene 
competition 

Competition and 
colonization 

274784 277216 

spo0A  Master regulator of sporulation Competition and 
colonization 

134211 134711 

sipW  Peptidase Competition and 
colonization 

1900672 1901256 

Esta Esterase Lytic enzymes 118325 118969 

estB  191393 192676 

 3268602 3269369 

Est  1106281 1107021 

ybbD  beta-hexominidase Lytic enzymes 192723 194636 

sacB  Levansucrase Lytic enzymes 421634 423055 

pelB  Pectatolase Lytic enzymes 565566 566630 

Pel 3614451 3615716 

bglS  endoglucanase 
(Cellulase) 

Lytic enzymes 582585 583316 

eglS 2474544 2476043 
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bglC  52945 53169 

 Cellobiose 2-epimerase Lytic enzymes 404634 406703 

Abn  Endo-alpha-1,5-L-arabinosidase Lytic enzymes 551940 553346 

abnA  Endo-alpha-1,5-L-arabinosidase Lytic enzymes 1608799 1609764 

Abf  Exo-alpha-L-arabinofuranosidase Lytic enzymes 1643929 1645419 

ganB  arabinogalactan endo-1,4-ɓ-
galactosidase 

Lytic enzymes 3183252 3184364 

Vpr minor extracellular protease Lytic enzymes 671866 674277 

pnbA  para-nitrobenzyl esterase Lytic enzymes 1021250 1022698 

Eno enolase Lytic enzymes 1074785 1076077 

ywaD aminopeptidase Lytic enzymes 1076246 1077526 
 

exochitinase Lytic enzymes 3768456 3768746 

htrB  serine protease Lytic enzymes 1189727 1191085 

Csn chitosanase Lytic enzymes 1221648 1222484 

lipA  Lipase A Lytic enzymes 1250050 1250946 

sipS  Peptidase Lytic enzymes 2089697 2090257 

Nin 52506 52904 

degR Regulator of degradative 
enzymes 

Lytic enzymes 2212836 2213018 

ctpA  protease Lytic enzymes 2281839 2283242 

ctpB  951009 952409 

clpP  1008668 1009264 

Lon  2855008 2856030 

xynA  
xynD  
xynC  

endo-1,4-beta-xylanase Lytic enzymes 815274 
2468609 
2470199 

 

815915 
2470147 
2471470 

 

aprX arabinoxylan 
arabinofuranhydrolase 

Lytic enzymes 2565374 2566702 

Bpr  serine protease Lytic enzymes 2826725 2831020 

Npr bacillopeptidase Lytic enzymes 2888104 2889669 

Isp neutral protease Lytic enzymes 3077083 3078042 

Apr  intracellular serine protease Lytic enzymes 3332686 3333834 

amaA Alkaline pre-protease Lytic enzymes 3355410 3356597 

ytnP  n-acyl-L aminohydrolase Lytic enzymes 1497004 1497849 

Poa quorum-quenching lactonase Lytic enzymes 3418392 3419771 

phoD  125377 127128 

Pop 1579856 1580575 

ywlE  tyrosine phosphatase Lytic enzymes 789857 790312 

ywqE  846068 846832 

yfkJ  3572329 3572802 

Phy phytase Lytic enzymes 2262662 2263813 

mtnX  Phosphatase Lytic enzymes 3044161 3044865 
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alsS acetolactate synthetase VOCs 865818 867533 

alsD acetolactate decarboxylase 867594 868361 

Mdh malate dehydrogenase VOCs 1578701 1579639 

fumC  Fumarate hydratase class II 1184750 1186138 

frdA  fumarate reductase 1650829 1652589 

ilvA  L-threonine dehydratase 
biosynthesis 

VOCs 2226371 2227639 

ilvB  acetolactate synthase large unit 1660819 1662543 

ilvC  Acid-ketol reductoisomerase 1663081 1664109 

ilvD  Dihydroxide acid dehydratase 2218605 2220281 

ilvE  amino acid transaminase 141314 142381 

ilvH  acetolactate synthase small unit 1662540 1663058 

ilvK  Aminotransferase  633496 634584 

speB  Agmatinase other elicitors 739297 740169 

speE Arginine decarboxylase other elicitors 738408 739238 

TrpC Indole-3-glycerol phosphatase other elicitors 2145926 2146678 

TrpA  tryptophan synthetase other elicitors 2148512 2149309 

PuuB  
Gamma-glutamyl putrescine 

oxidoreductase 
other elicitors 3324524  3326047 

PaiA 
spermidine N-acetyltransferase other elicitors 1018976 1019494 

BltD  
spermidine acetyltransferase other elicitors 3830851 3831309 
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3.5.3 Supplementary figures  

 

Figure S 1. Results prediction of possible sgRNA sequences obtained using the CRISPOR 
software. 
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Figure S 2. Some plasmids used in this study from transformation assays. (A) sfp_eri integrative 
plasmid for the sfp gene of strain IBUN 2755, (B) PDG148 replicative plasmid, (C) CRISPR-CAS9 
plasmid sfp_ERI for genome editing with the CRISPR-CAS9 system and (D) CD1 plasmid for the 

Overexpression of the comK gene of strain IBUN 2755 induced by IPTG. 
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Figure S 3. Growth curve of the IBUN 2755 wild type strain indicating the moment in which the 

stationary phase is reached in LB medium. 

 

 

Figure S 4. Growth and sporulation comparison between IBUN 2755 wild type strain and 130B 
mutant. (A) Growth curve in LB medium and (B) sporulation in LB medium and (C) sporulation in 

MES medium.  

(*) show statistically significant differences with Duncan's Test at 95% significance (p <0,05) 
between spores of IBUN 2755 strain and 130B mutant. N = 3 replicates  
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Figure S 5. Infection model of B. glumae in 7-day-old rice seedlings in non-sterile soil. (A) Disease 
symptoms in seedlings inoculated with pathogen 7 dpi, (B) Shoot and root length, (C) disease 

incidence 7 dpi, (D) CFU of B. glumae counts per gram of plant tissue 7 dpi, and (E) Confirmation 
of presumptive B. glumae colonies by endpoint PCR using the primers and conditions of Sayler et 

al., (2006).  

*Different letters show statistically significant differences with Duncan's Test at 95% significance (p 
< 0.05). n = 3 replicates (7 plants = experimental unit). 

 

Figure S 6. Shoot and root length in plants treated or not with VOCs of the 2755 wild type strain 
for 48 h. Plants were recollected 7 days after removing the VOCs stimulus. 

Different letters show statistically significant differences with Duncan's Test at 95% significance (p< 
0,05). N = 3 replicates (7 plants = experimental unit) 
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Figure S 7. Induction of systemic resistance of the wild type strain IBUN 2755 and the 36A mutant 
by production of volatile organic compounds (VOCs). (A) Stem and root length of plants; (B) 

Incidence of the disease; (C) Population of B. glumae in plant tissue of plants; (D) Gene 
expression of molecular markers for the induction of plant resistance in rice. Different letters show 
statistically significant differences with Duncan's Test at 95% significance (p < 0.05). For the CFU 

counts of B. glumae in the plant tissue, the statistical differences were determined with the Kruskall 
Wallis Test with 95 % confidence (p < 0.05). N = 3 replicates (7 plants = experimental unit) 
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Figure S 8. Molecular networks constructed using the GNPS from mass-coupled HPLC analysis of 
mutant strain 130 B versus wild-type strain IBUN 2755 

 

 

 



 

 



 153 

 

 

Figure S 9. Molecular networks like surfactin compouns using the GNPS from mass-coupled HPLC analysis of mutant strain 130 B versus wild-
type strain IBUN 2755. (A) surfactin compounds network and (B) Examples differences between wild type strain and 130B mutant compounds 
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Figure S 10. Molecular networks like fengycins using the GNPS from mass-coupled HPLC analysis of mutant strain 130 B versus wild-type strain 
IBUN 2755. The spectrums correspond to features in 130B mutan. 



 

 

Figure S 11. Molecular networks like bacillopectins (iturins) using the GNPS from mass-coupled 
HPLC analysis of mutant strain 130 B versus wild-type strain IBUN 2755.  
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Figure S 12. TOP 20 of the metabolites that mark the difference between the 
metabolomes of the WILDTYPE strain and the MUTANT 130 derived from the multivariate 

statistical analysis and which exhibit a (VIP) score >1.40. The analysis was performed 
with MetaboAnalyst software version 5.0. 
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4. Conclusions and recommendations 

4.1 Conclusio ns  

- The IBUN 2755 strain has a circular genome of 4.02 Kb with 4063 CDS of which it 

dedicates a large number to biological control mechanisms and particularly 16,7% 

of the genome size to the production of antimicrobial compounds including NRPs, 

PKs and ribosomal peptides. 

- Through the ANIb with the use of the complete genome, it was possible to locate 

the IBUN 2755 strain as a member of the B. velezensis species close to the FZ42 

type strain. 

- The IBUN 2755 strain lacks natural genetic competence and is recalcitrant to 

genetic transformation, accepting only some replicative plasmids by means of 

protoplast generation and transformation. 

- The IBUN 2755 strain tends to form spontaneous mutants to various antibiotics 

during artificial transformation processes. 

- By irradiation with UV light it was possible to obtain a bank of random putative 

mutants of the IBUN 2755 strain  

- The screening of putative UV mutants for the absence of inhibition halo in an in vitro 

dual antagonism assay allowed to select the 130B strain that lacks antagonistic 

activity of cells and cell-free culture supernatant. 

- A screening for antagonism mediated by volatile organic compounds in a sandwich 

assay allowed selecting strains 36A and 130B that lack activity compared to the wild 

type strain. 

- The wild strain IBUN 2755 can induce systemic resistance in rice plants against B. 

glumae through the production of VOCs and by contact of the cells in the root. This 

was evidenced by overexpression of the NPR1 gene (SA) and the repression of the 

jiOSPR10 (JA) marker and decrease of incidence and B. glumae in plant tissue in 

both the models.  

- The 130B mutant strain fails in biocontrol activity against B. glumae in seedlings 

bacterized with the biocontrol agent and placed in a substrate containing the 

pathogen. Furthermore, it is incapable to mediate resistance induction by VOCs and 

by cell biomass, showing plants with a high disease incidence and with a high 

population of the pathogen in the plant tissue compared to the results obtained with 

the wild strain. 

- The 130B mutant does not have the ability to increase the overexpression of the 

NPR1 gene (SA) and the repression of the jiOSPR10 (JA) marker compared to wild 

strain. 

- The 36A mutant fails in the induction of resistance mediated by VOCs, which leads 

to plants with a high incidence of disease and with a high population of the pathogen 

in the plant tissue compared with the results obtained with the wild strain. 
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- The biofilm of the 130B mutant is smooth and without wrinkles, differing from the 

architecture of the biofilm presented by the wild strain IBUN 2755. 

- There were twelve peak differences that are absent or decreased in the 

chromatogram of strain 130B compared to the wild strain, where the mass-coupled 

HPLC technique allowed to identify that all compounds are surfactins 

- The spo0A gene helps explain the decrease in surfactin production in the 130B 

mutant 

 

4.2 Recomenda tions  

- To evaluate the biofilm formation and colonization of the mutant strain 130B on the 

roots of rice plants in comparison with the wild strain IBUN 2755 

- Given the impossibility of developing knockout mutants in genes of interest and 

therefore complementation mutants, the development of gene expression assays is 

suggested to confirm that the spo0A gene is really involved in the phenotype of the 

130B mutant strain. 

- Carry out transcriptomics of the IBUN 2755 strain in the biocontroller-rice-B. glumae 

tripartite system in order to determine genes that are overexpressed or only 

expressed in this interaction allowing a more detailed explanation of the molecular 

determinants of the biocontrol mechanism from the IBUN 2755 strain. 

- Characterize using gas chromatography coupled to mass spectrometry the VOCs 

of the wild strain IBUN 2755 vs. the VOCs produced by the 36A and 130B mutants 

to determine the compounds involved in the induction of systemic resistance 

mediated by VOCs. 

- Phenotypically characterize the 36A mutant and sequence its genome looking for 

mutations that explain its phenotype and deficient resistance induction activity. 

- Evaluate other marker genes of the salicylic acid and jasmonic acid pathways in rice 
for resistance induction models mediated by VOCs or by cells with the wild strain in 
order to establish a signaling pathway. 

- To evaluate the presence of salicylic acid and jasmonic acid accumulation in rice 
plants exposed to VOCs or cells of the IBUN 2755 strain. 

- Evaluate the gene expression of ISR molecular markers in rice plants after 
inoculation of the pathogen B. glumae and even evaluate priming. 

- Prepare new transformation assays of the IBUN 2755 strain with plasmids that are 

extracted from another Bacillus strain or that have been treated with an enzymatic 

extract of the IBUN 2755 strain in the search to eliminate them if they are restricted 



 

-Isolate and identify the surfactin-type compounds associated with the retention times 
analyzed in the present study in order to confirm. Also evaluate the activity of said isolated 
surfactins in direct antagonism and ISR. 
-Determine other metabolomic differences from the data obtained that explain the loss of 
activity of the 130B mutant strain. Dereplicate the compounds of the TOP 20 differences. 
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