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Resumen

Identificacion y analisis funcional de determinantes asociados a
los mecanismos de accién 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 busc6 determinar el mecanismo de accién de la cepa IBUN
2755 contra dicho patégeno. El genoma de la cepa fue secuenciado encontrando 214
genes asociados a biocontrol y el 16,8% del tamafio del genoma dedicado a compuestos
antimicrobianos. Ensayos de transformacion dirigidos a mutar el gen sfp revelaron la
recalcitrancia a la transformacién genética la cepa IBUN 26755 y en consecuencia una
estrategia de mutagénesis aleatoria por irradiacion con luz UV fue desarrollada. Un
tamizaje funcional de los mutantes mostré que células y sobrenadante de la cepa 130B
(mutante de IBUN 2755), carecen de actividad antagénica contra B. glumae. Ademas, este
mutante presenta una biopelicula cuya arquitectura difiere de la cepa silvestre y es incapaz
inducir resistencia en plantulas de arroz. En contraste, la cepa IBUN 2755 silvestre induce
la sobreexpresion del gen Nprl y reprime el gen Osprl0 en plantulas expuestas a la
biomasa o a los compuestos organicos volatiles, lo que conduce a la disminucion de la
incidencia de la enfermedad. Ademas, el mutante 130B deja de producir algunos
compuestos de tipo surfactina en comparacién con la cepa silvestre. El genoma del
mutante 130B muestra una mutacion en el gen spoOA que podria explicar el fenotipo de
esta cepa. Asi, los principales mecanismos de accién de la cepa IBUN 2755 contra B.
glumae son la produccién de compuestos tipo surfactinas y la inducciéon de resistencia
sistémica por contacto y la produccion de compuestos organicos volatiles.

Palabras clave: control biolégico, arroz, Bacillus , B. glumae , modificacién 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 Nprl gene and represses the Osprl0 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 spoOA 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)

Keywords: Biological control, rice, Bacillus, B. glumae, genetic modification,
lipopeptides
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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; Flérez-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 Suarez - 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-
Pefa 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,
Bolivar, Cérdoba 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 (Fernandez 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).

Vegetation stage Reproductive stage Ripening stage
Transplanting Tillering 'P'a'mc'le Flowering MAlkgrang Harve'st
initiation Dough maturity
20 days 15-20 days 15-20 days 30 days 30 days

A
X
)4

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 lll 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/Luxl, Tofl, TofR type system, being
Tofl 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
(Alvarez 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; Flérez-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 (AEFBsS) 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 (CSl) 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 (Gomez-Ramirez & Uribe-Vélez, 2022) and lettuce crops (Benavides -
Rodriguez, 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). | t i@yportant mention
that the B. velezensis, B, amyloliguefaciens 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 (290 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 attachedtoatwo-r esi due si de <c¢hai n, -hynoxy fattylbdcids i s |
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 Phytopathogens Bibliographic
metabolite Genes against which it has
type . references
group activity
Botrytis cinerea i
fungus Cawoy H et al.,
Lasiodiploia 2014
heobrom ) .
Surfactin srfABCD t eoft; : uzae Sajitha and
9 Arun S. 2016
Xanth
anthomonas oﬂryzae Li etal., 2016b
pv. oryzae i
sfp-dependent bacterium
nonribosomal
synthesis Xanthomonas oryzae
lipopeptides pv. oryzae i Cheng et al.,
(NRPs) bacterium 2016
Iturin: . . -
(Bacilomycin) bmyCBAD Rhizotocnia solani i Zhou et al.,
Y fungus 2016
Phytophthora capsici | Park et al., 2016
i oomycete
. Rhizotocnia solani i Zhou et al.
F fenABCDE ’
engyein enABC fungus 2016
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Fusarium solani 1

Mardanova et

fungus al., 2017
. . Verticillium sp i .
Bacilibactin dhbABCDEF Lietal., 2014
fungus
Yuan et al.,
2014
Macrolactin minABCDEFGHI Bacteria
sfp -dependent Yuan etal,
. 2016
nonribosomal
synthess_(PKS) . baeBCDE, acpk, . Magno-Pérez et
polyketides Bacillaene baeGHIJLMNRS Bacteria al., 2015
Difficidin | dfnABCDEFGHIJKLMXY | 2Mhomonas oryzae |\ o o1 50154
i bacteria
Lasiodiploia
sfp -independent theobromeae i Sajitha and
non -ribosomal Bacilysin bacABCDE, ywiG fungus Arun S. 2016

synthesis

peptides (NRPs) Xanthomonas oryzae | Wu et al., 2015a

T bacterium
Plantazocillin | pznFKGHIAJC DBEL C. elegans | Liu et al., (2013)
nematodes
Ribosomal
synthesis Amylocycline acnABCDEF Bacteria Towle et al,,
peptides ylocy (2017)
(RiPPs)
Mersacidin mrsK2R2FGE Bacteria Kayalvizhi etal,

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
(pp p piBunable 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 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 1ll) (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 SQRO 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 EI
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, sinl, sIrR, sIrA
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. subitilis 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.
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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, ¢ h i1t3-glscanasesshave actvitydon 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 Iytic
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 PeBAl
protein, which is produced and secreted by the B. amyloliqguefaciens 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, Iytic
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., 20153a;
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.

Wou 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 maodification
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 eiah 2008). 5dme strgires oftheacilludMi r o Ec z
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 (Kovacs 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 (Kovacs 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 (Lopez
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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.
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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 Lépez
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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Pseudopilus

ComG proteins

ssDNA-binding
proteins

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 1V 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 CIpCP (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.,



46 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

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 bacteriMdecularpeci es (K
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 MgCl..6H,0, sucrose and maleic acid in the
electroporation buffer and the electrical parameters were 2Kv/cm for voltage, 100 ohms of
resistance and 25uF 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 aminopropy! 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 & Co

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 tion

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) (Cabezén 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, (i) 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).

hen,
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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:
U recF, recL, recO, recR, recN) , aduA gddB), "Y(recP, recH) , red¢iy ruvA, ruvB, recD),
6 re€S, recQ, recJ) a n dcGywith different sensitivity to DNA damage agents, with the
recA gene is essential and central to all groups (Fernandez 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).
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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).



50 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

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
agueous 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 (Chavez-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 Chévez-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.



53

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 (VOCSs), (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. Genomi ¢ characteri st

CS a

genomics show the potenti al

strain as a biological

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 (Gomez-Ramirez 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 amyloliqguefaciens 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,

cont
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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 wusing 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 Rossell6-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.nim.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,
SQRY9, NIN6, 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, nrdl, cdd, nadD, ribH, adk, gIsAl,
SpsA, obg, nadE, tagD, glyA, amyE, dhbE, fadR, pdaA, upp, pfkA, sacB, gap, engB, pyrF,
rnz, ptsH, aroH, xInA, 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.

CDS - FWD
CDS -REV
Non-CDS Features
AMR Genes
VF Genes
Transporters
Drug Targets

GC Content

feeddede e

GC Skew

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 (hon-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 3663687-3664556
gibD 387750-388469
ant(g)-I 3663687-3664556
B-lactamases penP, familia bcll 3187181-3188095
Bacitracin bceA 1462836-1463588
bceB 1463585-1465525
pnbA 1021250-1022698
Bicyclomycin berl 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 3631517-3632746

Glyoxalase/bleomycin

Familia proteinas VOC

401783-402163

440803-441216

495179-495865
1967132-1967560
2055990-2056382
3659933-3660298
3867485-3867916

Lincomycin

ImrB

121067-122500

Multidrug

bceR, bceS, bmr3, bmrA, Cfr, clbA,
ebrA, ebrB, emrK, emrY, liaF, mdtH,
mrpA-G, norM, rimAll, stpl, yheH,

yhel, 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
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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
Rossell6-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.

Bv Bs Bs
Bv Bv BY Bv Bv TRIG Bv KCT SRC Ba Ba Ba Ba B.
Cepa IBUN  SQR OB9 FzZB AS4 OCO CAU C M10 XH7 TA20 LL3 DSM subtili
2755 9 42 33 R144 B946 1361 8 7 s 168
0169
8 3
Bv
98,4 98,3 98,4 98,2 98,2 97,5 93,9 93,9 93,3 93,3 93,3 93,4
IBUN 100 9 7 1 1 5 1 4 1 7 8 8 4 76,22
2755
Bv 98,2 98,0 98,0 97,9 97,9 97,1 93,6 93,0 93,0 92,9 93,0
SQR9 9 100 9 6 1 4 8 9 93,7 2 2 8 8 76,13
Bv 98,4 98,3 100 98,7 98,7 98,6 97,6 93,9 93,9 93,3 93,3 93,3 93,4 76.15
OB9 8 8 3 3 8 1 8 8 6 7 6 4 !
Bv 98,5 98,3 98,7 100 98,7 98,8 97,5 93,9 93,8 93,2 93,2 93,2 93,3 76.35
FzB42 1 9 6 8 5 8 5 9 7 9 8 6 '
Bv 98,2 98,1 98,6 98,7 100 99,1 97,5 93,9 93,9 93,4 93,4 93,4 93,5 76.31
AS433 5 2 8 4 8 3 9 7 2 3 3 1 '
Bv
TRIGO | 98,2 98,1 98,5 98,7 99,1 100 97,5 93,9 93,9 93,3 93,3 93,3 93,4 76.21
COR1 6 6 6 8 3 2 6 3 7 8 8 8 '
448
Bv
CAU 975 97,3 97,5 97,5 97,5 97,5 100 04 93,9 93,2 93,2 93,2 93,3 76,28
6 8 1 3 4 6 6 7 6 9
B946
Bs
KCTC 94,0 94,0 94,1 94,0 94,0 94,0 94,1 100 98,7 93,2 93,2 93,2 93,2 76,11
5 3 2 7 7 8 2 4 3 3 2 7
13613
Bs
SRCM 93,7 93,6 93,7 93,6 93,7 93,6 93,7 98,4 92,8 92,8 92,8
10016 1 9 6 4 3 9 6 1 100 4 5 7 92,9 75,98
9
Ba 93,7 93,6 93,8 93,7 93,8 93,8 93,6 93,6 93,5 100 99,9 99,4 99,3 76.45
XH7 1 3 1 6 8 5 9 1 7 8 8 1 '
Ba 93,6 93,6 93,7 93,6 93,8 93,8 93,6 93,5 93,5 99,9 99,2
TA208 | 7 3 5 9 5 3 5 7 9 5 100 95 g 7632
Ba 93,7 93,6 93,7 93,7 93,9 93,8 93,7 93,5 93,5 99,3 99,4 100 99,4 76.44
LL3 3 1 6 4 1 7 2 5 3 9 2 7 '
Ba 93,8 93,7 93,8 93,8 93,9 93,9 93,7 93,5 93,6 99,2 99,3
DSM7 4 2 9 4 7 9 8 9 3 99,2 3 1 100 76,43
B.
subtil 76.4 76,4 76,3 76,4 76,4 76,4 76,3 76.4 76.4 76,3 76,3 76,3 76,2 100
s 168 9 6 9 2 4 4 4 9 8

*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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Bacillus velezensis IBUN2755 B Bacillus velezensis

Bacillus velezensis SQR9 B Bacillus siamensis

Bacillus velezensis OB9 Bacillus amyloliquefaciens
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Bacillus amyloliquefaciens XH7
Bacillus amyloliquefaciens TA208

Bacillus amyloliquefaciens LL3 37
Bacillus amyloliquefaciens DSM7

Bacillus subtilis 168
0 20 40 60

Height

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

80
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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
sl (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).



65

1;Bacillus_amyloliquefaciens_CC178
1 Bacillus_velezensis_FZB42
1] acillus_velezensis_AS433
Bacillus_velezensis_ TRIGOCOR1448
Bacillus_velezensis_ UCMB5033
.Q%I—Bacillus_velezensis_SB1216
"i—Bacillus_amyloliquefaciens_KHG19
acillus_velezensis_ UCMB5113
Bacillus_amyloliquefaciens_ UMAF6639
acillus_velezensis_CC09
1i—Bacillus_amyloliquefaciens_B15
acillus_velezensis_UCMB5036
Bacillus_velezensis_IBUN2755
acillus_velezensis_YJ114
Bacillus_amyloliquefaciens_WS8
O_96Bacxllus_velezen5|s_L869
""" . 77Bacillus_velezensis_ CBMB205
“lo.s96Bacillus_velezensis_ GQJK49

[

Bacillus_velezensis_S31

Bacillus_amyloliquefaciens_DC12 Bacillus velezensis
All r—Bacillus_amyloliquefaciens_UMAF6614 PLANT ASSOCIATED
1 1Bacillus_amyloliquefaciens_Y2

l(jsaciuus_velezens.s_\(HUBgsm
1Bacillus_velezensis_JS25R
Bacillus_velezensis_ NAUB3
Bacillus_velezensis_D22
acillus_amyloliquefaciens_Y4
Bacillus_amyloliquefaciens_ MBE1283
4 1]:Bacxllus_amylohquefauens_LSGO
Bacillus_velezensis_B25
1—Bacillus_velezensis_ CAUB946
Q:????L Bacillus_velezensis_JJD34
a Bacillus_amyloliquefaciens_LH15
1Bacillus_amyloliquefaciens_IT45
1| ‘Bacillus_amyloliquefaciens_S499
1Bacillus_amyloliquefaciens_LFB112
acillus_velezensis_NJN6

066!

Baullustamyloliquefauens_RDW

1 acillus_amyloliquefaciens_MT45 B,a CII/US.
1Bacillus_amyloliquefaciens_DSM7 amyloliquefaciens
acillus_amyloliquefaciens SRCM101267 NON-PLANT
acillus_amyloliquefaciens_LL3 ASSOCIATED
1§ac1llus_amylohquefauens_TAQOS
acillus_amyloliquefaciens_XH7
—
0.01

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 | (non plant
associated) and cluster Il (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 lla (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 lla have 87 genes in common with each other and 63 genes that distinguish them from
the llb subspecies and non-plant-associated strains. While the llb subspecies coregenome
was 644 genes of which 499 are genes that distinguish them from the Ila 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 lla and llb differ
remarkably in genetic terms.
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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 lla
and Ilb.

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 (Cs2Hg1N7O13), production of fengycin C
(C72H110N12020), production of bacillibactin (C3s9H42NeO1g), which is an antimicrobial
compound and a siderophores, and a cluster encoding a bacillothiazole-like compound (A
T N) with a 100% homology (Fig. 18), a recently discovered group of NRPs (Jahne., et al.
2023). Likewise, for polyketides, three clusters were found to produce difficidin
(C31H4506P1), bacillaene (CssHsoN20g), macrolactin (C24H340s) and two PKS clusters
without homology with the structures reported so far, although one is for type 11l 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 i 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 i 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 sghC gen in position 2315532 1 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
(lgBCDEGKLMN; swrC of the swrABC operon), biofilm formation (epsA-O; tapA, tasA;
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sipW, sinR, sinl, 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, bgIC), and
proteases (ctpAB, clpP, lon), and genes related to the production of plant cell wall
degrading enzymes were also found, such as cellulases (bglS, eglS, bgIC), 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



70 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

strain, a class Il lantipeptide in the NJN6 strain, locilomycin (a type of lantipeotide Ill) in
UCMB5113 or present novel polyketides and NRPs.

Region Type From To Most similar known cluster
Region 1 NRPS & 4119 68,107  surfactin & NRP:Lipopeptide
Region 2 other & 692 922 734,340  bacilysin & Other
. NRP-metallophore B .
Region 3 RIPE-ike @  NRPS & 1,262,889 1,314,624  pacillibactin & NRP
bacillothiazol A/bacillothiazol B/bacillothiazol C/bacillothiazol D/bacillothiazol
Region 4 NRPS & 1,418,217 1,467,731 E/bacillothiazol F/bacillothiazol G/bacillothiazol Hibacillothiazol I/bacillothiazol NRP
J/bacillothiazol K/bacillothiazol Libacillothiazol M/bacillothiazol N &
Region 5 transAT-PKS & 1,961,338 2,053,567 difficidin & Polyketide
Region 6 T3PKS & 2,183,260 2,223,854
terpene & 2,305,899 2,327,320  micrococein P1 & RIPP:Thiopeptide
5 NRPS &, betalactone c .
Region 8 & tansAT.PKS & 2,350,467 2,487,878 fengycin & NRP
. transAT-PKS &  NRPS -
Region 9 o TAPKS 2559213 2659397 bacilaene & Polyketide+NRP
Region 10 transAT-PKS & 28686314 2974523 macrolactin H & Polyketide
terpene & 3276213 3296953
Region 12 PKS-lke & 3,383,602 3424822  butirosin A/butirosin B & Saccharide
LAP S RREconfaining 5631713 3654890  plantazolicin & RIPP-LAP

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.

ompound w T w = @] o] o] o)
< o 2 ) =] 2 2 )
= Q 2 Q 5 2 2 =

_ 8 S & S =3 2 5 )
Strain 5 5 2 2 3 =] 5 o
5| 5| 2 2
S
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

Similarity

82%
100%

100%

100%

100%

8%

100%

100%

100%

7%

91%
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B. velezensis NJN6

B. velezensis S499

B. velezensis S31

X[ X| X| X
X[ X| X| X

B. velenzensis UCMB5113

B.amyloliquefaciens DSM7

B.amyloliquefaciens XH7

B.amyloliquefaciens MT45

X X| X| X| X| X| X| X
X X[ X| X| X| X| X| X
X X X| X| X| X| X| X

B.amyloliquefaciens RD77

X[ X X| X| X| X| X| X| X
X[ X| X| X| X| X| X| X| X

B.amyloliquefaciens
SRCM100169

B.amyloliquefaciens X
TA208
B. siamensis KCTC13613 X

x
x
x
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).

NRPs

PKs

Surfactin

Plispastatin

Bacillibactin

Bacillothiazol
NRPs

Bacillaene

Macrolactin

Difficidine

PKs unknow

PKs unknow

srfAD
srfAC srfAB srfAA 40D
30.000 50.000
ppsB
370,000 2,380,000 2,380,000 2,400.000

BesA dhbA dhbs  4hbg

idhbC dhbF

285,000 1200000 = 1,205.000

SagB/ThcOx family L

ase

dehy
_- | non - ribosomal peptide synthetase
440,000 1,445,000 14

50 000

1,435,000

baeB

baeF baeE

pksM pksL pksJ pksl

pksH | pksG oksF pksE ) pksC PksB

2.920.000 2,930,000 2,040,000

it aire -0 difM difNdifo

Acetyltransferase (GNAT)
domain protein

Alpha-pyrone synthesis polyketide

synthase-like Pks11 Isoprenylcysteine carboxyl

methyltransferase (ICMT)

Polyketide biosynthesis malonyl-ACP
decarboxylase PksF Aspartate
aminotransferase aspC
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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 Rossell6-
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).
Itis 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 Rossell6-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
resi stance t o di f f er e n tlactams,t nnaondlides, csliifonanides,
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.keqgq.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).
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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 flnABF genes (from the
flnABFOP 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
(Lépez 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, sinl, and
spoOA 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 llb 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 Il 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 7 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-
b-glucanase, glucan endo-1,6-b-glucosidase, 6-phospho-b- glucosidase, 6-phospho-U-
glucosidase, 6-phospho-b-g al act o s i elacarmse.aCelidbiobydrolase 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, bgIC, (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-b-xylosidase, endo-1,4-b-xylanase,

endo-1,5-UL-ar abi nosi dase, arabinoxyl an -Nar abi
arabinofuranosi das e ,magnbsidase and arabixogdlaatanaesde-1,4- b

b-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

no
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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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3.1 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; Suarez-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
(AEFBSs) 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; Gomez 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 (VOCSs) 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 (mVOCSs),
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, Bogota, 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 Federacién 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
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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
Hindlll and Pfol. A chloramphenicol resistance cassette was amplified with the cmrF and
cmrR primers containing Hindlll and Pfol 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 Hindlll 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 Xbal and Smal 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 Hindlll and Pfol 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, 1pL of Buffer T4 ligase
10X NEB ® and 7pL 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 Bsal
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 1.0x10% CFU/mL in saline solution at 0.85%
NacCl. 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 uL
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:

l % = [ 1 1z1Q0Wt / WO) ]

where | represent the death rate, Wt represents the number of colonies in the UV irradiation
group, WO 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 pL 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 pL 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 pl of
inoculum of 1.0 x 108 CFU/mlI 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 um 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
pL 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 pL, 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 pl of
inoculum was placed on two biofilm inducing medium, and on LB (g/L: Tryptone 10, NacCl
10, Yeast Extract 5) LBGM medium (LB supplemented with 1% v/v glycerol + 0.5 mM
MnSO,), and 2SG medium (16g nutrient broth, 2g KCI, 0.5g Ca(NO3),, 0.1 mM MnClI,4H0,
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 pL 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 uyL 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 1.0x10’ CFU/ml and incorporated into
semisolid agar (4 g/L) and brought to a final concentration of 1.0x10° 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 uL 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 HCI 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 pum 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 pum) concentration solution of each of the extracts was

prepared in methanol 100% and used to run injected on an HPLC chromatographer UFLC

I 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

Cl18 (di mensions 250 x 4.6 mm, and pore size 5¢
injection of 20 pL 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 ¢
52229-90-0) and surfact i n-31-2)Si@nd 2drich® sthdaiid Wwee Osed

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 um PS C18
100 A 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 5pl of a solution of 1 mg/ml of each extract previously filtered
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through a membrane of 0.22 um 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 x 10*and 1.0 x 10%® 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 x 10%, minimum highest intensity = 1.0 x 10* 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 x 10, coefficient/area threshold = 10, peak duration length = 0.8 min,
RT wavelet range = 0.00 0.08. 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 lon 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=5claaf6b20664b4fa73346ad67734ae
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:/lccms-
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

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

mas s

Spec
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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 ul 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 Gene Locus number Name Forwar-d Rever s
pathway symbol 36) 56) Reference
Rice actin 1 | GcGTGGACA | TCTGGTACC McElrov et
HK Actin | 0s03g0718100 AAGTTTTCAA | CTCATCAGG | 193(;0
CCG CATC "
Response to | TGACGATCTT | CAATCCCAC vang et al
ET EBP89 | 0s03g0182800 | Ethylene | GCcTGAACTG | AAACTTTAC 2%05 "’
AA ACA
PRIOJA | CGGACGCTT | AAACAAAAC
. inducible Jwa et al.,
JA JIOSPR10 | 0s03g0300400 : ACAACTAAAT | CATTCTCCG 001
protein CcG ACAG
PR1 protein [ cACGCCTAA | TCAGTGAG Chem et al
SA NPR1 | 0s01g0194300 GCCTCGGAT | cAGcATCCT 2001
TA GACTAG

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 Nprl, 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 1,0x10®8 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.



91

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 Nprl, JiOsprl0 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. R and Q? 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, Q? 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 Results

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/ug DNA for the PDG148 plasmid and 4,2E+02 CFU/ ug 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.
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Table 6. Transformation efficiency of the B. velezensis IBUN 2755 strain with the
protoplast method using different plasmids

Plasmid Resistance Transformation efficiency
(CFU/ug 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- Kanamycin/ Erythromycin 0

CAS9

sfp ERI

PFK131 Kanamycin/ Erythromycin 1,3E+01

CD1 dam- Kanamycin/Phleomycin 1,5E+03

PDG148 Kanamycin/Phleomycin 8,6E+02

dam-

CRISPR- Kanamycin/ Erythromycin 0

CAS9

sfp_ERI

DAM-

The 0,7 min was an optimal time to obtain a death rate of 85% after UV irradiation treatment
of IBUN 2755 inoculum (datad o n 6 t ), s® thie e@ndition 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 Nprl gene (salicylic acid pathway) after 48 after exposition of
plants to Bv IBUN 2755, while the gene jiOsprl0 (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 Nprl 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 jiOsprl0 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 (dono6t show dat Bagilusgroivtk waw evislent,in eghért er 4 8
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 Nprl
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 (W) 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
Nprl 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 jiOsprl0 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 R?=0.827 and a Q? = 0.505, therefore
it can be concluded that there are statistical differences between the two metabolomes.
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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).
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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).

17.0(
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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 R? = 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.
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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
lllumina 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 GEN PROTEIN Analysis results
mutation
134262 134211- Insertion  spoOA Stage 0 Effect:Shift in reading frame
134711 C sporulation Function:Master regulator of
protein A sporulation involved in
sporulation, regulation of
biofilm formation and
surfactin production
160744 - Substituti Hypothetic Effect: Not inside a CDS
onGto A protein Function:Unknown
236541 236254 I Insertion rplO 50S ribosomal Effect: Change in reading
236625 of CT protein L15 frame
Function: Important in cell
proliferation and
differentiation
408635 407894 Insertion  NorG HTH-type Effect: Change in reading
408700 G transcriptional frame
regulator NorG  Transcription  factor that
activates antibiotic
multiresistance pumps
759964 759864 - Insertion respiratory Effect: Change in reading
760064 Cc nitrate frame
reductase Power production using
subunit gamma nitrate as an electron
(blast) acceptor
891194 891159- Insertion  GerBC_3  Spore Effect: Change in reading
891416 C germination frame
protein B3 spore germination
891580 891568 Insertion  GerBB2 Spore Change in reading frame
892518 Cc germination spore germination
protein B2
1348068 1347968- Insertion aromatic amino Change in reading frame
1348168 G acid Nitrogen group transfer in
aminotransferas  amino acid catabolism
e (blast)
1590451 159034 - Insertion GapB_2 Glyceraldehyde Change in reading frame
159475 Cc -3-phosphate Involved in glycolysis
dehydrogenase
2
1605382 1605551- Insertion  infC Translation Change in reading frame
1606054 C initiation factor Binds the 30S ribosomal
IF-3 subunit to initiate protein

translation
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1974905 1974392 - Substituti  Zwf Glucose-6- synonymous substitution
1975861 onChyA phosphate  1- First step of the pentose
dehydrogenase  phosphate pathway. Mutants
show growth inhibition
2082687 2082443- Insertion  SpoVAD1 Stage V There is no evidence of
2082700 G sporulation change in alignment.
protein AD Formation of the endospore
cortex
2155766 2155666 - Insertion ubiquinol- Change in reading frame
2155866 G cytochrome ¢ Involved in the assembly of
reductase iron- complex Il of the respiratory
sulfur  subunit chain
(blast)
2338443 2338432- Insertion Hypothetic Change in reading frame
2338536 C protein Unknown
2376535 2370431- Insertion  ppsA_1 Plipastatin Change in reading frame
2376688 G synthase Encodes the first module of
subunit A fengycin  or  plispastatin
synthetase. Knockout
mutants in this gene abolish
the production of fengycins.
2545917 2545887 Insertion  YjmB putative change in protein
2546948 C symporter YjmB  Galatosidase/Na+
symporter, non-essential
2688908 2687351 Substituti  Pnp Polyribonucleoti  Change in reading frame
2689468 onT de It is involved in the purine
nucleotidyltransf pathway  promoting the
erase reversible phosphorylysis of
the glycosidic bond of purine
ribo and
deoxyreibonucleosides and
their analogues.
2696596 2695461- Insertion  nusA Transcription Change in reading frame
2696624 C termination/antit RNA polymerase termination
ermination factor. essential gene
protein NusA
2698509 2698383- Insertion  PolC2 DNA Change in reading frame
2701646 C polymerase 1l Required for replicative DNA
PolC-type synthesis, it exhibits 3 to 5'
endonuclease activity.
2752924 2752908- Insertion  trmD_2 tRNA (guanine- Change in reading frame
2753345 C N(1)-)- Guanosine i 37 methylase in
methyltransfera  various tRNAs
S
2798094 2797994 - Insertion sulfate Change in reading frame
2798194 C adenylyltransfer Domain group of enzymes
ase (blast) that reversibly catalyze the
transfer of the adenylium
group from ATP to the
phosphoryl group of NMN to
form NAD+
2802232 2802193- Insertion  PyrD_2 Dihydroorotate Change in reading frame
2802636 C dehydrogenase  Catalyzes the conversion of

B (NAD(+))%2C
catalytic subunit

dihydroorotate to orotate with
NAD as the electron
acceptor
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2978919 2977376- Insertion  YknX Putative efflux The mutation is outside the
2978512 C system CDS
component
YknX
3257696 3257687- Insertion carB_3 Carbamoyl- Change in reading frame
3259849 C phosphate Encodes the major subunit of
synthase the enzyme
arginine-specific  carbomylphosphate
large chain synthetase which in turn
carries out the synthesis of
carbomylphosphate from the
hydrolysis of glutamine and
ammonium
3392149 3392098- Insertion  yhel Putative Change in reading frame
3393894 C multidrug Multidrug ABC transporter
resistance ABC including doxorubicin and
transporter mitoxantrone.
ATP-
binding/permea
se protein Yhel
3394467 3394316- Insertion  nhaX stress response Change in reading frame
3394564 C protein NhaX General response to stress
in Bacillus
3403623 3403602- Insertion  pksF Polyketide Change in reading frame
3404822 C biosynthesis Module F of Bacillaena
malonyl-ACP polyketide synthase
decarboxylase functions as a carrier for
PksF malonyl acyl decarboxylase
3502907 3502807 - Substituti Hypothetic synonymous substitution
3503007 onAbyT protein A stranger
3506331 3506036- Substituti LexA- Change in reading frame
3507019 onChyA binding%2C Transcriptional repressor of
inner the SOS response to DNA
membrane- damage by binding as a
associated dimer to a consensus
putative sequence
hydrolase

Mutation in zwf, pnp and lexA genes, and some CDS associated with hypothetical proteins,
were substitutions (Table 8). In the case of CDS 3502807 1 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, spoOA (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 SpoOA.

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; Suarez-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 spoOA, 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 dami 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 ¢ o u | lknrénsformed 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 spoOA
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-lle, 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]¢ 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 Nprl 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 Iytic 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).
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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 edsl and nprl 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 nprl 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 (Rodriguez 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 i 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 spoOA (Rahman et al.,
2021). Klausmann et al. (2021), recently found that a knockout mutant in the spoOA 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 spoOA gene leads to the inhibition of abrB. It is clarified that in this same study, it
is indicated that the spoOA 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 spoOA 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 spoOA 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 spoOA 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 spoOA gene in biofilm formation in different Bacillus strains.
They found that the role of surfactins is strain and species dependent, but the spoOA
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 spoOA 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 thel30B 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 (latsenko 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 Nhel 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 Hindlll and
Nhel 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 Hindlll and Nhel 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 Hindlll and Nhel 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 pCNO14 plasmid was cut with the Bglll 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 10® 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 pL 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 KH,PO4 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 MgSO. and allowed to grow at 37°C in a roller drum for 4h.
200 pL of the induced culture was placed with 2 pL 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 pL, 100mM 300 pL MgSQOas, 10% yeast extract 400 pL, 1% casamino
acids 250 pL to 20 mL, TXbase (per liter: 2 g NH4S0O)4, 18.3 g K:2HPO..3H-0, 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 Spll
medium (1X T-base 20mL, glucose 50% 200 pL, 100mM MgSO, 1.4 ml, yeast extract 10%
200 pL, casamino acids 1% 200 pL, CaCl2 100 mM 100 pL 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 Spll-EGTA (1X T-base 20 mL,
50% glucose 200 pL, 100 mM MgS04 1.4 ml, 10% yeast extract 200 uL, 1% casamino acids
200 pL, 100 mM EGTA 400 pL, to 20 mL) and mixed. The mixture was vortexed and 200
ML was used for tranformation with 2 pL 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 inthe  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 K:HPO4, 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 MgS0..7H20 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 1,0x10%° cells/mL. For electroporation,
60 pL 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 pL 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 pyL of the
electrocompetent cells mixed with 1 pug 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 pl 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 pF. 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 pg 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 pF, 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
MF. 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 yF. 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
MF. 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
eF 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 DH5Uand 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  Icium 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, MgCl..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 succinatelM, 50 ml casamino acids to 5%, 25 mL yeast
extract to 10%, 50 mL phosphate buffer (3,59 K:HPO4 + 1,59 KH2PO4/100 ml), 10 mL of
MgCl..6H,0 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 D H 5 sirain
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.

. Genome CDSs Origen .
Strain name size (Mb) number and/or use History Reference
R g
amyloliquefaciens 3,98020 3870 Industry d ph: Wy h d | Borris et al., 2011
DSM7 [deoxynojirimycin, hydrolase
inhibitor, restriction enzymes
Bacillus Strain used to produce Zhang et al
amyloliquefaciens 3,93751 3891 Industry guanosine and ribavirin by 9 ”
; o 2011
TA208 formamide assimilation
Bacillus i i
amyloliquefaciens 4,00199 3941 Industrial Poly-gamma-glutamic acid- Geng et al., 2011
L3 producing strain
Bacillus Purine (nucleoside)
amyloliquefaciens 3,9392 3889 Industrial producing strain at industrial | Yang et al., 2011
XH7 level
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Bacillus Phosphate solubilizing strain Institut Rosell
amylolll_(lq_lféamens 3,93687 3735 Agriculture CILUS PLUS product Lallemand, 2013
Bacillus
amyloliquefaciens 4,23862 4038 Agriculture Plant growth promoter He et al., 2012
Y2
Bacillus Isolated from cucumber
amyloliquefaciens 3,91683 3702 Agriculture phyllosphere and used as a Kim et al., 2015
CC178 biological controller
Bacillus Isolated from Chinese herbs, China aaricultural
amyloliquefaciens 3,94275 3684 Agriculture broad antagonist activity a ag
: . . ) university 2013
LFB112 against diseases in animals
Bacillus i i
- B ) Isolated from cucumber China agricultural
amylollqaiféluens L 3,90597 3666 Agriculture seed substrate, PGPR university 2013
Isolated from commercial
soybean paste, with
Bacillus proteolytic and fibrinolytic Kvung Hee
amyloliquefaciens 3,95336 3698 Industry activity, it improves the Univ):ersi? 2015
KHG19 organoleptic characteristics Y
of commercial soybean
pastes.
Bacillus i i
amyloliquefaciens L- 3,90302 3662 Agriculture Soil isolated, PGPR Ch'r.]a agncultural
S60 university 2013
Bacillus Isolated from alcoholic Kangwon
amyloliquefaciens 3,97993 3734 Industry beverage industry in Korea National
MBE1283 9 y University, 2016
Bacillus Fondazione
amyloliquefaciens 3,93593 3729 Agriculture Biological controllater
S499 Edmund Mach
Bacillus . . .
amyloliquefaciens 4,03464 3741 Agriculture Eg;?:gﬁefrr%nélg?&gﬁg Ma%rllo-goe{gz et
UMAF6639 v
Bacillus . . .
amyloliquefaciens 4,00514 3754 Agriculture Isolatelcli fromlblololglcal Magrllo-goerez et
UMAE6614 controller melon plants al., 2015
China national
Bacillus Isolated from arape plants research institute
amyloliquefaciens 4,00675 3759 Agriculture anta %nist P ’ of
B15 9 food%fermentatio
n industries, 2016
Bacillus Isolated from fermented National
amyloliquefaciens 3,68821 3501 Industry soybean paste in Korea, Academy of
RD7-7 antimicrobial activity in agricultural

fermented soybean products

Science, 2016
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Bacillus Isolated from peanut Shandong
amyloliquefaciens 3,95716 3741 Agriculture rhizosphere EGPR agricultural
Y14 P ' university, 2016
Bacillus Hebei academ
amyloliquefaciens 3,92979 3670 Agriculture Soil isolated, PGPR : Y
of science, 2016
WS-8
Bacillus Microbial institute
amyloliquefaciens 4,08824 4028 Industry Fermentations? for fermentation
SRCM101267 industry, 2017
Bacillus Isolated from Maotai Daqu
amyloliquefaciens 3,89752 3691 Industry (fermented Chinese liquor). Zhi et al., 2017
MT45 Surfactin producer
: Strain that produces School of
Bacillus _— h . Lo
. . fibrinolytic enzymes with bioscience and
amyloliquefaciens 4,01656 3889 Industry dical lication for th bi .
DC-12 medical application for the ioengineer
treatment of thrombosis China, 2012
Bacillus velezensis 3.918589 3693 Agriculture Commercial biological Chen et al., 2007
FzB42 controller
Bacillus velezensis . . . Genoscope CEA,
B25 3,86276 3625 Agriculture Biological controller 2016
Institute of
. . agroproducts
Bacillus velezensis . Isolated from wheat plants h
4,01444 3776 Agriculture ) . ' processing
JS25R biological fungal controller science and
tecnology, 2014
Bacillus velezensis . . .
CAU B946 4,01986 3792 Agriculture Biological controller Blom et al., 2012
Bacillus velezensis . Isolated from wheat
YAU B9601-Y2 4,24277 4042 Agriculture thizosphere, PGPR Hao et al., 2012
Bacillus velezensis 3,96137 3646 Agriculture Biological controller Dunlap etal,
AS43.3 ' g 9 2015
. . . . Nanjing
Bacillus velezensis 4,05255 3842 Agriculture Biological controller and agriculture
NJN-6 PGPR X .
University, 2015
Bacillus velezensis . Aislada desde plantas de
UCMB5036 3,91032 3691 Agriculture algodon, PGPR HGEN, 2013
Bacillus velezensis . Biological controller and
UCMB5033 4,07117 3892 Agriculture PGPR HGEN, 2013
Bacillus velezensis | 5 gaq53, 3656 Agriculture Soil isolated, PGPR HGEN, 2013

UCMB5113
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Bacillus velezensis . . . Novozymes,
TrigoCor1448 3,9579 3721 Agriculture Biological controller 2014
. . Nanjing
Bacillus velezensis 416715 3941 Agriculture Isokﬂgdﬂqn]camphorﬂee, agriculture
CCO09 biological controller - .
University, 2016
Bacillus velezensis 3,92977 3677 Agriculture eAiir?Lad;Gdlfl{izocsgﬁ{?ol(ﬁjor Shanghai Normal
S3-1 ' 9 pepino, FLFR y University, 2016
biolégico
. . . Shandong
Bacillus velezensis 3.92976 3677 Agriculture Isolate‘d fro_m Goji, PGPR agricultural
GQJIK49 and biological controller - .
university, 2017
Bacillus velezensis . Isolated from rice Hwangbo et al.,
CBMB205 392979 3679 Agriculture thizoplane, PGPR 2016
Bacillus velezensis 4.20461 3955 Agriculture Isolated from corn Cebitec. 2013
NAU-B3 ' 9 rhizosphere, PGPR ’
Isolated from fermented
. . soybean paste, broad
Bacillus velezensis - ; Chung-Ang
YI11-1-4 4,00664 3639 Industry antlmlcroblal spectrum University, 2015
against pathogens in
fermented foods
Isolated from a lake in
Bacillus velezensis | 3 g147, 3538 Industry Ogllazr;/%n(]ei S meticinal University of
SB1216 interest due to anti-tumor Tulsa, 2016
characteristics
Isolated from fermented
. . soybean paste, broad )
Ba(:llllfljlglizenss 4,10595 3937 Industry antimicrobial spectrum Un(i/r:eligi? A2815
against pathogens in Y,
fermented foods
Bacillus velezensis . H“?Zhong
3,91776 3678 Agriculture PGPR Agricultural
LS69 ) :
University, 2016
Isolated from fermented
. . soybean paste, broad )
Bacillus velezensis 3,92183 3612 Industry antimicrobial spectrum Qhung Ang
D2-2 - . University, 2016
against pathogens in
fermented foods

Tabla S 2. Genes associated with biological control mechanisms of Bacillus sp against
phytopathogenic microorganisms found in the literature.

Biocontrol associate

Reference

Antimicrobial

compounds production

Gen name Symbol
Surfactin synthetase srf ABCD
Fengycin synthetase FenABCDE

Iturin synthetase BmyCBAD

Li et al., 2016b,
Chowdhury et al.,
2015a, Zeriouh et al.,
2014

Zhou et al., 2016,
Mardanova et al., 2017

Cheng et al., 2016,
Zhou et al., 2016, Park
etal., 2016
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4- Sfp Chowdhury et al.,
phosphopantetheinil 2015a
transferase
Bacil laene synthetase bae Magno i Peréz et al.,
ABCDEFGHIJKLMNRS 2015
acpK
Polyketide pksR ABCD Chen et al., 2006
synthetase
Bacillomycin bmy ABCD Chen et al., 2006
synthetase
Difficidin synthetase dfn Wu et al., 2015a
ABCDEFGHIJKLMMXY
Macrolactin min ABCDEFGHI Yuan et al., 2016
synthetase
Bacylisin synthetase bac ABCDE, ywfG Wu et al,, 2015a
Amylocycline acn ABCDEF Towle et al., 2017
synthetase
Mersacidin mrs K2R2FGE Kayalvizhi et al., 2014
synthetase
Genes associated cheABCDRWY, Competition and Kearns et al., 2005
with chemotaxis MCcpABC, pomA, tipA colonization Ghelardi et al., 2012
hemAT, yfmS y xerCD
Genes associated flgBCDEGKLMN, Kearns et al., 2005
with motility flhABFOP), swrABC Ghelardi et al., 2012
Regulatory genes of sin | /sin R, sipW, Cairns et al., 2014
biofilm formation spo0A
Genes for the eps Cairns et al., 2014
formation of ABCDEFGHIJKLMNO
extracellular matrix 1
biofilm
Main component of tapAltas A Cairns et al., 2014
the matrix 1 biofilm Zeriouh et al., 2014
Siderophores dhbABCDEF May et al., 2001
Acetolactate alss VOCs production Cruz-Ramos et al.,
synthase 2000
Acetolactate alsR
decarboxylase
2,3-butanediol bdhA
Chitinases chiA, chiS, chiL, chi113 Production of lytic Swiontek Brzezinska et
enzymes al., 2020
Cellulases bgIC, bglS, eglS Wolf et al., 1995
Chitosanases gall Chen et al., 2018
Xylanases XynACD
Homoserin aiiA Dong et al., (2002)
lactonases

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.coi DH5 U Genotype Fi endAl ginV44 thi-1 recAl IBUN UNAL cepario
relAl gyrA96 deoR nupG purB20
i80dl acZpM1l5 -argip U164, ¢
hsdR17(rKimK +)i, @&

E.coli DH10B Genotype Fi mc r A ¢nédRWS-mcrBC) Laboratory of physiology of plants and
6801 acZpM15 @l ac X7 4 microorganisms UNAL
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arabD139
rpsL(StrR) nupG

Hlgpu() @68 7 gal

proA+B+ /supE gqhsdM-mcrB)5 (rk - mk -
McrB-) thi g{lac-proAB), Allows obtaining
linear plasmids

E. coli Top 10 Genotype F- mc r A ¢hédRMSI-mcrBC) IBUN UNAL cepario
4801 acZpM1l5 @l ac X74
arabD139 -ley6¥ r galE15 galK16
rpsL(StrR) endAl &

E. coli XL10 Genotype ndAl ginV44 recAl thi-1 gyrA96 Cepario Laboratory for Molecular
rel Al |l ac Ht e o ( mc Studies of Bacterial Cell Division USP
hsdSMR-mrr)173 tetR F'[proAB
|l aclgZgpM15 Tnl0(TetR

E.coli GM2163 F-dam-13::Tn 9 dcm-6 hsdR2 leuB6 his-4 Cepario Laboratory for Molecular
thi-1 ara-14 lacY1 galk2 galT22 xyl-5 mtl-1  Studies of Bacterial Cell Division USP
rpsL136 tonA31 tsx-78 supE44McrA -

McrB-

E. coli S17.1 Genotype F RP4-2-Tc::Mu Laboratory of physiology of plants and
aphA::Tn7recA. This strain lacks dam microorganisms UNAL
methylation

E. coli TG1 Genotype F6t r aD3@ (latZy cM1% 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

PGEMT-easy
PROMEGA®
plasmid

Clonation vector T/A

B. velezensis  Wild type strain isolated from rhizosphere IBUN UNAL cepario
IBUN 2755 soil of potato

B. velezensis  Type strain of the species B. velezensis IBUN UNAL cepario
FzB42

B. velezensis  Strain B. velezensis IBUN 2755 + CD1 This work.

IBUN 2755 +

ComK

B. velezensis  Strain B. velezensis IBUN 2755 + PTH1 This work.

IBUN 2755 + gfp
Plasmid Characteristics References or sources

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 lacl 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 PUC ori bla emrR rep (Bs) Cepario Laboratory for Molecular
plasmid Studies of Bacterial Cell Division USP

PJO8999 plasmid

PUC ori, kanR, rep pE194ts, gRNA, Pman-
cas9 for use in CRISPR-CAS?9 in Bacillus

Altenbucher et al., (2016)
Cepario Laboratory for Molecular
Studies of Bacterial Cell Division USP

PJJ4 plasmid

PJ0O8999-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

pNCO014 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-lPTGcomK
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
pNCO014) 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 TGGCTTTAACCTGCCTGTTC
2755 gene plus adjacent
regions for  homologous
SfpR recombination-based CCGTCCCAAACGTTTATGCT
mutation. Expected size 1623
bp
CmrF Amplification of the AAGCTTAGCAGACAAGTAAGCCTC
CmrR chloramphenicol resistance TCCGGGACGGGGCAGGTTAGTGAC
cassette from the PTH1
plasmid
EriF Amplification of the TTACTTATTAAATAATTTATAGCTA
EriR erythromycin resistance ATGAACGAGAAAAATATAAAACACA
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cassette from plasmid
PDG646

POP1F

Amplify the region from
plasmid PJJ4 comprising the
mannose-inducible promoter,

POP1R

the E. coli origin of replication,
the Bacillus temperature-
sensitive origin of replication,
and the kanamycin resistance
cassette,

gtgAAGCTTTTGTCTCAACTGTATACCGAAATCAGC

cgtaGCTAGCGAATTCGCATCACACGCAAAAAGG

POP2F

Amplify the region from
plasmid PJJ4 comprising the
origin of replication for E. coli,

POP2R

the temperature-sensitive
origin of replication for
Bacillus, and the kanamycin
resistance cassette.

CgCGGATCCCGTGAGTTTTCGTTCCACTGAGC

cgtaGCTAGCGAATTCGCATCACACGCAAAAAGG

ComkF

Amplify the fragment
comprising the comK gene of
strain IBUN 2755 with tails for

ComkR

cutting of the Hindlll and Nhel
enzymes. Expected size:
724bp

gtgAAGCTTagattattagtataaattttcaagaaaaggattggagg

cgtaGCTAGCacaactctgcccggge

FleoF

Amplification of the

FleoR

phleomycin resistance
cassette from the plasmid

sfp_GIBSON_F  Amplify the sfp gene of the

sfp_GIBSON_R  IBUN 2755 strain that allows it

to be used in the GIBSON
system

CTAGTCTAGATGGCTTTAACCTGCCTGTTC

CTAGTCTAGACCGTCCCAAACGTTTATGCT

sgRNA1_F Synthesize guide RNA 1 for TACGTTTATCAAACAGGCCGGAAA
the CRISPR-CAS9 system of

sgRNAL R the sfp gene of strain IBUN AAACTTTCCGGCCTGTTTGATAAA
2755

SgRNA2_F Synthesize guide RNA 2 for TACGGCTGAATGAATCAAGCGGCA

SgRNAZ2_R the CRISPR-CAS9 system of — 0 = = = S CTTGATTCATTCAGC

the sfp gene of strain IBUN
2755

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 Antimicrobial 21011 21685
transferase compounds

srfAD Surfactin synthetase Antimicrobial 23153 23884

srfAC compounds 23904 27740

srfAB 27775 38535

srfAA 38557 49314

putR PKs synthesis regulator Antimicrobial 68304 69539
compounds

bsdC Phenolic acid decarboxylase Antimicrobial 14807 16228
subunit D compounds

feuA Fe-bacilibactin binding system Antimicrobial 197717 198673

mpoun
feuB compounds 198693 199700
feuC 199693 200712
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yxIF ABC carrier protein Antimicrobial 697076 698020
compounds

Ber Bicyclomycin resistance protein Antimicrobial 708008 709210
compounds

bacA 710832 711446

bacB 711436 712146

bacC 712143 712904

bacD Bacillicin synthetase Antimicrobial 712922 714340
compounds

bacE 714337 715518

bacF 715531 716730

bacG 716747 717547
Antimicrobial

Upp Phosphate pyrophosphatase compounds 792981 793610

Cyclic class Il bacteriocin Antimicrobial 1267842 1268180
compounds s

Besa Ferri-bacilibactin synthetase BesA 1281884 1282753

dhbA 1282889 1283674

dhbC 1283698 1284894
. . Antimicrobial

dhbE Bacilibactin synthetase compounds 1284913 1286538

dhbB 1286556 1287482

dhbF 1287497 1294624

PKs synthesis regulator 1298223 1299452

uppP Phosphate pyrophosphatase Antimicrobial 1375395 1376225
compounds

ytbA Phospholipase Antimicrobial 1429738 1430517
compounds

stp_1 Multidrug resistance protein Antimicrobial 1434500 1436167
compounds

IgrE Linear gramidicin dehydrogenase Antimicrobial 1436433 1437137
compounds

Nitroreductase family protein Antimicrobial 1437160 1438143
compounds

tycC Thyrocidine synthetase 3 Antimicrobial 1438140 1448375
compounds

pksM_1 Polyketide synthetase Antimicrobial 1448428 1451172
compounds

pksJ_1 Polyketide synthetase Antimicrobial 1452301 1453950
compounds

hisk sensor histidine kinase Antimicrobial 1535913 1536725
compounds

Haloalkane delhasogenase Antimicrobial 1977274 1978047
- compounds

pksE dificidin synthetase P 1981027 1983285

acyl carrier protein 1984331 1984603

pksN_1 1986756 1999349

dificidin synthetase

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 2048500 2049747
sintetasa
pks_I1 enoyl-CoA isomerase dificidina 2049807 2050553
sintetasa
Fni isopentenyl-diphosphate delta- Antimicrobial 2127273 2128322
isomerase compounds
pks1l Alpha-pyrone synthesis Antimicrobial 2203122 2204222
polyketide synthase-like Pks11 compounds
mepA Multidrug export protein MepA Antimicrobial 2365986 2367374
compounds
ppsA_1 2370431 2376688
ppsA_2 2376772 2378088
ppsB 2378114 2385811
Plispastatin synthetase
ppsC o 2385827 2393476
Antimicrobial
ppsD compounds 2393502 2404277
ppsE 2404296 2408099
fad_3 3-[(3aS%2C4S%2C7aS)-7a- 2411540 2413180
methyl-1%2C5-dioxo-octahydro-
1H-inden-4-yl] propanoyl:CoA
ligase
fenF Malonyl CoA-acyl transcyclase Antimicrobial 2431002 2432204
carrier protein compounds
tycC_2 Thyrocidine synthetase 3 2432224 2444172
grsB_2 GramicidinS synthetase 2 2444217 2460341
IgrD linear gramicidin synthetase 2460425 2468284
subunit D
baeS bacillaena synthetase Antimicrobial 2568828 2570039
compounds
baeR 2570175 2577632
baeN 2577646 2593950
baeM 2593940 2604475
baelL 2604493 2617899
baeJ 2617901 2632849
bael enoyl-coA isomerase 2632889 2633638
baeH enoyl-coA hydratase bacillaena 2633648 2634421
synthetase
baeG 3-hydroxy-3-methylglutaryl-ACP 2634418 2635680
synthetase
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] 2763510 2764250
reductase
fabD malonyl CoA acyl transcyclase 2764243 2765196
carrier protein
pksJ_5 macrolactin synthetase Antimicrobial 2902412 2906263
compounds
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

ykgA gamma-glutamylcyclotransferase Antimicrobial 2962371 2963198
YkgA compounds

ybiT ABC transporter protein Antimicrobial 2968830 2970449
compounds

pksF Polyketide biosynthesis malonyl- Antimicrobial 3403602 3404822
ACP decarboxylase PksF compounds

yddE isomerase YddE Antimicrobial 3519328 3520212
compounds

trans-aconitate 2- Antimicrobial 3640202 3641014
methyltransferase compounds

mchC cyclohydratase C Antimicrobial 3641713 3642522
compounds

mcbD YcaO cyclohydratase 3642549 3643895

mchB Linear Azole-containing peptide 3643898 3644890

dehydratase

cheA cheA chemotaxis protein Competition and 2713892 2715910
colonization

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 Competition and 1366132 1368120

tei lonizati

MCpA_2 protein colonization 1368248 1370233

mcp_3 1370349 1372355

mcpA_4 3274667 3276316

mcpB 1363962 1365947

mcpC 3011436 3013403

pomA PomA chemotaxis protein Competition and 3038501 3039316
colonization

hemAT Heme-based aerotactic Competition and 3326170 3327462
transducer colonization

Tipa HTH-type transcriptional activator Competition and 3830257 3830727
colonization

yfmS YfmS transduction protein Competition and 3627442 3628296
colonization

xerC site-specific tyrosine recombinase Competition and 1526900 1527202

lonizati

xerD colonization 2074761 2075651

flgB flagellar basal body Competition and 2736913 2737302
colonization

flgC 2736461 2736913

figD 2728522 2728962

figF 832488 833285
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flgG 833307 834131

flgK 933870 935387

flgM 933091 933357

flgN 933372 933854

flnA 2718961 2720994

flnB 2721028 2722110

flnF 2717870 2718961

swrC Swarming motility protein Competition and 3675800 3678943
colonization

epsD Transferases associated with Competition and 1026927 1028066
biofilm formation colonization

epsk 1028063 1028905

epsF 1028898 1030034

epsG 1030038 1031141

epsH 1031160 1032197

epsl 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 Competition and 1901321 1902106
matrix colonization

fliN flagellar motor swicth protein Competition and 2724892 2726028
colonization

sinl Anti-repressor Sinl Competition and 1902523 1902696
colonization

sinR_2 HTH-type transcriptional regulator Competition and 1902154 1902495
colonization

sinR_1 1022779 1023234

sIrA transcriptional regulator Competition and 658319 658480
colonization

ycdF glucose-1-dehydrogenase Competition and 109304 110083
colonization

clpC Negative regulator of gene Competition and 274784 277216
competition colonization

spoOA Master regulator of sporulation Competition and 134211 134711
colonization

sipW Peptidase Competition and 1900672 1901256
colonization

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 Lytic enzymes 582585 583316

Cellulase
egls (Cellulase) 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-b- Lytic enzymes 3183252 3184364

galactosidase

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 Lytic enzymes 2212836 2213018

enzymes
CtpA protease Lytic enzymes 2281839 2283242
ctpB 951009 952409
clpP 1008668 1009264
Lon 2855008 2856030
XynA endo-1,4-beta-xylanase Lytic enzymes 815274 815915
xynD 2468609 2470147
xynC 2470199 2471470
aprX arabinoxylan Lytic enzymes 2565374 2566702
arabinofuranhydrolase

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 Il 1184750 1186138
frdA fumarate reductase 1650829 1652589
ilvA L-threonine dehydratase VOCs 2226371 2227639

biosynthesis

ilvB acetolactate synthase large unit 1660819 1662543

iivC Acid-ketol reductoisomerase 1663081 1664109

ilvD Dihydroxide acid dehydratase 2218605 2220281

iIvVE 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 other elicitors 3324524 3326047

oxidoreductase

PaiA spermidine N-acetyltransferase other elicitors 1018976 1019494
spermidine acetyltransferase other elicitors 3830851 3831309

BItD
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Figure S 1. Results prediction of possible sgRNA sequences obtained using the CRISPOR
software.



147
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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.
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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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glumae
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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).
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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
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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. Concl usi ons and recommen

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 jlOSPR10 (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 spoOA 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 spoOA 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.



160 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

Bi bl i ography

Abd El Daim, I. A., Haggblom, P., Karlsson, M., Stenstrém, E., & Timmusk, S. (2015). PaeniBacillus
polymyxa A26 Sfp-type PPTase inactivation limits bacterial antagonism against Fusarium
graminearum but not of F. culmorum in kernel assay. Frontiers in plant science, 6, 368.
https://doi.org/10.3389/fpls.2015.00368

Ahimou, F., Jacques, P., & Deleu, M. (2000). Surfactin and iturin A effects on Bacillus subtilis surface
hydrophobicity. Enzyme and microbial technology, 27(10), 7491 754,
https://doi.org/10.1016/s0141-0229(00)00295-7

Ahmed, E., & Holmstrom, S. J. (2014). Siderophores in environmental research: roles and
applications. Microbial biotechnology, 7(3), 196i208. https://doi.org/10.1111/1751-
7915.12117

Ait Kaki, A., Smargiasso, N., Ongena, M., Kara Ali, M., Moula, N., De Pauw, E., & Kacem Chaouche,
N. (2020). Characterization of New Fengycin Cyclic Lipopeptide Variants Produced by
Bacillus amyloliquefaciens (ET) Originating from a Salt Lake of Eastern Algeria. Current
microbiology, 77(3), 4431 451. https://doi.org/10.1007/s00284-019-01855-w

Alcaraz, L. D., Moreno-Hagelsieb, G., Eguiarte, L. E., Souza, V., Herrera-Estrella, L., & Olmedo, G.
(2010). Understanding the evolutionary relationships and major traits of Bacillus through
comparative genomics. BMC genomics, 11, 332. https://doi.org/10.1186/1471-2164-11-332

Aleti, G., Lehner, S., Bacher, M., Compant, S., Nikolic, B., Plesko, M., Schuhmacher, R., Sessitsch,
A., & Brader, G. (2016). Surfactin variants mediate species-specific biofilm formation and
root colonization in Bacillus. Environmental microbiology, 18(8), 2634i2645.
https://doi.org/10.1111/1462-2920.13405

Aleti, G., Sessitsch, A., & Brader, G. (2015). Genome mining: Prediction of lipopeptides and
polyketides from Bacillus and related Firmicutes. Computational and structural
biotechnology journal, 13, 1921 203. https://doi.org/10.1016/j.csbj.2015.03.003

Allard-Massicotte, R., Tessier, L., Lécuyer, F., Lakshmanan, V., Lucier, J. F., Garneau, D., Caudwell,
L., Vlamakis, H., Bais, H. P., & Beauregard, P. B. (2016). Bacillus subtilis Early Colonization
of Arabidopsis thaliana Roots Involves Multiple Chemotaxis Receptors. mBio, 7(6), e01664-
16. https://d0i.org/10.1128/mBi0.01664-16

Altenbuchner J. (2016). Editing of the Bacillus subtilis Genome by the CRISPR-Cas9 System.
Applied and environmental microbiology, 82(17), 54211 5427.
https://doi.org/10.1128/AEM.01453-16

Alvarez, Elizabeth; Latorre, Michael A.. (2017). Bacterial blight, caused by Burkholderia glumae, is
attacking Brachiaria in Colombia: First report . In: APS Caribbean Division and the Latin
American Phytopathological Society and The Mexican Society of Phytopathology in Mexico
City, Mexico, July 19123, 2015. Mexico, DF, MX. Vol.107 (S2): S2.1.
https://doi.org/10.1094/PHYTO-107-2-S2.1

Anagnostopoulos, C., & Spizizen, J. (1961). Requirements for transformation in Bacillus subtilis.
Journal of bacteriology, 81(5), 7411 746. https://doi.org/10.1128/jb.81.5.741-746.1961



https://doi.org/10.3389/fpls.2015.00368
https://doi.org/10.1016/s0141-0229(00)00295-7
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1007/s00284-019-01855-w
https://doi.org/10.1186/1471-2164-11-332
https://doi.org/10.1111/1462-2920.13405
https://doi.org/10.1016/j.csbj.2015.03.003
https://doi.org/10.1128/mBio.01664-16
https://doi.org/10.1128/AEM.01453-16
https://doi.org/10.1094/PHYTO-107-2-S2.1
https://doi.org/10.1128/jb.81.5.741-746.1961

Bibliography 161

Anders, S., Cowling, W., Pareek, A., Gupta, K. J., Singla-Pareek, S. L., & Foyer, C. H. (2021).
Gaining Acceptance of Novel Plant Breeding Technologies. Trends in plant science, 26(6),
575i 587. https://doi.org/10.1016/j.tplants.2021.03.004

Andril, S., Meyer, T Bacillug& Re€porges noaP|ant-Associdte? Guhdnl) and
Bacterial Communities. Frontiers in microbiology, 11, 1350.
https://doi.org/10.3389/fmicb.2020.01350

Arguelles-Arias, A., Ongena, M., Halimi, B., Lara, Y., Brans, A., Joris, B., & Fickers, P. (2009).
Bacillus amyloliqguefaciens GA1l as a source of potent antibiotics and other secondary
metabolites for biocontrol of plant pathogens. Microbial cell factories, 8, 63.
https://doi.org/10.1186/1475-2859-8-63

Aron, A. T., Gentry, E. C., McPhalil, K. L., Nothias, L. F., Nothias-Esposito, M., Bouslimani, A., Petras,
D., Gauglitz, J. M., Sikora, N., Vargas, F., van der Hooft, J. J. J., Ernst, M., Kang, K. B.,
Aceves, C. M., Caraballo-Rodriguez, A. M., Koester, I., Weldon, K. C., Bertrand, S., Roullier,
Cc. , Sun, K., é Dorrestein, P. C. (2020) .
mass spectrometry data using GNPS. Nature protocols, 15(6), 19541 1991.
https://doi.org/10.1038/s41596-020-0317-5

Aune, T. E., & Aachmann, F. L. (2010). Methodologies to increase the transformation efficiencies
and the range of bacteria that can be transformed. Applied microbiology and biotechnology,
85(5), 13011 1313. https://doi.org/10.1007/s00253-009-2349-1

Bach, E., de Carvalho Fernandes, G., & Passaglia, L. M. P. (2016). How to transform a recalcitrant
PaeniBacillus strain: From culture medium to restriction barrier. Journal of microbiological
methods, 131, 1357 143. https://doi.org/10.1016/].mimet.2016.10.012

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., & Vivanco, J. M. (2006). The role of root exudates in
rhizosphere interactions with plants and other organisms. Annual review of plant biology, 57,
23371 266. https://doi.org/10.1146/annurev.arplant.57.032905.105159

Baptista, J. P., Teixeira, G. M., de Jesus, M. L. A,, Berté, R., Higashi, A., Mosela, M., da Silva, D.
V., de Oliveira, J. P., Sanches, D. S., Brancher, J. D., Balbi-Pefia, M. |., de Padua Pereira,
U., & de Oliveira, A. G. (2022). Antifungal activity and genomic characterization of the
biocontrol agent Bacillus velezensis CMRP 4489. Scientific reports, 12(1), 17401.
https://doi.org/10.1038/s41598-022-22380-0

Bartal, A., Huynh, T., Kecskeméti, A., Vords, M., Kedves, O., Allaga, H., Varga, M., Kredics, L.,
Vagvolgyi, C., & Szekeres, A. (2023). Identifications of Surfactin-Type Biosurfactants
Produced by Bacillus Species Isolated from Rhizosphere of Vegetables. Molecules (Basel,
Switzerland), 28(3), 1172. https://doi.org/10.3390/molecules28031172

Belbahri, L., Chenari Bouket, A., Rekik, 1., Alenezi, F. N., Vallat, A., Luptakova, L., Petrovova, E.,
Oszako, T., Cherrad, S., Vacher, S., & Rateb, M. E. (2017). Comparative Genomics of
Bacillus amyloliquefaciens Strains Reveals a Core Genome with Traits for Habitat
Adaptation and a Secondary Metabolites Rich Accessory Genome. Frontiers in
microbiology, 8, 1438. https://doi.org/10.3389/fmich.2017.01438

Ben, R., Mokni-Tlili, S., Nefzi, A., Jabnoun-Khiareddine, H., Mokni-Tlili, S., & Daami-Remadi M.
(2016). Biocontrol of Fusarium Wilt and Growth Promotion of Tomato Plants Using
Endophytic Bacteria Isolated from Solanum elaeagnifolium Stems. Journal og
Phytopathology, 164 (10), 811 i 824. https://doi.org/10.1111/jph.12501

Benavides i Rodriguez, L. A. (2019). Seleccién de cepas nativas de bacterias aerobias formadoras
de endospora como promotoras de crecimiento vegetal con énfasis en su capacidad
antagonista contra Xanthomonas campestris pv. vitians del cultivo de lechuga. Tesis para
optar por el titulo de Magister en Ciencias i Microbiologia. Universidad Nacional de
Colombia. Bogotéa, Colombia.

Beric, T., Kojic, M., Satnkovic, S., Topisirovic, L., Degrassi, G., Myers, M., Venturi, V., & Fira, D.
(2012) Antimicrobial activity of Bacillus sp. Natural isolates and their potential use in the
biocontrol of phytopathogenic bacteria. Food Technology. Biotechnology, 50 (1), 25-31.

Reprod


https://doi.org/10.1016/j.tplants.2021.03.004
https://doi.org/10.3389/fmicb.2020.01350
https://doi.org/10.1186/1475-2859-8-63
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1007/s00253-009-2349-1
https://doi.org/10.1016/j.mimet.2016.10.012
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1038/s41598-022-22380-0
https://doi.org/10.3390/molecules28031172
https://doi.org/10.3389/fmicb.2017.01438
https://doi.org/10.1111/jph.12501

162 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

Bie, X., Lu, Z., & Lu, F. (2009). Identification of fengycin homologues from Bacillus subtilis with ESI-
MS/CID. Journal of microbiological methods, 79(3), 2721 278.
https://doi.org/10.1016/[.mimet.2009.09.013

Blanco, D. (2012). Evaluacion de Bacilos Aerobios Formadores de Endopsora (BAFESs) para el
control biolégico de Rhizoctonia solani Kuhn en el cultivo de papa criolla (Solanum
tuberosum Grupo Phureja). Tesis para optar el titulo de M. Sc. En Microbiologia.
Universidad Nacional de Colombia. Universidad Nacional de Colombia. Sede Bogota.

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee, S. Y., Medema, M. H., & Weber, T.
(2019). antiSMASH 5.0: updates to the secondary metabolite genome mining pipeline.
Nucleic acids research, 47(W1), W81i W87. https://doi.org/10.1093/nar/gkz310

Blokesch M. (2016). Natural competence for transformation. Current biology : CB, 26(21), R1126i
R1130. https://doi.org/10.1016/j.cub.2016.08.058

Bloudoff, K., Fage, C. D., Marahiel, M. A., & Schmeing, T. M. (2017). Structural and mutational
analysis of the nonribosomal peptide synthetase heterocyclization domain provides insight
into catalysis. Proceedings of the National Academy of Sciences of the United States of
America, 114(1), 951 100. https://doi.org/10.1073/pnas.1614191114

Borriss, R. (2011). Use of Plant-Associated Bacillus Strains as Biofertilizers and Biocontrol Agents
in Agriculture. In: Maheshwari, D. (eds) Bacteria in Agrobiology: Plant Growth Responses.
Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-20332-9 3

Bose J. L. (2016). Chemical and UV Mutagenesis. Methods in molecular biology (Clifton, N.J.), 1373,
11127 115. https://doi.org/10.1007/7651 2014 190

Brigidi, P., Rossi, M., Matteuzzi, D. (2000). Transformation of Bacillus subtilis PB1424 by
Electroporation. In: Eynard, N., Teissié, J. (eds) Electrotransformation of Bacteria. Springer
Lab Manuals. Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-662-04305-9 4

Brito, L. F., Irla, M., Walter, T., & Wendisch, V. F. (2017). Magnesium aminoclay-based
transformation of PaeniBacillus riograndensis and PaeniBacillus polymyxa and development
of tools for gene expression. Applied microbiology and biotechnology, 101(2), 735i 747.
https://doi.org/10.1007/s00253-016-7999-1

Burketova, L., Trda, L., Ott, P. G., & Valentova, O. (2015). Bio-based resistance inducers for
sustainable plant protection against pathogens. Biotechnology advances, 33(6 Pt 2), 9941
1004. https://doi.org/10.1016/j.biotechadv.2015.01.004

Burkett, S., Press, A., Mann, S. (1997). Synthesis, characterization and reactivity of layer inorganic-
organic nanocomposites based on 2:1 trioctahedral phyllosilicates. Chemical. Mater., 9,
1071-1073

Cabezon, E., Ripoll-Rozada, J., Pefia, A., de la Cruz, F., & Arechaga, |. (2015). Towards an
integrated model of bacterial conjugation. FEMS microbiology reviews, 39(1), 8171 95.
https://doi.org/10.1111/1574-6976.12085

Cairns, L. S., Hobley, L., & Stanley-Wall, N. R. (2014). Biofilm formation by Bacillus subtilis: new
insights into regulatory strategies and assembly mechanisms. Molecular microbiology,
93(4), 5871 598. https://doi.org/10.1111/mmi.12697

Carrasco, B., Cozar, M. C., Lurz, R., Alonso, J. C., & Ayora, S. (2004). Genetic recombination in
Bacillus subtilis 168: contribution of Holliday junction processing functions in chromosome
segregation. Journal of bacteriology, 186(17), 55571 5566.
https://doi.org/10.1128/JB.186.17.5557-5566.2004

Cawoy, H., Mariutto, M., Henry, G., Fisher, C., Vasilyeva, N., Thonart, P., Dommes, J., & Ongena,
M. (2014). Plant defense stimulation by natural isolates of Bacillus depends on efficient
surfactin  production. Molecular plant-microbe interactions: MPMI, 27(2), 87i100.
https://doi.org/10.1094/MPMI-09-13-0262-R



https://doi.org/10.1016/j.mimet.2009.09.013
https://doi.org/10.1093/nar/gkz310
https://doi.org/10.1016/j.cub.2016.08.058
https://doi.org/10.1073/pnas.1614191114
https://doi.org/10.1007/978-3-642-20332-9_3
https://doi.org/10.1007/7651_2014_190
https://doi.org/10.1007/978-3-662-04305-9_4
https://doi.org/10.1007/s00253-016-7999-1
https://doi.org/10.1016/j.biotechadv.2015.01.004
https://doi.org/10.1111/1574-6976.12085
https://doi.org/10.1111/mmi.12697
https://doi.org/10.1128/JB.186.17.5557-5566.2004
https://doi.org/10.1094/MPMI-09-13-0262-R

Bibliography 163

Challis, G. L., Ravel, J., & Townsend, C. A. (2000). Predictive, structure-based model of amino acid
recognition by nonribosomal peptide synthetase adenylation domains. Chemistry & biology,
7(3), 2111 224. https://doi.org/10.1016/s1074-5521(00)00091-0

Chandler, S., Van Hese, N., Coutte, F., Jacques, P., Hofte, M., & De Veesschauwer, D. (2015). Role
of cyclic lipopeptides produced by Bacillus subtilis in mounting induced immunity in rice
(Oryza sativa L.). Physiological and molecular plant pathology. 91: 20-30.
https://doi.org/10.1016/|.pmpp.2015.05.010

Chang, S., & Cohen, S. N. (1979). High frequency transformation of Bacillus subtilis protoplasts by
plasmid DNA. Molecular & general genetics: MGG, 168(1), 111i115.
https://doi.org/10.1007/BF00267940

Chassy, B., Mercenier, A., Flickinger, J. (1988). Transformacion de bacterias por electroporacion.
Trends in Biotechnology. 6 (12), 303 i 309. https://doi.org/10.1016/0167-7799(88)90025-X

Chaudhary, R., Nanda J., y Tran, D. (2003). Guia para identificar las limitaciones de campo en la
produccion de arroz. Comité Internacional de Arroz. Organizacion de las Naciones Unidas
para la agricultura y la alimentacién.

Chavez-Jacobo, V. (2018). El sistema de edicion genética CRISPR/Cas y su uso como
antimicrobiano especifico. TIP. Revista especializada en ciencias quimico-biolégicas, 21
(2), 201825,

Chen, F., Gao, Y., Chen, X., Yu, Z., & Li, X. (2013a). Quorum quenching enzymes and their
application in degrading signal molecules to block quorum sensing-dependent infection.
International journal of molecular sciences, 14(9), 1747771 17500.
https://doi.org/10.3390/ijms140917477

Chen, L., Gu, W., Xu, H. Y., Yang, G. L., Shan, X. F., Chen, G., Kang, Y. H., Wang, C. F., & Qian,
A. D. (2018). Comparative genome analysis of Bacillus velezensis reveals a potential for
degrading lignocellulosic biomass. 3 Biotech, 8(5), 253. https://doi.org/10.1007/s13205-018-
1270-7

Chen, X. H., Koumoutsi, A., Scholz, R., Eisenreich, A., Schneider, K., Heinemeyer, I., Morgenstern,
B., Voss, B., Hess, W. R., Reva, O., Junge, H., Voigt, B., Jungblut, P. R., Vater, J.,
Sussmuth, R., Liesegang, H., Strittmatter, A., Gottschalk, G., & Borriss, R. (2007).
Comparative analysis of the complete genome sequence of the plant growth-promoting
bacterium Bacillus amyloliquefaciens FZB42. Nature biotechnology, 25(9), 10077 1014.
https://doi.org/10.1038/nbt1325

Chen, X. H., Koumoultsi, A., Scholz, R., Schneider, K., Vater, J., Sissmuth, R., Piel, J., & Borriss, R.
(2009). Genome analysis of Bacillus amyloliquefaciens FZB42 reveals its potential for
biocontrol of plant pathogens. Journal of biotechnology, 140(1-2), 27i37.
https://doi.org/10.1016/].jbiotec.2008.10.011

Chen, X. H., Vater, J., Piel, J., Franke, P., Scholz, R., Schneider, K., Koumoutsi, A., Hitzeroth, G.,
Grammel, N., Strittmatter, A. W., Gottschalk, G., Sussmuth, R. D., & Borriss, R. (2006).
Structural and functional characterization of three polyketide synthase gene clusters in
Bacillus amyloliquefaciens FzZB42. Journal of bacteriology, 188(11), 4024i 4036.
https://doi.org/10.1128/JB.00052-06

Chen, X., Lu, Y., Shan, M., Zhao, H., Lu, Z., & Lu, Y. (2022). A mini-review: mechanism of
antimicrobial action and application of surfactin. World journal of microbiology &
biotechnology, 38(8), 143. https://doi.org/10.1007/s11274-022-03323-3

Chen, Y., Gozzi, K., Yan, F., & Chai, Y. (2015). Acetic Acid Acts as a Volatile Signal To Stimulate
Bacterial Biofilm Formation. mBio, 6(3), e00392. https://doi.org/10.1128/mBi0.00392-15

Chen, Y., Yan, F., Chai, Y., Liu, H., Kolter, R., Losick, R., & Guo, J. (2013b). Biocontrol of tomato
wilt disease by Bacillus subtilis isolates from natural environments depends on conserved
genes mediating biofilm formation. Environmental Microbiology, 15(3), 848i 864.
http://doi.org/10.1111/j.1462-2920.2012.02860.x

Cheng, J., Sagar, K., Yang, S., & Suh, J. (2016). Endophytic Bacillus subtilis MIJMP2 from Kimchi
inhibits Xanthomonas oryzae pv oryzae, the pathogen of rice bacterial blight disease.



https://doi.org/10.1016/s1074-5521(00)00091-0
https://doi.org/10.1016/j.pmpp.2015.05.010
https://doi.org/10.1007/BF00267940
https://doi.org/10.1016/0167-7799(88)90025-X
https://doi.org/10.3390/ijms140917477
https://doi.org/10.1007/s13205-018-1270-7
https://doi.org/10.1007/s13205-018-1270-7
https://doi.org/10.1038/nbt1325
https://doi.org/10.1016/j.jbiotec.2008.10.011
https://doi.org/10.1128/JB.00052-06
https://doi.org/10.1007/s11274-022-03323-3
https://doi.org/10.1128/mBio.00392-15
http://doi.org/10.1111/j.1462-2920.2012.02860.x

164 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

Journal of Applied Biological Chemistry, 59(2), 149-154.
http://dx.doi.org/10.3839/jabc.2016.027

Chien, C. C., & Y. C. Chang. (1987) The susceptibility of rice plants at different growth stages and
of 21 commercial rice varieties to Pseudomonas glumae. Journal of Agricultural Research.
of China, 36 (3), 302-310.

Chittora, D., Meena, M., Barupal, T., Sharma, K., Jain, T., Swapnil, P., Sharma, K. (2019).
Conjugation. In: Vonk, J., & Shackelford, T. K. (2019). Encyclopedia of Animal Cognition and
Behavior. Springer, Cham. https://doi.org/10.1007/978-3-319-47829-6_274-1

Cho, H. S., Park, S. Y., Ryu, C. M., Kim, J. F., Kim, J. G., & Park, S. H. (2007). Interference of
quorum sensing and virulence of the rice pathogen Burkholderia glumae by an engineered
endophytic bacterium. FEMS microbiology ecology, 60(1), 1471 23.
https://doi.org/10.1111/j.1574-6941.2007.00280.x

Choi, H. A., Lee, Y. C., Lee, J. Y., Shin, H. J., Han, H. K., & Kim, G. J. (2013). A simple bacterial
transformation method using magnesium- and calcium-aminoclays. Journal of
microbiological methods, 95(2), 977 101. https://doi.org/10.1016/j.mimet.2013.07.018

Choudhary, D. K., & Johri, B. N. (2009). Interactions of Bacillus spp. and plants--with special
reference to induced systemic resistance (ISR). Microbiological research, 164(5), 4931 513.
https://doi.org/10.1016/].micres.2008.08.007

Choudhary, D. K., Prakash, A., & Johri, B. N. (2007). Induced systemic resistance (ISR) in plants:
mechanism of action. Indian journal of microbiology, 47(4), 289i297.
https://doi.org/10.1007/s12088-007-0054-2

Chowdhury, S. P., Hartmann, A., Gao, X., & Borriss, R. (2015b). Biocontrol mechanism by root-
associated Bacillus amyloliquefaciens FZB42 - a review. Frontiers in microbiology, 6, 780.
https://doi.org/10.3389/fmicb.2015.00780

Chowdhury, S. P., Uhl, J., Grosch, R., Alquéres, S., Pittroff, S., Dietel, K., Schmitt-Kopplin, P.,
Borriss, R., & Hartmann, A. (2015a). Cyclic Lipopeptides of Bacillus amyloliquefaciens
subsp. plantarum Colonizing the Lettuce Rhizosphere Enhance Plant Defense Responses
Toward the Bottom Rot Pathogen Rhizoctonia solani. Molecular plant-microbe interactions:
MPMI, 28(9), 9841 995. https://doi.org/10.1094/MPMI-03-15-0066-R

Chung, E. J., Hossain, M. T., Khan, A., Kim, K. H., Jeon, C. O., & Chung, Y. R. (2015). Bacillus
oryzicola sp. nov., an Endophytic Bacterium Isolated from the Roots of Rice with
Antimicrobial, Plant Growth Promoting, and Systemic Resistance Inducing Activities in Rice.
The plant pathology journal, 31(2), 1527 164. https://doi.org/10.5423/PPJ.0A.12.2014.0136

Claverys, J. P., Prudhomme, M., & Martin, B. (2006). Induction of competence regulons as a general
response to stress in gram-positive bacteria. Annual review of microbiology, 60, 4511 475.
https://doi.org/10.1146/annurev.micro.60.080805.142139

Compant, S., Duffy, B., Nowak, J., Clément, C., & Barka, E. A. (2005). Use of plant growth-promoting
bacteria for biocontrol of plant diseases: principles, mechanisms of action, and future
prospects.  Applied and  environmental microbiology, 71(9), 495171 4959.
https://doi.org/10.1128/AEM.71.9.4951-4959.2005

Concordet, J. P., & Haeussler, M. (2018). CRISPOR: intuitive guide selection for CRISPR/Cas9
genome editing experiments and screens. Nucleic acids research, 46(W1), W2421 W245.
https://doi.org/10.1093/nar/gky354

Costa, J. (2019). Engenharia genética em probidticos para ativacéo do sistema de rna interferente
(RNAIi) em camardes: uma potencial aplicagdo no controle de doencas virais. Tese
apresentada como parte dos requisitos para obtencdo do grau de Doutor e Aquicultura.
Universidade Federal do Rio Grande i FURG. Rio Grande, Brasil.

Crump, N.S., Cother, E.J. & Ash, G.J. (1999). Clarifying the nomenclature in microbial weed control.
Biocontrol Science and Technology, 9, 891 97. http://dx.doi.org/10.1080/09583159929947

Cruz Ramos, H., Hoffmann, T., Marino, M., Nedjari, H., Presecan-Siedel, E., Dreesen, O., Glaser,
P., & Jahn, D. (2000). Fermentative metabolism of Bacillus subtilis: physiology and
regulation of gene expression. Journal of bacteriology, 182(11), 30721 3080.
https://doi.org/10.1128/JB.182.11.3072-3080.2000



http://dx.doi.org/10.3839/jabc.2016.027
https://doi.org/10.1007/978-3-319-47829-6_274-1
https://doi.org/10.1111/j.1574-6941.2007.00280.x
https://doi.org/10.1016/j.mimet.2013.07.018
https://doi.org/10.1016/j.micres.2008.08.007
https://doi.org/10.1007/s12088-007-0054-2
https://doi.org/10.3389/fmicb.2015.00780
https://doi.org/10.1094/MPMI-03-15-0066-R
https://doi.org/10.5423/PPJ.OA.12.2014.0136
https://doi.org/10.1146/annurev.micro.60.080805.142139
https://doi.org/10.1128/AEM.71.9.4951-4959.2005
https://doi.org/10.1093/nar/gky354
http://dx.doi.org/10.1080/09583159929947
https://doi.org/10.1128/JB.182.11.3072-3080.2000

Bibliography 165

Cui, Z., Zhu, B., Li, B., & Huang, S. (2016). Research status and prospect of Burkholderia glumae,
the pathogen causing bacterial panicle blight. Rice Science, 23(3), 111-118.
http://dx.doi.org/10.1016/j.rsci.2016.01.007

Daas, M. S., Acedo, J. Z., Rosana, A. R. R,, Orata, F. D., Reiz, B., Zheng, J., Nateche, F., Case, R.
J., Kebbouche-Gana, S., & Vederas, J. C. (2018). Bacillus amyloliquefaciens ssp. plantarum
F11 isolated from Algerian salty lake as a source of biosurfactants and bioactive
lipopeptides. FEMS microbiology letters, 365(1), 10.1093/femsle/fnx248.
https://doi.org/10.1093/femsle/fnx248

Debois, D., Jourdan, E., Smargiasso, N., Thonart, P., De Pauw, E., & Ongena, M. (2014).
Spatiotemporal monitoring of the antibiome secreted by Bacillus biofilms on plant roots using
MALDI mass spectrometry imaging. Analytical chemistry, 86(9), 4431i4438.
https://doi.org/10.1021/ac500290s

Degrassi, G., Devescovi, G., Kim, J., Hwang, I., & Venturi, V. (2008). Identification, characterization
and regulation of two secreted polygalacturonases of the emerging rice pathogen
Burkholderia glumae. FEMS microbiology ecology, 65(2), 25171 262.
https://doi.org/10.1111/].1574-6941.2008.00516.x

Dempwolff, F., Sanchez, S., & Kearns, D. B. (2020). TnFLX: a Third-Generation mariner-Based
Transposon System for Bacillus subtilis. Applied and environmental microbiology, 86(10),
€02893-19. https://doi.org/10.1128/AEM.02893-19

Devescovi, G., Bigirimana, J., Degrassi, G., Cabrio, L., LiPuma, J. J., Kim, J., Hwang, I., & Venturi,
V. (2007). Involvement of a quorum-sensing-regulated lipase secreted by a clinical isolate
of Burkholderia glumae in severe disease symptoms in rice. Applied and environmental
microbiology, 73(15), 49507 4958. https://doi.org/10.1128/AEM.00105-07

Di Conza, J. A., Power, P., & Gutkind, G. O. (2013). Intercambio de mecanismos de resistencia
entrebacterias gram negativas. Revista Farmaceutica Reviews, 155, 57 1 69.

Di mkii, 1., Stankovil, S., Nigavil, M., Peffheovil,

Profile and Antimicrobial Activity of Bacillus Lipopeptide Extracts of Five Potential Biocontrol
Strains. Frontiers in microbiology, 8, 925. https://doi.org/10.3389/fmicb.2017.00925

Dong, Y. H., Gusti, A. R., Zhang, Q., Xu, J. L., & Zhang, L. H. (2002). Identification of quorum-
quenching N-acyl homoserine lactonases from Bacillus species. Applied and environmental
microbiology, 68(4), 17541 1759. https://doi.org/10.1128/AEM.68.4.1754-1759.2002

Dower, W. J., Miller, J. F., & Ragsdale, C. W. (1988). High efficiency transformation of E. coli by high
voltage electroporation. Nucleic acids research, 16(13), 61271 6145.
https://doi.org/10.1093/nar/16.13.6127

Dunlap, C. A., Bowman, M. J., & Schisler, D. A. (2013). Genomic analysis and secondary metabolite
production in Bacillus amyloliquefaciens AS 43.3: a biocontrol antagonist of Fusarium head
blight. Biological Control, 64, 1661 175. https://doi.org/10.1016/j.biocontrol.2012.11.002

Dunlap, C. A,, Kim, S. J., Kwon, S. W., & Rooney, A. P. (2016). Bacillus velezensis is not a later
heterotypic synonym of Bacillus amyloliquefaciens; Bacillus methylotrophicus, Bacillus
amyloliquefaciens subsp. plantarum and 'Bacillus oryzicola' are later heterotypic synonyms
of Bacillus velezensis based on phylogenomics. International journal of systematic and
evolutionary microbiology, 66(3), 12121 1217. https://doi.org/10.1099/ijsem.0.000858

Earl, A. M., Losick, R., & Kolter, R. (2008). Ecology and genomics of Bacillus subtilis. Trends in
Microbiology, 16(6), 269. http://doi.org/10.1016/j.tim.2008.03.004

Eikmanns, B. J., Thum-Schmitz, N., Eggeling, L., Ludtke, K. U., & Sahm, H. (1994). Nucleotide
sequence, expression and transcriptional analysis of the Corynebacterium glutamicum gltA
gene encoding citrate synthase. Microbiology (Reading, England), 140 ( Pt 8), 18171 1828.
https://doi.org/10.1099/13500872-140-8-1817

Erega, A. Stefani c, P., Dogs a, ., Danevl| il
Mandic Mulec, I. (2021). Bacillaene Mediates the Inhibitory Effect of Bacillus subtilis on

M

N


http://dx.doi.org/10.1016/j.rsci.2016.01.007
https://doi.org/10.1093/femsle/fnx248
https://doi.org/10.1021/ac500290s
https://doi.org/10.1111/j.1574-6941.2008.00516.x
https://doi.org/10.1128/AEM.02893-19
https://doi.org/10.1128/AEM.00105-07
https://doi.org/10.3389/fmicb.2017.00925
https://doi.org/10.1128/AEM.68.4.1754-1759.2002
https://doi.org/10.1093/nar/16.13.6127
https://doi.org/10.1016/j.biocontrol.2012.11.002
https://doi.org/10.1099/ijsem.0.000858
http://doi.org/10.1016/j.tim.2008.03.004
https://doi.org/10.1099/13500872-140-8-1817

166 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

Campylobacter jejuni Biofilms. Applied and environmental microbiology, 87(12), e0295520.
https://doi.org/10.1128/AEM.02955-20

Fan Haiyan, Ru Jinjiang, Zhang Yuanyuan, Wang Qi, Li Yan. (2017b). Fengycin produced by Bacillus
subtilis 9407 plays a major role in the biocontrol of apple ring rot disease. Microbiological
Research http://dx.doi.org/10.1016/j.micres.2017.03.004

Fan, B., Blom, J., Klenk, H.-P., & Borriss, R. (2017a). Bacillus amyloliquefaciens, Bacillus velezensis,
and Bacillus siamensis For m an ' Oper aB. amylolguefac@nsé u wi t hBi
subtilis Species Complex. Frontiers in Microbiology, 8, 22.
http://doi.org/10.3389/fmicb.2017.00022

Fan, B., Carvalhais, L. C., Becker, A., Fedoseyenko, D., von Wirén, N., & Borriss, R. (2012).
Transcriptomic profiling of Bacillus amyloliquefaciens FZB42 in response to maize root
exudates. BMC microbiology, 12, 116. https://doi.org/10.1186/1471-2180-12-116

FAO. 2022. https://www.fao.org/faostat/en/#data

FEDEARROZ. (2016). IV CENSO NACIONAL ARROCERO 2016. Pp: 180. Disponible en:
https://fedearroz.s3.amazonaws.com/media/documents/Libro_Censo_General.pdf
FEDEARROZ. (2014). Discurso instalacion del XXXIV. Congreso Nacional arrocero. En
http://www.fedearroz.com.co/revistanew/arroz508. Pdf. Consulta: Septiembre, 2017.

Fels, U., Gevaert, K., & Van Damme, P. (2020). Bacterial Genetic Engineering by Means of
Recombineering for Reverse Genetics. Frontiers in microbiology, 11, 548410.
https://doi.org/10.3389/fmicb.2020.548410

Feng, H., Zhang, N., Du, W., Zhang, H., Liu, Y., Fu, R., Shao, J., Zhang, G., Shen, Q., & Zhang, R.
(2018). ldentification of Chemotaxis Compounds in Root Exudates and Their Sensing
Chemoreceptors in Plant-Growth-Promoting Rhizobacteria Bacillus amyloliquefaciens
SQR9. Molecular plant-microbe interactions MPMI,  31(10), 995i 1005.
https://doi.org/10.1094/MPMI-01-18-0003-R

Fernandez, F.; Vergara, B.S.; Yapit, N.; Garcia, O. (1985). Crecimiento y etapas de desarrollo de la
planta de arroz. In: TASCON, J.E.; GARCIA, D.E. (Ed). Arroz: investigacion y produccion.
Cali: CIAT. p.83- 101.

Ferndndez, S., Ayora, S., & Alonso, J. C. (2000). Bacillus subtilis homologous recombination: genes
and products. Research in microbiology, 151(6), 4817 486. https://doi.org/10.1016/s0923-
2508(00)00165-0

Fernie, A. R., Aharoni, A., Willmitzer, L., Stitt, M., Tohge, T., Kopka, J., Carroll, A. J., Saito, K.,
Fraser, P. D., & DelLuca, V. (2011). Recommendations for reporting metabolite data. The
Plant cell, 23(7), 24771 2482. https://doi.org/10.1105/tpc.111.086272

Fetzner S. (2015). Quorum quenching enzymes. Journal of biotechnology, 201, 2i14.
https://doi.org/10.1016/].jbiotec.2014.09.001

Fickers, P. (2012). Antibiotic compounds from Bacillus: Why are they so Amazing?. American
Journal of Biochemistry and Biotechnology, 8(1), 38-43.
https://doi.org/10.3844/ajbbsp.2012.38.43

Flérez Zapata, N. M., & Uribe Vélez, D. (2011). Determinacion de la Infeccién de Burkholderia
glumae en Semillas de Variedades Comerciales Colombianas de Arroz. Revista Facultad
Nacional de Agronomia - Medellin, 64(2), 6093-6104.

Fory, P. A,, Triplett, L., Ballen, C., Abello, J. F., Duitama, J., Aricapa, M. G., Prado, G. A., Correa,
F., Hamilton, J., Leach, J. E., Tohme, J., & Mosquera, G. M. (2014). Comparative analysis
of two emerging rice seed bacterial pathogens. Phytopathology, 104(5), 43671 444.
https://doi.org/10.1094/PHYTO-07-13-0186-R

Foster, P. (1991). In Vivo Mutagenesis. Methods Enzymology, 204, 114- 115.

Fritze, D. (2004). Taxonomy of the genus Bacillus and related genera: the aerobic endospore-
forming bacteria. Phytopathology, 94(11), 12457 1248.
https://doi.org/10.1094/PHYTO.2004.94.11.1245

t

he


https://doi.org/10.1128/AEM.02955-20
http://dx.doi.org/10.1016/j.micres.2017.03.004
http://doi.org/10.3389/fmicb.2017.00022
https://doi.org/10.1186/1471-2180-12-116
https://doi.org/10.3389/fmicb.2020.548410
https://doi.org/10.1094/MPMI-01-18-0003-R
https://doi.org/10.1016/s0923-2508(00)00165-0
https://doi.org/10.1016/s0923-2508(00)00165-0
https://doi.org/10.1105/tpc.111.086272
https://doi.org/10.1016/j.jbiotec.2014.09.001
https://doi.org/10.3844/ajbbsp.2012.38.43
https://doi.org/10.1094/PHYTO-07-13-0186-R
https://doi.org/10.1094/PHYTO.2004.94.11.1245

Bibliography 167

Fuchs, S. W., Jaskolla, T. W., Bochmann, S., Kétter, P., Wichelhaus, T., Karas, M., Stein, T., &
Entian, K. D. (2011). Entianin, a novel subtilin-like lantibiotic from Bacillus subtilis subsp.
spizizenii DSM 15029T with high antimicrobial activity. Applied and environmental
microbiology, 77(5), 16981 1707. https://doi.org/10.1128/AEM.01962-10

Gao, L., Guo, J., Fan, Y., Ma, Z., Lu, Z., Zhang, C., Zhao, H., & Bie, X. (2018). Module and individual
domain deletions of NRPS to produce plipastatin derivatives in Bacillus subtilis. Microbial
cell factories, 17(1), 84. https://doi.org/10.1186/s12934-018-0929-4

Gao, Z., Zhangf, B., Liu, H., Han, J., & Zhang, Y. (2017). Identification of endophytic Bacillus
velenzensis ZSY-1 strain and antifungal activity its volatile compounds against Alternaria
solani and Botrytis cinerea. Biological control, 105, 27-39.
https://doi.org/10.1016/j.biocontrol.2016.11.007

Garge, S., & Naerurkar, S. (2017). Evaluation of quorum quenching Bacillus spp. for their biocontrol
traits against Pectobacterium carotovorum subsp. carotovorum causing soft rot. Biocatalysis
and agricultural biotechnology, 9, 48-57. https://doi.org/10.1016/j.bcab.2016.11.004

Geng, W., Cao, M., Song, C., Xie, H., Liu, L., Yang, C., Feng, J., Zhang, W., Jin, Y., Du, Y., & Wang,
S. (2011). Complete genome sequence of Bacillus amyloliquefaciens LL3, which exhibits
glutamic acid-independent production of poly-o-glutamic acid. Journal of bacteriology,
193(13), 33931 3394. https://doi.org/10.1128/JB.05058-11

Genomospecies Harbor a Rich Biosynthetic Potential of Antimicrobial Compounds. Microorganisms,
11, 168. https://doi.org/10.3390/microorganisms11010168

Ghelardi, E., Salvetti, S., Ceragioli, M., Gueye, S. A., Celandroni, F., & Senesi, S. (2012).
Contribution of surfactin and SwrA to flagellin expression, swimming, and surface motility in
Bacillus subtilis. Applied and environmental microbiology, 78(18), 6540i 6544.
https://doi.org/10.1128/AEM.01341-12

Goémez-Ramirez, L. F., & Uribe-Vélez, D. (2021). Phosphorus Solubilizing and Mineralizing Bacillus
spp. Contribute to Rice Growth Promotion Using Soil Amended with Rice Straw. Current
microbiology, 78(3), 9321 943. https://doi.org/10.1007/s00284-021-02354-7

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme, P., & Tiedje, J. M.
(2007). DNA-DNA hybridization values and their relationship to whole-genome sequence
similarities. International journal of systematic and evolutionary microbiology, 57(Pt 1), 811
91. https://doi.org/10.1099/ijs.0.64483-0

Gotor-Vila, A., Teixiddé, N., Di Francesco, A., Usall, J., Ugolini, L., Torres, R., & Mari, M. (2017).
Antifungal effect of volatile organic compounds produced by Bacillus amyloliquefaciens
CPA-8 against fruit pathogen decays of cherry. Food microbiology, 64, 2197 225.
https://doi.org/10.1016/j.fm.2017.01.006

Groot, M. N., Nieboer, F., & Abee, T. (2008). Enhanced transformation efficiency of recalcitrant
Bacillus cereus and Bacillus weihenstephanensis isolates upon in vitro methylation of
plasmid DNA. Applied and environmental microbiology, 74(24), 781717820.
https://doi.org/10.1128/AEM.01932-08

Guérout-Fleury, A. M., Shazand, K., Frandsen, N., & Stragier, P. (1995). Antibiotic-resistance
cassettes for Bacillus subtilis. Gene, 167(1-2), 335i 336. https://doi.org/10.1016/0378-
1119(95)00652-4

Guleria, S., Walia, A., Chauhan, A., & Shirkot, C. K. (2016). Molecular characterization of alkaline
protease of Bacillus amyloliquefaciens SP1 involved in biocontrol of Fusarium oxysporum.
International journal of food microbiology, 232, 13471 143.
https://doi.org/10.1016/j.iffoodmicro.2016.05.030

Guo, Q., Dong, W., Li, S., Lu, X., Wang, P., Zhang, X., Wang, Y., & Ma, P. (2014). Fengycin produced
by Bacillus subtilis NCD-2 plays a major role in biocontrol of cotton seedling damping-off
disease. Microbiological research, 169(7-8), 533i 540.
https://doi.org/10.1016/j.micres.2013.12.001

Guoyan, Z., Yingfeng, A., Zabed, H., Qi, G., Yang, M., Jiao, Y., Li, W., Wenjing, S., & Xianghui, Q.
(2019). Bacillus subtilis Spore Surface Display Technology: A Review of Its Development



https://doi.org/10.1128/AEM.01962-10
https://doi.org/10.1186/s12934-018-0929-4
https://doi.org/10.1016/j.biocontrol.2016.11.007
https://doi.org/10.1016/j.bcab.2016.11.004
https://doi.org/10.1128/JB.05058-11
https://doi.org/10.3390/microorganisms11010168
https://doi.org/10.1128/AEM.01341-12
https://doi.org/10.1007/s00284-021-02354-7
https://doi.org/10.1099/ijs.0.64483-0
https://doi.org/10.1016/j.fm.2017.01.006
https://doi.org/10.1128/AEM.01932-08
https://doi.org/10.1016/0378-1119(95)00652-4
https://doi.org/10.1016/0378-1119(95)00652-4
https://doi.org/10.1016/j.ijfoodmicro.2016.05.030
https://doi.org/10.1016/j.micres.2013.12.001

168 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

and Applications. Journal of microbiology and biotechnology, 29(2), 179i190.
https://doi.org/10.4014/imb.1807.06066

Gupta, R. S., Patel, S., Saini, N., & Chen, S. (2020). Robust demarcation of 17 distinct Bacillus
species clades, proposed as novel Bacillaceae genera, by phylogenomics and comparative
genomic analyses: description of Robertmurraya kyonggiensis sp. nov. and proposal for an
emended genus Bacillus limiting it only to the members of the Subtilis and Cereus clades of
species. International journal of systematic and evolutionary microbiology, 70(11), 575371
5798. https://doi.org/10.1099/ijsem.0.004475

Hagen, S. J. (2017). Bacillus subtilis competence and sporulation: The final exam. In The Physical
Microbe (pp. 7-1 to 7-9). Morgan & Claypool Publishers. https://doi.org/10.1088/978-1-6817-
4529-9ch7

Ham, J. H., Melanson, R. A., & Rush, M. C. (2011). Burkholderia glumae: next major pathogen of
rice?. Molecular plant pathology, 12(4), 329i339. https://doi.org/10.1111/j.1364-
3703.2010.00676.x

Hamid, R., Khan, M. A., Ahmad, M., Ahmad, M. M., Abdin, M. Z., Musarrat, J., & Javed, S. (2013).
Chitinases: An update. Journal of pharmacy & bioallied sciences, 5(1), 21i29.
https://doi.org/10.4103/0975-7406.106559

Hamoen, L. W., Venema, G., & Kuipers, O. P. (2003). Controlling competence in Bacillus subtilis:
shared use of regulators. Microbiology (Reading, England), 149(Pt 1), 9i17.
https://doi.org/10.1099/mic.0.26003-0

Hamon, M. A., & Lazazzera, B. A. (2001). The sporulation transcription factor SpoOA is required for
biofilm development in Bacillus subtilis. Molecular microbiology, 42(5), 11991 1209.
https://doi.org/10.1046/].1365-2958.2001.02709.x

Han, P., Ma, A., Ning, Y., Chen, Z,, Liu, Y., Zhuo, L., Li, S., Jia, Y. (2023). Global gene-mining
strategy for searching nonribosomal peptides as antimicrobial agents from microbial
sources. LWT, 1809, 114708. https://doi.org/10.1016/j.lwt.2023.114708

Hanahan, D. (1983). Studies on transformation of Escherichia coli with plasmids. Journal of
molecular biology, 166(4), 5571 580. https://doi.org/10.1016/s0022-2836(83)80284-8

Hartmann, A., Schmid, M., van Tuinen, D., & Berg, G. (2008). Plant-driven selection of microbes.
Plant Soil 321, 235i 257. http://dx.doi.org/10.1007/s11104-008-9814-y

Heinze, S., Kornberger, P., Gratz, C., Schwarz, W. H., Zverlov, V. V., & Liebl, W. (2018).
Transmating: conjugative transfer of a new broad host range expression vector to various
Bacillus species using a single protocol. BMC microbiology, 18(1), 56.
https://doi.org/10.1186/s12866-018-1198-4

Hikichi, Y. (1993). Relationship between population dynamics of Pseudomonas glumae on rice
plants and disease severity of bacterial grain rot of rice. Journal of Pesticide Science. 18,
3191 324. https://doi.org/ 10.1584/jpestics.18.4 319

Hoang, V., Park, D., Lee, Y. (2017). Aminoclays for biological and environmental applications: An
updated review. Chemical Engineering Journal. 336 (5), 757-772.
https://doi.org/10.1016/.cej.2017.12.052

Hopwood, D. A. (1981). Genetic studies with bacterial protoplasts. Annual review of microbiology,
35, 2371 272. https://doi.org/10.1146/annurev.mi.35.100181.001321

Hou, S., Larsen, R. W., Boudko, D., Riley, C. W., Karatan, E., Zimmer, M., Ordal, G. W., & Alam, M.
(2000). Myoglobin-like aerotaxis transducers in Archaea and Bacteria. Nature, 403(6769),
54071 544. https://doi.org/10.1038/35000570

Hou, Y., Xu, Y., Zhang, Y., Yu, L., Wang, L., & Huang, S. (2020). First Report of Bacterial Panicle
Blight of Rice Caused by Burkholderia glumae in Southern China. Plant Disease, 104 (4).
https://doi.org/10.1094/PDIS-09-19-1880-PDN

Hu, G., Wang, Y., Blake, C., Nordgaard, M., Liu, X., Wang, B., & Kovécs, A. T. (2023). Parallel
genetic adaptation of Bacillus subtilis to different plant species. Microbial genomics, 9(7),
mgen001064. https://doi.org/10.1099/mgen.0.001064


https://doi.org/10.4014/jmb.1807.06066
https://doi.org/10.1099/ijsem.0.004475
https://doi.org/10.1088/978-1-6817-4529-9ch7
https://doi.org/10.1088/978-1-6817-4529-9ch7
https://doi.org/10.1111/j.1364-3703.2010.00676.x
https://doi.org/10.1111/j.1364-3703.2010.00676.x
https://doi.org/10.4103/0975-7406.106559
https://doi.org/10.1099/mic.0.26003-0
https://doi.org/10.1046/j.1365-2958.2001.02709.x
https://doi.org/10.1016/s0022-2836(83)80284-8
http://dx.doi.org/10.1007/s11104-008-9814-y
https://doi.org/10.1186/s12866-018-1198-4
https://doi.org/10.1016/j.cej.2017.12.052
https://doi.org/10.1146/annurev.mi.35.100181.001321
https://doi.org/10.1038/35000570
https://doi.org/10.1094/PDIS-09-19-1880-PDN

Bibliography 169

Huang, daW., Sherman, B. T., & Lempicki, R. A. (2009). Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resources. Nature protocols, 4(1), 44i57.
https://doi.org/10.1038/nprot.2008.211

Huang, X., Chaparro, J., Reardon, K., Zhang, R., Shen, Q., & Vivanco, J. (2014). Rhizosphere
interactions: root exudates, microbes, and microbial communities. Botany, 92, 267-275.
https://doi.org/10.1139/cjb-2013-0225

Huerta-Cepas, J., Serra, F., & Bork, P. (2016). ETE 3: Reconstruction, Analysis, and Visualization
of Phylogenomic Data. Molecular biology and evolution, 33(6), 16351 1638.
https://doi.org/10.1093/molbev/msw046

Hur, G. H., Vickery, C. R., & Burkart, M. D. (2012). Explorations of catalytic domains in hon-ribosomal
peptide synthetase enzymology. Natural product reports, 29(10), 10741 1098.
https://doi.org/10.1039/c2np20025b

latsenko, I., Yim, J. J., Schroeder, F. C., & Sommer, R. J. (2014). B. subtilis GS67 protects C.
elegans from Gram-positive pathogens via fengycin-mediated microbial antagonism.
Current biology: CB, 24(22), 2720i 2727. https://doi.org/10.1016/j.cub.2014.09.055

Ikehata, H., & Ono, T. (2011). The mechanisms of UV mutagenesis. Journal of radiation research,
52(2), 1157 125. https://doi.org/10.1269/jrr.10175

Jacques, P. (2011). Surfactin and Other Lipopeptides from Bacillus spp. In: Soberén-Chavez, G.
(eds) Biosurfactants. Microbiology Monographs, vol 20. Springer, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-14490-5 3

Jahne, J., Le, T. T., Blumenscheit, C., Schneider, A., Luong, T., Le., P. T., Blom, J., Vater, J.,
Schweder, T, Lash, P., & Borriss, R. (2023). Novel Plant-Associated BreviBacillus and
LysiniBacillus

Jeong, Y., Kim, J., Kim, S., Kang, Y., Nagamatsu, T., & Hwang, I. (2003). Toxoflavin Produced by
Burkholderia glumae Causing Rice Grain Rot Is Responsible for Inducing Bacterial Wilt in
Many Field Crops. Plant disease, 87(8), 8901 895.
https://doi.org/10.1094/PDIS.2003.87.8.890

Jha, S., Kumar, C., & Modi, H. (2014). Microbial chitinases: Manifestation and prospective. Chapter
In Book: Microbes in Process, Publisher: nova Science Publisher. Editors: Neelan garg and
Abhinav Aeron. Hauppeauge. USA. ISBN: 9781631171277.

Jiang, W., Bikard, D., Cox, D., Zhang, F., & Marraffini, L. A. (2013). RNA-guided editing of bacterial
genomes using CRISPR-Cas systems. Nature biotechnology, 31(3), 233i239.
https://doi.org/10.1038/nbt.2508

Jones, J. D., & Dangl, J. L. (2006). The plant immune system. Nature, 444(7117), 3237 329.
https://doi.org/10.1038/nature05286

Juhas, M., & Ajioka, J. W. (2016). Integrative bacterial artificial chromosomes for DNA integration
into the Bacillus subtilis chromosome. Journal of microbiological methods, 125, 1i7.
https://doi.org/10.1016/j.mimet.2016.03.017

Jwa, N. S., Kumar Agrawal, G., Rakwal, R., Park, C. H., & Prasad Agrawal, V. (2001). Molecular
cloning and characterization of a novel Jasmonate inducible pathogenesis-related class 10
protein gene, JIOsPR10, from rice (Oryza sativa L.) seedling leaves. Biochemical and
biophysical research communications, 286(5), 9731 983.
https://doi.org/10.1006/bbrc.2001.5507

Kai M. (2020). Diversity and Distribution of Volatile Secondary Metabolites Throughout Bacillus
subtilis Isolates. Frontiers in microbiology, 11, 559.
https://doi.org/10.3389/fmicb.2020.00559

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C., Dohmae, N., Takio, K., Minami,
E., & Shibuya, N. (2006). Plant cells recognize chitin fragments for defense signaling through
a plasma membrane receptor. Proceedings of the National Academy of Sciences of the
United States of America, 103(29), 110861 11091. https://doi.org/10.1073/pnas.0508882103

Kamilova, F., Okon, Y., deWeert,S.,and Hora,K. (2015). Commercialization of microbes:
manufacturing,inoculation,best practice for objective field testing, and registration Principles



https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1139/cjb-2013-0225
https://doi.org/10.1093/molbev/msw046
https://doi.org/10.1039/c2np20025b
https://doi.org/10.1016/j.cub.2014.09.055
https://doi.org/10.1269/jrr.10175
https://doi.org/10.1007/978-3-642-14490-5_3
https://doi.org/10.1094/PDIS.2003.87.8.890
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1038/nature05286
https://doi.org/10.1016/j.mimet.2016.03.017
https://doi.org/10.1006/bbrc.2001.5507
https://doi.org/10.3389/fmicb.2020.00559
https://doi.org/10.1073/pnas.0508882103

170 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

of Plant Microbe Interactions. Microbes for Sustainable Agriculture, ed.B.Lugtenberg (Berlin:
Springer.),319i 327.

Kanduger M., & Miklavl] il D. (2009) Electropo
Electrotechnologies for Extraction from Food Plants and Biomaterials. Food Engineering
Series. Springer, New York, NY. https://doi.org/10.1007/978-0-387-79374-0 1

Kang, Y., Kim, J., Kim, S., Kim, H., Lim, J. Y., Kim, M., Kwak, J., Moon, J. S., & Hwang, |. (2008).
Proteomic analysis of the proteins regulated by HrpB from the plant pathogenic bacterium
Burkholderia glumae. Proteomics, 8(1), 1061 121. https://doi.org/10.1002/pmic.200700244

Kang, Y., Shen, M., Xia, D., Ye, X., Zhao, D., & Hu, J. (2017). Caution of intensified spread of
antibiotic resistance genes by inadvertent introduction of beneficial bacteria into soil. Acta
Agriculturae Sxandinavuca, 67 (6). https://doi.org/10.1080/09064710.2017.1314548

Karki, H. S. (2010). Physiological, biochemical and molecular characteristics associated with
virulence of Burkholderia glumae: the major causative agent of bacterial panicle blight of
rice. Thesis for Master of Science Plant Pathology and Crop Physiology. Lousiana State
University and Agriculture and Mechanical College. EU.

Karki, H. S., Shrestha, B. K., Han, J. W., Groth, D. E., Barphagha, I. K., Rush, M. C., Melanson, R.
A., Kim, B. S., & Ham, J. H. (2012). Diversities in virulence, antifungal activity, pigmentation
and DNA fingerprint among strains of Burkholderia glumae. PloS one, 7(9), e45376.
https://doi.org/10.1371/journal.pone.0045376

Kayalvizhi, N., Rameshkumar, N., & Gunasekaran, P. (2016). Cloning and characterization of
mersacidin like bacteriocin from Bacillus licheniformis MKU3 in Escherichia coli. Journal of
food science and technology, 53(5), 22981 2306. https://doi.org/10.1007/s13197-016-2195-

y

Kearns, D. B., Chu, F., Branda, S. S., Kolter, R., & Losick, R. (2005). A master regulator for biofilm
formation by Bacillus subtilis. Molecular  microbiology, 55(3), 739i 749.
https://doi.org/10.1111/].1365-2958.2004.04440.x

Kecskeméti, A., Bartal, A., Béka, B., Kredics, L., Manczinger, L., Shine, K., Alharby, N. S., Khaled,
J. M., Varga, M., Vagvoélgyi, C., & Szekeres, A. (2018). High-Frequency Occurrence of
Surfactin Monomethyl Isoforms in the Ferment Broth of a Bacillus subtilis Strain Revealed
by lon Trap Mass Spectrometry. Molecules (Basel, Switzerland), 23(9), 2224.
https://doi.org/10.3390/molecules23092224

Kim, J., Kang, Y., Choi, O., Jeong, Y., Jeong, J. E., Lim, J. Y., Kim, M., Moon, J. S., Suga, H., &
Hwang, |. (2007). Regulation of polar flagellum genes is mediated by quorum sensing and
FIhDC in Burkholderia glumae. Molecular microbiology, 64(1), 165i179.
https://doi.org/10.1111/].1365-2958.2007.05646.x

Kim, J., Kim, J. G., Kang, Y., Jang, J. Y., Jog, G. J., Lim, J. Y., Kim, S., Suga, H., Nagamatsu, T., &
Hwang, I. (2004). Quorum sensing and the LysR-type transcriptional activator ToxR regulate
toxoflavin biosynthesis and transport in Burkholderia glumae. Molecular microbiology, 54(4),
9217 934. https://doi.org/10.1111/j.1365-2958.2004.04338.x

Kim, N., Kim, J. J., Kim, I, Mannaa, M., Park, J., Kim, J., Lee, H. H., Lee, S. B., Park, D. S., Sul, W.
J., & Seo, Y. S. (2020b). Type VI secretion systems of plant-pathogenic Burkholderia glumae
BGR1 play a functionally distinct role in interspecies interactions and virulence. Molecular
plant pathology, 21(8), 10551 1069. https://doi.org/10.1111/mpp.12966

Kim, Y. T.,Kim, S. E., Lee, W. J., Fumei, Z., Cho, M. S., Moon, J. S., Oh, H. W., Park, H. Y., & Kim,
S. U. (2020a). Isolation and characterization of a high iturin yielding Bacillus velezensis UV
mutant  with improved antifungal activity. PloS one, 15(12), e0234177.
https://doi.org/10.1371/journal.pone.0234177

Klausmann, P., Lilge, L., Aschern, M., Hennemann, K., Henkel, M., Hausmann, R., & Morabbi
Heravi, K. (2021). Influence of B. subtilis 3NA mutations in spoOA and abrB on surfactin
production in  B. subtilis 168. Microbial cell factories, 20(1), 188.
https://doi.org/10.1186/s12934-021-01679-z

rati on

n


https://doi.org/10.1007/978-0-387-79374-0_1
https://doi.org/10.1002/pmic.200700244
https://doi.org/10.1080/09064710.2017.1314548
https://doi.org/10.1371/journal.pone.0045376
https://doi.org/10.1007/s13197-016-2195-y
https://doi.org/10.1007/s13197-016-2195-y
https://doi.org/10.1111/j.1365-2958.2004.04440.x
https://doi.org/10.3390/molecules23092224
https://doi.org/10.1111/j.1365-2958.2007.05646.x
https://doi.org/10.1111/j.1365-2958.2004.04338.x
https://doi.org/10.1111/mpp.12966
https://doi.org/10.1371/journal.pone.0234177
https://doi.org/10.1186/s12934-021-01679-z

Bibliography 171

Kloepper, J. W., Ryu, C. M., & Zhang, S. (2004). Induced Systemic Resistance and Promotion of
Plant  Growth by Bacillus spp. Phytopathology, 94(11), 12597 1266.
https://doi.org/10.1094/PHYTO.2004.94.11.1259

Konkol, M. A., Blair, K. M., & Kearns, D. B. (2013). Plasmid-encoded Coml inhibits competence in
the ancestral 3610 strain of Bacillus subtilis. Journal of bacteriology, 195(18), 40857 4093.
https://doi.org/10.1128/JB.00696-13

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., & Phillippy, A. M. (2017). Canu:
scalable and accurate long-read assembly via adaptive k-mer weighting and repeat
separation. Genome research, 27(5), 7221 736. https://doi.org/10.1101/gr.215087.116

Koumoutsi, A., Chen, X. H., Henne, A., Liesegang, H., Hitzeroth, G., Franke, P., Vater, J., & Borriss,
R. (2004). Structural and functional characterization of gene clusters directing nonribosomal
synthesis of bioactive cyclic lipopeptides in Bacillus amyloliquefaciens strain FZB42. Journal
of bacteriology, 186(4), 10841 1096. https://doi.org/10.1128/JB.186.4.1084-1096.2004

Kovg§cs, C.T., Smits, W K., MiroEGzuk, A. M. a
genes in Bacillus species indicate the presence of functional DNA uptake machineries.
Environmental Microbiology, 11: 1911-1922. https://doi.org/10.1111/].1462-

2920.2009.01937.x

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Molecular biology and evolution, 33(7), 18707 1874.
https://doi.org/10.1093/molbev/imsw054

Kurita, T. & Tabei, H. (1967). On the pathogenic bacterium of bacterial grain rot of rice. Annual
Phytopathology Society. Japan. 33, 111.

Lakhssassi, N., Baharlouei, A., Meksem, J., Hamilton-Brehm, S. D., Lightfoot, D. A., Meksem, K., &
Liang, Y. (2020). EMS-Induced Mutagenesis of Clostridium carboxidivorans for Increased
Atmospheric CO2 Reduction Efficiency and Solvent Production. Microorganisms, 8(8), 1239.
https://doi.org/10.3390/microorganisms8081239

Latif, A., Igbal, M., & Asgher, M. (2018). Ethyl Methane Sulfonate Chemical Mutagenesis of Bacillus
subtilis for Enhanced Production of Protease. International Journal Organic and Medicinal,
5 (3), 555664 Chemistry. https://doi.org/10.19080/0OMCIJ.2018.05.555664

Lee, C., Mannaa, M., Kim, N., Kim, J., Choi, Y., Kim, S. H., Jung, B., Lee, H. H., Lee, J., & Seo, Y.
S. (2019). Stress Tolerance and Virulence-Related Roles of Lipopolysaccharide in
Burkholderia ~ glumae. The plant pathology  journal, 35(5), 4457 458.
https://doi.org/10.5423/PPJ.0A.04.2019.0124

Lemfack, M. C., Gohlke, B. O., Toguem, S. M. T., Preissner, S., Piechulla, B., & Preissner, R. (2018).
mVOC 2.0: a database of microbial volatiles. Nucleic acids research, 46(D1), D12611 D1265.
https://doi.org/10.1093/nar/gkx1016

Leontiadou, H., Mark, A. E., & Marrink, S. J. (2004). Molecular dynamics simulations of hydrophilic
pores in lipid bilayers. Biophysical journal, 86(4), 215671 2164. https://doi.org/10.1016/S0006-
3495(04)74275-7

Li, B., Li, Q., Xu, Z., Zhang, N., Shen, Q., & Zhang, R. (2014). Responses of beneficial Bacillus
amyloliquefaciens SQR9 to different soilborne fungal pathogens through the alteration of
antifungal compounds  production. Frontiers in  microbiology, 5, 636.
https://doi.org/10.3389/fmicb.2014.00636

Li, L., Wang, L., Liu, L., Hou, Y., Li, Q., & Huang, S. (2016a). Infection process of Burkholderia
glumae before booting stage of rice. Journal of Phythopathology, 164 (10), 825 i 832.
https://doi.org/10.1111/jph.12502

Li, Lu., & Wang, L, Meng L, Xuan, H., Huang, S. W., & Li, Q. (2017). Infection process of Burkholderia
glumae in rice spikelets. Journal of Phytopathology, 165 (2), 123 -130.
https://doi.org/10.1111/jph.12545

Li, S. B., Xu, S. R., Zhang, R. N., Liu, Y., & Zhou, R. C. (2016b). The Antibiosis Action and Rice-
Induced Resistance, Mediated by a Lipopeptide from Bacillus amyloliquefaciens B014, in
Controlling Rice Disease Caused by Xanthomonas oryzae pv. oryzae. Journal of
microbiology and biotechnology, 26(4), 7481 756. https://doi.org/10.4014/imb.1510.10072

nd

Kui


https://doi.org/10.1094/PHYTO.2004.94.11.1259
https://doi.org/10.1128/JB.00696-13
https://doi.org/10.1128/JB.186.4.1084-1096.2004
https://doi.org/10.1111/j.1462-2920.2009.01937.x
https://doi.org/10.1111/j.1462-2920.2009.01937.x
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.3390/microorganisms8081239
https://doi.org/10.19080/OMCIJ.2018.05.555664
https://doi.org/10.5423/PPJ.OA.04.2019.0124
https://doi.org/10.1093/nar/gkx1016
https://doi.org/10.1016/S0006-3495(04)74275-7
https://doi.org/10.1016/S0006-3495(04)74275-7
https://doi.org/10.3389/fmicb.2014.00636
https://doi.org/10.1111/jph.12502
https://doi.org/10.1111/jph.12545
https://doi.org/10.4014/jmb.1510.10072

172 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

Li, Y., Gu, Y., Li, J., Xu, M., Wei, Q., & Wang, Y. (2015). Biocontrol agent Bacillus amyloliquefaciens
LJO2 induces systemic resistance against cucurbits powdery mildew. Frontiers in
microbiology, 6, 883. https://doi.org/10.3389/fmicb.2015.00883

Li, Y., Li, X., Jia, D., Liu, J., Wang, J., Liu, A., Liu, Z., Guan, G., Liu, G., Luo, J., & Yin, H. (2020).
Complete genome sequence and antimicrobial activity of Bacillus velezensis JT3-1, a
microbial germicide isolated from yak feces. 3 Biotech, 10(5), 231.
https://doi.org/10.1007/s13205-020-02235-z

Liao, J. H., Chen, P. Y., Yang, Y. L., Kan, S. C., Hsieh, F. C., & Liu, Y. C. (2016). Clarification of the
Antagonistic Effect of the Lipopeptides Produced by Bacillus amyloliquefaciens BPD1
against Pyricularia oryzae via In Situ MALDI-TOF IMS Analysis. Molecules (Basel,
Switzerland), 21(12), 1670. https://doi.org/10.3390/molecules21121670

Lim, J., Lee, T. H., Nahm, B. H., Choi, Y. D., Kim, M., & Hwang, I. (2009). Complete genome
sequence of Burkholderia glumae BGR1. Journal of bacteriology, 191(11), 37581 3759.
https://doi.org/10.1128/JB.00349-09

Liu, Z., Budiharjo, A., Wang, P., Shi, H., Fang, J., Borriss, R., Zhang, K., & Huang, X. (2013). The
highly modified microcin peptide plantazolicin is associated with nematicidal activity of
Bacillus amyloliquefaciens FZB42. Applied microbiology and biotechnology, 97(23), 10081
10090. https://doi.org/10.1007/s00253-013-5247-5

Lopez, D., Vlamakis, H. and Kolter, R. (2009), Generation of multiple cell types in Bacillus subtilis.
FEMS Microbiology Reviews, 33: 152-163. https://doi.org/10.1111/j.1574-
6976.2008.00148.x

Lorenz, M. G., & Wackernagel, W. (1994). Bacterial gene transfer by natural genetic transformation
in the environment. Microbiological reviews, 58(3), 5631 602.
https://doi.org/10.1128/mr.58.3.563-602.1994

MacFadyen, L. P., Chen, D., Vo, H. C., Liao, D., Sinotte, R., & Redfield, R. J. (2001). Competence
development by Haemophilus influenzae is regulated by the availability of nucleic acid
precursors. Molecular microbiology, 40(3), 700i 707. https://doi.org/10.1046/].1365-
2958.2001.02419.x

Maeda, Y., Kiba, A., Ohnishi, K. & Hikichi, Y. (2004). New method to detect oxolinic acid -resistant
Burkholderia glumae infesting rice seeds using a mismatch amplification mutation assay
polymerase chain reaction. Journal of General Plant Pathology, 70, 215i217.
https://doi.org/10.1007/s10327-003-0114-3

Magno-Pérez-Bryan, M. C., Martinez-Garcia, P. M., Hierrezuelo, J., Rodriguez-Palenzuela, P.,
Arrebola, E., Ramos, C., de Vicente, A., Pérez-Garcia, A., & Romero, D. (2015).
Comparative Genomics Within the Bacillus Genus Reveal the Singularities of Two Robust
Bacillus amyloliquefaciens Biocontrol Strains. Molecular plant-microbe interactions: MPMI,
28(10), 11027 1116. https://doi.org/10.1094/MPMI-02-15-0023-R

Mahdi, I., Fahsi, N., Hijri, M., & Sobeh, M. (2022). Antibiotic resistance in plant growth promoting
bacteria: A comprehensive review and future perspectives to mitigate potential gene
invasion risks. Frontiers in microbiology, 13, 999988.
https://doi.org/10.3389/fmicb.2022.999988

Maier, B., Chen, I., Dubnau, D., & Sheetz, M. P. (2004). DNA transport into Bacillus subtilis requires
proton motive force to generate large molecular forces. Nature structural & molecular
biology, 11(7), 6431 649. https://doi.org/10.1038/nsmb783

Mandic-Mulec, 1., & Prosser, J. (2011). Diversity of Endospore-forming Bacteria in Soil:
Characterization and Driving Mechanisms. Chapter Book in: Logan N and De Vos. (2011).
Endospore i forming soli bacteria. Soil Biology. 27. https://doi.org/10.1007/978-3-642-
19577-8 2

Mardanova, A., Hadieva, G., Tafkilevich, M., Valerevna, |, Minnullina, L., Gadelevna, A.,
Mikhailovna, L., & Rashdiovna, M. (2017). Bacillus subtilis strains with activity antifungal
against the phytopathogenic fungi. Agriculture Sciences,8 (1), 1-20.



https://doi.org/10.3389/fmicb.2015.00883
https://doi.org/10.3390/molecules21121670
https://doi.org/10.1128/JB.00349-09
https://doi.org/10.1007/s00253-013-5247-5
https://doi.org/10.1111/j.1574-6976.2008.00148.x
https://doi.org/10.1111/j.1574-6976.2008.00148.x
https://doi.org/10.1128/mr.58.3.563-602.1994
https://doi.org/10.1046/j.1365-2958.2001.02419.x
https://doi.org/10.1046/j.1365-2958.2001.02419.x
https://doi.org/10.1007/s10327-003-0114-3
https://doi.org/10.1094/MPMI-02-15-0023-R
https://doi.org/10.3389/fmicb.2022.999988
https://doi.org/10.1038/nsmb783
https://doi.org/10.1007/978-3-642-19577-8_2
https://doi.org/10.1007/978-3-642-19577-8_2

Bibliography 173

May, J. J., Wendrich, T. M., & Marahiel, M. A. (2001). The dhb operon of Bacillus subtilis encodes
the biosynthetic template for the catecholic siderophore 2,3-dihydroxybenzoate-glycine-
threonine trimeric ester bacillibactin. The Journal of biological chemistry, 276(10), 720971
7217. https://doi.org/10.1074/jbc.M009140200

McElroy, D., Rothenberg, M., Reece, K. S., & Wu, R. (1990). Characterization of the rice (Oryza
sativa) actin gene family. Plant molecular biology, 15(2), 257i268.
https://doi.org/10.1007/BF00036912

Meddeb-Mouelhi, F., Dulcey, C., & Beauregard, M. (2012). High transformation efficiency of Bacillus
subtilis with integrative DNA using glycine betaine as osmoprotectant. Analytical
biochemistry, 424(2), 1271 129. https://doi.org/10.1016/j.ab.2012.01.032

Mi, H., Muruganujan, A., & Thomas, P. D. (2013). PANTHER in 2013: modeling the evolution of gene
function, and other gene attributes, in the context of phylogenetic trees. Nucleic acids
research, 41(Database issue), D3771 D386. https://doi.org/10.1093/nar/gks1118

Miguel-Arribas, A., Hao, J. A., Luque-Ortega, J. R., Ramachandran, G., Val-Calvo, J., Gago-
Cérdoba, C., Gonzélez-Alvarez, D., Abia, D., Alfonso, C., Wu, L. J., & Meijer, W. (2017). The
Bacillus subtilis Conjugative Plasmid pLS20 Encodes Two Ribbon-Helix-Helix Type Auxiliary
Relaxosome Proteins That Are Essential for Conjugation. Frontiers in microbiology, 8, 2138.
https://doi.org/10.3389/fmicb.2017.02138

Miranda i Martinez, Y. L. (2022). Caracterizacion de los metabolites secundarios producidos por la
cepa IBUN2755, involucrados en la actividad antimicrobiana y antifiingica contra patégenos
de arroz. Tesis para optar por el titulo de magister en ciencias i Microbiologia. Universidad
Nacional de Colombia. Bogota. Colombia.

MiroCEGzuk, A. M. , Kov §cs, InGuctiorTof natur&l cokpetempce in RBagillusO . P. (2
cereus ATCC14579. Microbial biotechnology, 1(3), 2267 235. https://doi.org/10.1111/].1751-
7915.2008.00023.x

Mitchell, A. M., Strobel, G. A., Moore, E., Robison, R., & Sears, J. (2010). Volatile antimicrobials
from Muscodor crispans, a novel endophytic fungus. Microbiology (Reading, England),
156(Pt 1), 2701 277. https://doi.org/10.1099/mic.0.032540-0

Mizobuchi, R., Sato, H., Fukuoka, S., Tanabata, T., Tsushima, S., Imbe, T., & Yano, M. (2013).
Mapping a quantitative trait locus for resistance to bacterial grain rot in rice. Rice (New York,
N.Y.), 6(1), 13. https://doi.org/10.1186/1939-8433-6-13

Mofid, M. R., Finking, R., Essen, L. O., & Marahiel, M. A. (2004). Structure-based mutational analysis
of the 4'-phosphopantetheinyl transferases Sfp from Bacillus subtilis: carrier protein
recognition  and reaction mechanism. Biochemistry,  43(14), 4128i4136.
https://doi.org/10.1021/bi036013h

Moijica, F. J., Diez-Villasefior, C., Garcia-Martinez, J., & Soria, E. (2005). Intervening sequences of
regularly spaced prokaryotic repeats derive from foreign genetic elements. Journal of
molecular evolution, 60(2), 1741 182. https://doi.org/10.1007/s00239-004-0046-3

Molina-Santiago, C., Pearson, J. R., Navarro, Y., Berlanga-Clavero, M. V., Caraballo-Rodriguez, A.
M., Petras, D., Garcia-Martin, M. L., Lamon, G., Haberstein, B., Cazorla, F. M., de Vicente,
A., Loquet, A., Dorrestein, P. C., & Romero, D. (2019). The extracellular matrix protects
Bacillus subtilis colonies from Pseudomonas invasion and modulates plant co-colonization.
Nature communications, 10(1), 1919. https://doi.org/10.1038/s41467-019-09944-x

Molinatto, G., Franzil, L., Steels, S., Puopolo, G., Pertot, I., & Ongena, M. (2017). Key Impact of an
Uncommon Plasmid on Bacillus amyloliquefaciens subsp. plantarum S499 Developmental
Traits and Lipopeptide  Production.  Frontiers in  Microbiology, 8, 17.
http://doi.org/10.3389/fmicb.2017.00017

Mora, |., Cabrefiga, J., & Montesinos, E. (2015). Cyclic Lipopeptide Biosynthetic Genes and
Products, and Inhibitory Activity of Plant-Associated Bacillus against Phytopathogenic
Bacteria. PloS one, 10(5), e0127738. https://doi.org/10.1371/journal.pone.0127738

Mota, M. S., Gomes, C. B., Souza Junior, I. T., & Moura, A. B. (2017). Bacterial selection for
biological control of plant disease: criterion determination and validation. Brazilian journal of
microbiology, 48(1), 621 70. https://doi.org/10.1016/].bjm.2016.09.003



https://doi.org/10.1074/jbc.M009140200
https://doi.org/10.1007/BF00036912
https://doi.org/10.1016/j.ab.2012.01.032
https://doi.org/10.1093/nar/gks1118
https://doi.org/10.3389/fmicb.2017.02138
https://doi.org/10.1111/j.1751-7915.2008.00023.x
https://doi.org/10.1111/j.1751-7915.2008.00023.x
https://doi.org/10.1099/mic.0.032540-
https://doi.org/10.1186/1939-8433-6-13
https://doi.org/10.1021/bi036013h
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1038/s41467-019-09944-x
http://doi.org/10.3389/fmicb.2017.00017
https://doi.org/10.1371/journal.pone.0127738
https://doi.org/10.1016/j.bjm.2016.09.003

174 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

Nakai, T., Yamauchi, D., & Kubota, K. (2005). Enhancement of linear gramicidin expression from
Bacillus brevis ATCC 8185 by casein peptide. Bioscience, biotechnology, and biochemistry,
69(4), 700i 704. https://doi.org/10.1271/bbb.69.700

Nandakumar, R., Bollich, P.A., Shahjahan, A.K.M., Groth, D.E., & Rush, M.C. (2008). Association of
soilborne Burkholderia gladioli with rice sheath rot and panicle blight symptoms. Canadian
Journal Plant Pathology 30:148- 154.

Nandakumar, R., Shahjahan, A.K.M., Yuan, X.L., Dickstein, E.R., Groth, D.E., Clark, C.A.,
Cartwright, R.D. and Rush, M.C. (2009). Burkholderia glumae and B. gladioli Cause
Bacterial Panicle Blight in Rice in the Southern United States. Plant Disease 93, 896-905.

Neumann, E., Kakorin, S., & Toensing, K. (1999). Fundamentals of electroporative delivery of drugs
and genes. Bioelectrochemistry and bioenergetics (Lausanne, Switzerland), 48(1), 31 16.
https://doi.org/10.1016/s0302-4598(99)00008-2

Nie, P., Li, X., Wang, S., Guo, J., Zhao, H., & Niu, D. (2017). Induced Systemic Resistance against
Botrytis cinerea by Bacillus cereus AR156 through a JA/ET- and NPR1-Dependent Signaling
Pathway and Activates PAMP-Triggered Immunity in Arabidopsis. Frontiers in plant science,
8, 238. https://doi.org/10.3389/fpls.2017.00238

Nihorimbere, V., Cawoy, H., Seyer, A., Brunelle, A., Thonart, P., & Ongena, M. (2012). Impact of
rhizosphere factors on cyclic lipopeptide signature from the plant beneficial strain Bacillus
amyloliquefaciens S499. FEMS microbiology ecology, 79(1), 17671 191.
https://doi.org/10.1111/].1574-6941.2011.01208.x

Niu, D., Wang, X., Wang, Y., Song, X., Wang, J., Guo, J., & Zhao, H. (2016). Bacillus cereus AR156
activates PAMP-triggered immunity and induces a systemic acquired resistance through a
NPR1-and SA-dependent signaling pathway. Biochemical and biophysical research
communications, 469(1), 120i 125. https://doi.org/10.1016/j.bbrc.2015.11.081

Ohno, A., Ano, T., & Shoda, M. (1995). Production of a lipopeptide antibiotic, surfactin, by
recombinant Bacillus subtilis in solid state fermentation. Biotechnology and bioengineering,
47(2), 2091 214. https://doi.org/10.1002/bit.260470212

Olmos, J., & Paniagua-Michel, J. (2014). Bacillus subtilis a potential probiotic bacterium to
formulated functional feeds for aquaculture. Journal of Microbial & Biochemical Technology,
6, 361-365. http://dx.doi.org/10.4172/1948-5948.1000169

Ongena, M., & Jacques, P. (2008). Bacillus lipopeptides: versatile weapons for plant disease
biocontrol. Trends in microbiology, 16(3), 1157 125.
https://doi.org/10.1016/}.tim.2007.12.009

Oren, A., & Garrity, G. M. (2021). Valid publication of the names of forty-two phyla of prokaryotes.
International  journal of systematic and evolutionary microbiology, 71(10),
10.1099/ijsem.0.005056. https://doi.org/10.1099/ijsem.0.005056

Ortega, L., & Rojas, C. M. (2021). Bacterial Panicle Blight and Burkholderia glumae: From Pathogen
Biology to Disease Control. Phytopathology, 111(5), 7721 778.
https://doi.org/10.1094/PHYTO-09-20-0401-RVW

Ospina J y Aldana H. (2001). Enciclopedia Agropecuaria. Produccién Agricola. Terranova. Tomo |

Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., Edwards, R. A., Gerdes,
S., Parrello, B., Shukla, M., Vonstein, V., Wattam, A. R., Xia, F., & Stevens, R. (2014). The
SEED and the Rapid Annotation of microbial genomes using Subsystems Technology
(RAST). Nucleic acids research, 42(Database issue), D206i D214.
https://doi.org/10.1093/nar/gkt1226

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K., Reuter, S., Holden, M. T., Fookes, M., Falush,
D., Keane, J. A., & Parkhill, J. (2015). Roary: rapid large-scale prokaryote pan genome
analysis. Bioinformatics (Oxford, England), 31(22), 36917 3693.
https://doi.org/10.1093/bioinformatics/btv421

Pandin, C., Le Coq, D., Canette, A., Aymerich, S., & Briandet, R. (2017). Should the biofilm mode of
life be taken into consideration for microbial biocontrol agents?. Microbial biotechnology,
10(4), 719i 734. https://doi.org/10.1111/1751-7915.12693



https://doi.org/10.1271/bbb.69.700
https://doi.org/10.1016/s0302-4598(99)00008-2
https://doi.org/10.3389/fpls.2017.00238
https://doi.org/10.1111/j.1574-6941.2011.01208.x
https://doi.org/10.1016/j.bbrc.2015.11.081
https://doi.org/10.1002/bit.260470212
http://dx.doi.org/10.4172/1948-5948.1000169
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1094/PHYTO-09-20-0401-RVW
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1111/1751-7915.12693

Bibliography 175

Pang, Z., Chong, J., Zhou, G., de Lima Morais, D. A., Chang, L., Barrette, M., Gauthier, C., Jacques,
P. E., Li, S., & Xia, J. (2021). MetaboAnalyst 5.0: narrowing the gap between raw spectra
and functional insights. Nucleic acids research, 49(W1), W388iW396.
https://doi.org/10.1093/nar/gkab382

Park, K., Park, Y., Ahamed, J., & Moon, S. (2016). Elicitation of induced systemic resistance of chili
pepper by iturin A analogs derived from Bacillus vallismortis EXTN-1. Canadian journal of
plant science, 96(4). https://doi.org/101139/CJPS-2015-0199

Parra-Pefia., R. |., Florez, S., & Rodriguez. D. (2022). La competitividad de la cadena del arroz en
Colombia. ANDI, pp: 304.

Patil, A. J., Li, M., Dujardin, E., & Mann, S. (2007). Novel bioinorganic nanostructures based on
mesolamellar intercalation or single-molecule wrapping of DNA using organoclay building
blocks. Nano letters, 7(9), 26601 2665. https://doi.org/10.1021/nl0710529

Patil, S., Bheemaraldi, M., Shivannavar, C., & Gaddad, S. (2014). Biocontrol activity of siderophore
producing Bacillus subtilis CTS-G24 against wilt and dry root rot causing fungi in chickpea.
Journal of agriculture and veterinary science, 7, 63-68. https://doi.org/10.9790/2380-
07916368

Pavlin, M. , Leben, V. and Mi kl aveci § c, D. -
Theoretical and experimental analysis of ion diffusion and cell permeabilization. Biochimica
et Biophysica Acta 1770, 127 23.

Pedraza, L. A, Lépez, C. E, & Uribe-Vélez, D. (2020). Mecanismos de accion de Bacillus spp.
(Bacillaceae) contra microorganismos fitopatogenos durante su interaccion con plantas.
Acta Biolégica Colombiana, 25(1), 112-125. https://doi.org/10.15446/abc.v25n1.75045

Pedraza, L. A., Bautista, J., & Uribe-Vélez, D. (2018). Seed-born Burkholderia glumae Infects Rice
Seedling and Maintains Bacterial Population during Vegetative and Reproductive Growth
Stage. The plant pathology journal, 34(5), 3931 402.
https://doi.org/10.5423/PPJ.0OA.02.2018.0030

Pedraza, L.A. (2015). Actividad biocontroladora de Bacterias Aerobias Formadoras de Endospora
(BAFE) rizosfericas contra Burkholderia glumae en plantas de una variedad colombiana de
arroz (Oryza sativa L.). Trabajo de Tesis para optar por el titulo de Magister en Ciencias 1
Microbiologia. Universidad Nacional de Colombia. Sede Bogota.

Pedraza-Herrera, L.A., Barreto-Hernandez, E., & Uribe-Veléz, D. In presentation. Genomic
comparison of Bacillus amyloliquefaciens/B. velezensis with the biocontrol strain IBUN 2755
reveals the intimate interaction of B. velezensis with plants.

Pedraza-Herrera, L.A., Bautista, J.P., Cruz-Ramirez, C.A., Uribe-Vélez, D. (2021). IBUN2755
Bacillus strain controls seedling root and bacterial panicle blight caused by Burkholderia
glumae. Biol. Control. 153:104494. https://doi.org/10.1016/j.biocontrol.2020.104494

Perea Molina, P. A., Pedraza-Herrera, L. A., Beauregard, P. B., Uribe-Vélez, D. (2022). A biocontrol
Bacillus velezensis strain decreases pathogen Burkholderia glumae population and
occupies a similar niche in rice plants. Biological control, 176, 105067.
https://doi.org/10.1016/].biocontrol.2022.105067.

Pfaffl M. W. (2001). A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic acids research, 29(9), e45. https://doi.org/10.1093/nar/29.9.e45

Pieterse, C. M., Leon-Reyes, A., Van der Ent, S., & Van Wees, S. C. (2009). Networking by small-
molecule hormones in plant immunity. Nature chemical biology, 5(5), 3081 316.
https://doi.org/10.1038/nchembio.164

Pieterse, C. M., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees, S. C., & Bakker, P. A.
(2014). Induced systemic resistance by beneficial microbes. Annual review of
phytopathology, 52, 3471 375. https://doi.org/10.1146/annurev-phyto-082712-102340

Pinson, S. R. M., Shahjahan, A. K. M., Rush, M. C., & Groth, D. E. (2010). Bacterial panicle blight
resistance QTLs in rice and their association with other disease resistance loci and heading
date. Crop Science, 50, 1287-1297. https://doi.org/10.2135/cropsci2008.07.0447

(2007)


https://doi.org/10.1093/nar/gkab382
https://doi.org/101139/CJPS-2015-0199
https://doi.org/10.1021/nl071052q
https://doi.org/10.9790/2380-07916368
https://doi.org/10.9790/2380-07916368
https://doi.org/10.15446/abc.v25n1.75045
https://doi.org/10.5423/PPJ.OA.02.2018.0030
https://doi.org/10.1016/j.biocontrol.2020.104494
https://doi.org/10.1016/j.biocontrol.2022.105067
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1038/nchembio.164
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.2135/cropsci2008.07.0447

176 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

Prasad, B., Sharma, D., Kumar, P., Chandra, R- (2023). Biocontrol potential of Bacillus spp. for
resilient and sustainable agricultural systems. Physiological and Molecular Plant Pathology,
102173. https://doi.org/10.1016/j.pmpp.2023.102173

Provvedi, R., & Dubnau, D. (1999). ComEA is a DNA receptor for transformation of competent
Bacillus subtilis. Molecular microbiology, 31(1), 2717 280. https://doi.org/10.1046/].1365-
2958.1999.01170.x

R Core Team (2020). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Rahman, A., Uddin, W., & Wenner, N. G. (2015). Induced systemic resistance responses in perennial
ryegrass against Magnaporthe oryzae elicited by semi-purified surfactin lipopeptides and
live cells of Bacillus amyloliquefaciens. Molecular plant pathology, 16(6), 5467 558.
https://doi.org/10.1111/mpp.12209

Rahmer, R., Morabbi Heravi, K., & Altenbuchner, J. (2015). Construction of a Super-Competent
Bacillus subtilis 168 Using the P mtlA -comKS Inducible Cassette. Frontiers in microbiology,
6, 1431. https://doi.org/10.3389/fmicb.2015.01431

Rasmussen, T. B., & Givskov, M. (2006). Quorum sensing inhibitors: a bargain of effects.
Microbiology (Reading, England), 152(Pt 4), 8951 904. https://doi.org/10.1099/mic.0.28601-
0

Richter, M., & Rossell6-Méra, R. (2009). Shifting the genomic gold standard for the prokaryotic
species definition. Proceedings of the National Academy of Sciences of the United States of
America, 106(45), 191261 19131. https://doi.org/10.1073/pnas.0906412106

Richter, M., Rossell6-Mora, R., Oliver Gléckner, F., & Peplies, J. (2016). JSpeciesWS: a web server
for prokaryotic species circumscription based on pairwise genome comparison.
Bioinformatics (Oxford, England), 32(6), 9297 931.
https://doi.org/10.1093/biocinformatics/btv681

Rodic, A., Blagojevic, B., Zdobnov, E., Djordjevic, M., & Djordjevic, M. (2017). Understanding key
features of bacterial restriction-modification systems through quantitative modeling. BMC
systems biology, 11(Suppl 1), 377. https://d0oi.org/10.1186/s12918-016-0377-x

Rodriguez, J., Tonelli, M.L., Figueredo, M.S., Ibafiez, F., & Fabra, A. (2018). The lipopeptide
surfactin triggers induced systemic resistance and priming state responses in Arachis
hypogaea L. European Journal Plant Pathology, 152, 84571 851.
https://doi.org/10.1007/s10658-018-1524-6

Roh, J. Y., Liu, Q., Choi, J. Y., Wang, Y., Shim, H. J., Xu, H. G., Choi, G. J., Kim, J. C., & Je, Y. H.
(2009). Construction of a recombinant Bacillus velezensis strain as an integrated control
agent against plant diseases and insect pests. Journal of microbiology and biotechnology,
19(10), 12231 1229. https://doi.org/10.4014/jmb.0902.065

Romero, D., Pérez-Garcia, A., Veening, J. W., de Vicente, A., & Kuipers, O. P. (2006).
Transformation of undomesticated strains of Bacillus subtilis by protoplast electroporation.
Journal of microbiological methods, 66(3), 5561 559.
https://doi.org/10.1016/j.mimet.2006.01.005

Rosado, A., Duarte, G. F., & Seldin, L. (1994). Optimization of electroporation procedure to transform
B. polymyxa SCE2 and other nitrogen-fixing Bacillus. Journal of Microbiological Methods, 19
(1), 17 11. https://doi.org/10.1016/0167-7012(94)90020-5

Rosier, A., Pomerleau, M., Beauregard, P. B., Samac, D. A., & Bais, H. P. (2023). Surfactin and
Spo0A-Dependent Antagonism by Bacillus subtilis Strain UD1022 against Medicago sativa
Phytopathogens. Plants (Basel, Switzerland), 12(5), 1007.
https://doi.org/10.3390/plants12051007

Rudrappa, T., Czymmek, K. J., Paré, P. W., & Bais, H. P. (2008). Root-secreted malic acid recruits
beneficial soil bacteria. Plant physiology, 148(3), 154771 1556.
https://doi.org/10.1104/pp.108.127613

Ryu, C. M., Farag, M. A,, Hu, C. H., Reddy, M. S., Wei, H. X., Paré, P. W., & Kloepper, J. W. (2003).
Bacterial volatiles promote growth in Arabidopsis. Proceedings of the National Academy of



https://doi.org/10.1016/j.pmpp.2023.102173
https://doi.org/10.1046/j.1365-2958.1999.01170.x
https://doi.org/10.1046/j.1365-2958.1999.01170.x
https://www.r-project.org/
https://doi.org/10.1111/mpp.12209
https://doi.org/10.3389/fmicb.2015.01431
https://doi.org/10.1099/mic.0.28601-0
https://doi.org/10.1099/mic.0.28601-0
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1186/s12918-016-0377-x
https://doi.org/10.4014/jmb.0902.065
https://doi.org/10.1016/j.mimet.2006.01.005
https://doi.org/10.1016/0167-7012(94)90020-5
https://doi.org/10.3390/plants12051007
https://doi.org/10.1104/pp.108.127613

Bibliography 177

Sciences of the United States of America, 100(8), 49277 4932.
https://doi.org/10.1073/pnas.0730845100

Sayler, R.J., Cartwright, R.D. and Yang, Y.N. (2006) Genetic characterization and real-time PCR
detection of Burkholderia glumae, a newly emerging bacterial pathogen of rice in the United
States. (vol 90, pg 603, 2006). Plant Disease 91, 1050-1050

Schaad, N.W. (2008) Emerging plant pathogenic bacteria and global warming. In: Pseudomonas
syringae Pathovars and Related Pathogensd Identification, Epidemiology and Genomics
(Fatmi, M., Collmer, A., lacobellis, N.S., Mansfield, J.W., Murillo, J., Schaad, N.W. and
Ullrich, M. eds), pp. 3691 379. New York, NY, USA: Springer.

Schmid, R., Heuckeroth, S., Korf, A., Smirnov, A., Myers, O., Dyrlund, T. S., Bushuiev, R., Murray,
K. J., Hoffmann, N., Lu, M., Sarvepalli, A., Zhang, Z., Fleischauer, M., Dihrkop, K., Wesner,
M., Hoogstra, S. J., Rudt, E., Mokshyna, O., Brungs, C., Ponomar o v , K., € Pl uskez:
(2023). Integrative analysis of multimodal mass spectrometry data in MZmine 3. Nature
biotechnology, 41(4), 4471 449. https://doi.org/10.1038/s41587-023-01690-2

Seemann, T. (2015). Snippy: fast bacterial variant calling from NGS reads.
https://github.com/tseemann/snippy Visit

Seemann T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics (Oxford, England),
30(14), 2068i 2069. https://doi.org/10.1093/bioinformatics/btu153

Seo, D.J., Lee, J. H., Song, Y. S., Park, R. D., & Jung, W. J. (2014). Expression patterns of chitinase
and chitosanase produced from Bacillus cereus in suppression of phytopathogen. Microbial
pathogenesis, 73, 31i 36. https://doi.org/10.1016/j.micpath.2014.05.007

Seo, Y. S, Lim, J. Y., Park, J., Kim, S., Lee, H. H., Cheong, H., Kim, S. M., Moon, J. S., & Hwang,
I. (2015). Comparative genome analysis of rice-pathogenic Burkholderia provides insight
into capacity to adapt to different environments and hosts. BMC genomics, 16(1), 349.
https://doi.org/10.1186/s12864-015-1558-5

Shafi, J., Tian, H., & Ji, M. (2017). Bacillus species as versatile weapons for plant pathogens: a
review, Biotechnology & Biotechnological Equipment, 31 (3), 1 1 14.
https://doi.org/10.1080/13102818.2017.1286950

Shah, F., Huang, J., Cui, K., Nie, L., Shah, T., Chen, C., Wang, K. (2011). Impact of high-temperature
stress on rice plant and its traits related to tolerance. Journal of Agriculture Science, 149 (5),
5457 556. https://doi.org/10.1017/S0021859611000360

She, Q., Hunter, E., Qin, Y., Nicolau, S., Zalis, E. A., Wang, H., Chen, Y., & Chai, Y. (2020). Negative
Interplay between Biofilm Formation and Competence in the Environmental Strains of
Bacillus subtilis. mSystems, 5(5), e00539-20. https://doi.org/10.1128/mSystems.00539-20

Shen, M., Chen, Z., Mao, X., Wang, L., Liang, J., Huo, Q., Yin, X., Qiu, J., & Sun, D. (2018). Two
different restriction-modification systems for degrading exogenous DNA in PaeniBacillus
polymyxa. Biochemical and biophysical research communications, 504(4), 92771 932.
https://doi.org/10.1016/j.bbrc.2018.09.016

Shew, A. M., Durand-Morat, A., Nalley, L. L., Zhou, X. G., Rojas, C., & Thoma, G. (2019). Warming
increases Bacterial Panicle Blight (Burkholderia glumae) occurrences and impacts on USA
rice production. Plos ONE, 14 (7), e0219199. https://doi.org/10.1371/journal.pone.0219199

Shibai, A., Takahashi, Y., Ishizawa, Y., Motooka, D., Nakamura, S., Ying, B. W., & Tsuru, S. (2017).
Mutation accumulation under UV radiation in Escherichia coli. Scientific reports, 7(1), 14531.
https://doi.org/10.1038/s41598-017-15008-1

Shrestha, B. K., Karki, H. S., Groth, D. E., Jungkhun, N., & Ham, J. H. (2016). Biological Control
Activities of Rice-Associated Bacillus sp. Strains against Sheath Blight and Bacterial Panicle
Blight of Rice. PloS one, 11(1), e0146764. https://doi.org/10.1371/journal.pone.0146764

Singh, P. K., Ramachandran, G., Durdn-Alcalde, L., Alonso, C., Wu, L. J., & Meijer, W. J. (2012).
Inhibition of Bacillus subtilis natural competence by a native, conjugative plasmid-encoded
comK repressor protein.  Environmental microbiology, 14(10), 2812 2825.
https://doi.org/10.1111/].1462-2920.2012.02819.x



https://doi.org/10.1073/pnas.0730845100
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1016/j.micpath.2014.05.007
https://doi.org/10.1186/s12864-015-1558-5
https://doi.org/10.1080/13102818.2017.1286950
https://doi.org/10.1017/S0021859611000360
https://doi.org/10.1128/mSystems.00539-20
https://doi.org/10.1016/j.bbrc.2018.09.016
https://doi.org/10.1371/journal.pone.0219199
https://doi.org/10.1038/s41598-017-15008-1
https://doi.org/10.1371/journal.pone.0146764
https://doi.org/10.1111/j.1462-2920.2012.02819.x

178 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

Singh, P. K., Ramachandran, G., Ramos-Ruiz, R., Peir6-Pastor, R., Abia, D., Wu, L. J., & Meijer, W.
J. (2013). Mobility of the native Bacillus subtilis conjugative plasmid pLS20 is regulated by
intercellular signaling. PLoS genetics, 9(10), €1003892.
https://doi.org/10.1371/journal.pgen.1003892

Skinnider, M. A., Merwin, N. J., Johnston, C. W., & Magarvey, N. A. (2017). PRISM 3: expanded
prediction of natural product chemical structures from microbial genomes. Nucleic acids
research, 45(W1), W49i1 W54. https://doi.org/10.1093/nar/gkx320

Smith, D. G. (1969). Bacteria with their coats off: spheroplasts, protoplasts and L-forms. Science
progress, 57(226), 1697 192.

Spizizen J. (1958). Transformation of biochemically deficient strains of Bacillus subtilis by
deoxyribonucleate. Proceedings of the National Academy of Sciences of the United States
of America, 44(10), 10721 1078. https://doi.org/10.1073/pnas.44.10.1072

Stoll, A., Salvatierra-Martinez, R., Gonzélez, M., & Araya, M. (2021). The Role of Surfactin
Production by Bacillus velezensis on Colonization, Biofilm Formation on Tomato Root and
Leaf Surfaces and Subsequent Protection (ISR) against Botrytis cinerea. Microorganisms,
9(11), 2251. https://doi.org/10.3390/microorganisms9112251

Stothard, P., Grant, J. R., & Van Domselaar, G. (2019). Visualizing and comparing circular genomes
using the CGView family of tools. Briefings in bioinformatics, 20(4), 15767 1582.
https://doi.org/10.1093/bib/bbx081

Stragier, P., Bonamy, C., & Karmazyn-Campelli, C. (1988). Processing of a sporulation sigma factor
in Bacillus subtilis: how morphological structure could control gene expression. Cell, 52(5),
6971 704. https://doi.org/10.1016/0092-8674(88)90407-2

Suéarez-Moreno, Z. R., Vinchira-Villarraga, D. M., Vergara-Morales, D. |., Castellanos, L., Ramos, F.
A., Guarnaccia, C., Degrassi, G., Venturi, V., & Moreno-Sarmiento, N. (2019). Plant-Growth
Promotion and Biocontrol Properties of Three Streptomyces spp. Isolates to Control
Bacterial Rice Pathogens. Frontiers in microbiology, 10, 290.
https://doi.org/10.3389/fmicb.2019.00290

Sumi, C. D,, Yang, B. W., Yeo, I. C., & Hahm, Y. T. (2015). Antimicrobial peptides of the genus
Bacillus: a new era for antibiotics. Canadian journal of microbiology, 61(2), 937 103.
https://doi.org/10.1139/cjm-2014-0613

Suyotha, W., Yano, S. , -&3-GNmdonase. presant situdtion and® mosp@ot .
of research. World journal of microbiology & biotechnology, 32(2), 30.
https://doi.org/10.1007/s11274-015-1977-0

Suzuki, F., Sawada, H., Azegami, K. & Tsuchiya, K. (2004) Molecular characterization of the operon
involved in toxoflavin biosynthesis of Burkholderia glumae. Journal of General Plant
Pathology 70, 97-107. https://doi.org/10.1007/s10327-003-0096-1

Swiont ek Brzezinska, M. , Kal wasi Esk a, A, $wi Nt czak,

Exploring the properties of chitinolytic Bacillus isolates for the pathogens biological control.
Microbial pathogenesis, 148, 104462. https://doi.org/10.1016/j.micpath.2020.104462

Tahir, H. A., Gu, Q., Wu, H., Niu, Y., Huo, R., & Gao, X. (2017). Bacillus volatiles adversely affect
the physiology and ultra-structure of Ralstonia solanacearum and induce systemic
resistance in tobacco against bacterial wilt. Scientific reports, 7, 40481.
https://doi.org/10.1038/srep40481

Théatre, A., Cano-Prieto, C., Bartolini, M., Laurin, Y., Deleu, M., Niehren, J., Fida, T., Gerbinet, S.,
Alanjary, M., Medema, M. H., Léonard, A., Lins, L., Arabolaza, A., Gramajo, H., Gross, H.,
& Jacques, P. (2021). The Surfactin-Like Lipopeptides From Bacillus spp.: Natural
Biodiversity and Synthetic Biology for a Broader Application Range. Frontiers in
bioengineering and biotechnology, 9, 623701. https://doi.org/10.3389/fbioe.2021.623701

Torres, M., Pérez, C., Sabaté, D., Petroselli, G., Erra-Balsells, R., & Audisio, M. (2017). Biological
activity of the lipopeptide-producing Bacillus amyloliquefaciens PGPBacCA1l on common
bean Phaseolus vulgaris L. pathogens. Biological control, 105, 93-99.
https://doi.org/10.1016/].biocontrol.2016.12.001



https://doi.org/10.1371/journal.pgen.1003892
https://doi.org/10.1093/nar/gkx320
https://doi.org/10.1073/pnas.44.10.1072
https://doi.org/10.3390/microorganisms9112251
https://doi.org/10.1093/bib/bbx081
https://doi.org/10.1016/0092-8674(88)90407-2
https://doi.org/10.3389/fmicb.2019.00290
https://doi.org/10.1139/cjm-2014-0613
https://doi.org/10.1007/s11274-015-1977-0
https://doi.org/10.1007/s10327-003-0096-1
https://doi.org/10.1016/j.micpath.2020.104462
https://doi.org/10.1038/srep40481
https://doi.org/10.3389/fbioe.2021.623701
https://doi.org/10.1016/j.biocontrol.2016.12.001

Bibliography 179

Towle, K. M., & Vederas, J. C. (2017). Structural features of many circular and leaderless
bacteriocins are similar to those in saposins and saposin-like peptides. MedChemComm,
8(2), 2761 285. https://doi.org/10.1039/c6md00607h

Tsushima, S., Mogi, S., & Saito, H. (1985) Effects of inoculum density, incubation temperature and
incubation period on the development of rice bacterial grain rot (in Japanese). Kyushu Plant
Protection Research, 31, 117 12.

Tsushima, S., Naito, H., & Koitabashi, M. (1996). Population dynamics of Pseudomonas glumae,
cuithe causal agent of bacterial grain rot of rice, on leaf sheaths of rice plants in relation to
disease development in the field. Annals of the Phytopathological Society of Japan, 62,1081
113.

Turgay, K., Hamoen, L. W., Venema, G., & Dubnau, D. (1997). Biochemical characterization of a
molecular switch involving the heat shock protein ClpC, which controls the activity of ComK,
the competence transcription factor of Bacillus subtilis. Genes & development, 11(1), 1191
128. https://doi.org/10.1101/gad.11.1.119

Uematsu, T., Yoshimura, D., Nishiyama, K., lIbaraki, T. and Fuijii, H. (1976). Occurrence of bacterial
seedling rot in nursery flat, caused by grain rot bacterium Pseudomonas glumae. Annals of
the Phytopathological Society of Japan, 42, 3107 312.

Urakami, T,m Ito-Yoshida, C., Araki, H., Kijima, T., Sukuri, K. I., Komagata, K. (1994). Transfer of
Pseudomonas plantarii and Pseudomonas glumae to Burkholderia as Burkholderia spp. and
description of Burkholderia vandii sp. Nov. International Journal of Systematic and
Evolutionary Microbiology, 4, 2, https://doi.org/10.1099/00207713-44-2-235

Van Loon, L. C. (2007). Plant responses to plant growth-promoting rhizobacteria. European Journal
of Plant Pathology, 119, 243- 54. https://doi.org/10.1007/s10658-007-9165-1

van Sinderen, D., Kiewiet, R., & Venema, G. (1995). Differential expression of two closely related
deoxyribonuclease genes, nucA and nucB, in Bacillus subtilis. Molecular microbiology,
15(2), 213i 223. https://doi.org/10.1111/].1365-2958.1995.tb02236.x

Walsh C. T. (2004). Polyketide and nonribosomal peptide antibiotics: modularity and versatility.
Science (New York, N.Y.), 303(5665), 18057 1810. https://doi.org/10.1126/science.1094318

Wang, H., Fewer, D. P., Holm, L., Rouhiainen, L., & Sivonen, K. (2014). Atlas of nonribosomal
peptide and polyketide biosynthetic pathways reveals common occurrence of nhonmodular
enzymes. Proceedings of the National Academy of Sciences of the United States of America,
111(25), 92591 9264. https://doi.org/10.1073/pnas.1401734111

Wang, N., Liu, M., Guo, L., Yang, X., & Qiu, D. (2016). A Novel Protein Elicitor (PeBA1) from Bacillus
amyloliquefaciens NC6 Induces Systemic Resistance in Tobacco. International journal of
biological sciences, 12(6), 7571 767. https://doi.org/10.7150/ijbs.14333

Wash, P., Batool, A., Mulk, S., Nazir, S., Yasmin, H., Mumtaz, S., Alyemeni, M. N., Kaushik, P., &
Hassan, M. N. (2022). Prevalence of Antimicrobial Resistance and Respective Genes
among Bacillus spp., a Versatile Bio-Fungicide. International journal of environmental
research and public health, 19(22), 14997. https://doi.org/10.3390/ijerph192214997

Wattam, A. R., Davis, J. J., Assaf, R., Boisvert, S., Brettin, T., Bun, C., Conrad, N., Dietrich, E. M.,
Disz, T., Gabbard, J. L., Gerdes, S., Henry, C. S., Kenyon, R. W., Machi, D., Mao, C.,
Nordberg, E. K., Olsen, G. J., Murphy-Olson, D. E., Olson,R.,Ov er beek, R. ,
L. (2017). Improvements to PATRIC, the all-bacterial Bioinformatics Database and Analysis
Resource Center. Nucleic acids research, 45(D1), D5351 D542.
https://doi.org/10.1093/nar/gkw1017

Weinberg, J. B., Alexander, B. D., Majure, J. M., Williams, L. W., Kim, J. Y., Vandamme, P., &
LiPuma, J. J. (2007). Burkholderia glumae infection in an infant with chronic granulomatous
disease. Journal of clinical microbiology, 45(2), 6621 665.
https://doi.org/10.1128/JCM.02058-06

Wipat, A., & Harwood, C. R. (1999). The Bacillus subtilis genome sequence: the molecular blueprint
of a soil bacterium. FEMS Microbiology Ecology, 28 (1), 11 9. https://doi.org/10.1111/j.1574-
6941.1999.tb00555.x

é

St eve


https://doi.org/10.1039/c6md00607h
https://doi.org/10.1101/gad.11.1.119
https://doi.org/10.1007/s10658-007-9165-1
https://doi.org/10.1111/j.1365-2958.1995.tb02236.x
https://doi.org/10.1126/science.1094318
https://doi.org/10.1073/pnas.1401734111
https://doi.org/10.7150/ijbs.14333
https://doi.org/10.3390/ijerph192214997
https://doi.org/10.1093/nar/gkw1017
https://doi.org/10.1128/JCM.02058-06
https://doi.org/10.1111/j.1574-6941.1999.tb00555.x
https://doi.org/10.1111/j.1574-6941.1999.tb00555.x

180 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

Wolf, M., Geczi, A., Simon, O., & Borriss, R. (1995). Genes encoding xylan and beta-glucan
hydrolysing enzymes in Bacillus subtilis: characterization, mapping and construction of
strains deficient in lichenase, cellulase and xylanase. Microbiology (Reading, England), 141
(Pt 2), 28171 290. https://doi.org/10.1099/13500872-141-2-281

Worley, B., & Powers, R. (2016). PCA as a practical indicator of OPLS-DA model reliability. Current
Metabolomics, 4(2), 971 103. https://doi.org/10.2174/2213235X04666160613122429

Wu, G., Drufva, E., & Wu, K. (2019). Fast genome editing in Bacillus subtilis. Engineering in life
sciences, 19(6), 4711 477. https://doi.org/10.1002/elsc.201800164

Wu, G, Liu, Y., Xu, Y., Zhang, G., Shen, Q., & Zhang, R. (2018a). Exploring Elicitors of the Beneficial
Rhizobacterium Bacillus amyloliquefaciens SQR9 to Induce Plant Systemic Resistance and
Their Interactions With Plant Signaling Pathways. Molecular plant-microbe interactions:
MPMI, 31(5), 5601 567. https://doi.org/10.1094/MPMI-11-17-0273-R

Wu, K., Fang, Z., Guo, R., Pan, B., Shi, W., Yuan, S., Guan, H., Gong, M., Shen, B., & Shen, Q.
(2015b). Pectin Enhances Bio-Control Efficacy by Inducing Colonization and Secretion of
Secondary Metabolites by Bacillus amyloliquefaciens SQY 162 in the Rhizosphere of
Tobacco. PloS one, 10(5), e0127418. https://doi.org/10.1371/journal.pone.0127418

Wu, L., Li, X., Ma, L., Borriss, R., Wu, Z., & Gao, X. (2018b). Acetoin and 2,3-butanediol from Bacillus
amyloliguefaciens induce stomatal closure in Arabidopsis thaliana and Nicotiana
benthamiana. Journal of experimental botany, 69(22), 56251 5635.
https://doi.org/10.1093/ixb/ery326

Wu, L., Wu, H., Chen, L., Yu, X., Borriss, R., & Gao, X. (2015a). Difficidin and bacilysin from Bacillus
amyloliguefaciens FZB42 have antibacterial activity against Xanthomonas oryzae rice
pathogens. Scientific reports, 5, 12975. https://doi.org/10.1038/srep12975

Wu, Y., Hu, X,, Ge, Y., Zheng, D., & Yuan, Z. (2012). Generation of mariner-based transposon
insertion mutant library of Bacillus sphaericus 2297 and investigation of genes involved in
sporulation and mosquito-larvicidal crystal protein synthesis. FEMS microbiology letters,
330(2), 10571 112. https://doi.org/10.1111/j.1574-6968.2012.02539.x

Xie, S., Zang, H., Wu, H., Uddin Rajer, F., & Gao, X. (2018). Antibacterial effects of volatiles
produced by Bacillus strain D13 against Xanthomonas oryzae pv. oryzae. Molecular plant
pathology, 19(1), 491 58. https://doi.org/10.1111/mpp.12494

Yahya, G., Ebada, A., Khalaf, E. M., Mansour, B., Nouh, N. A., Mosbah, R. A., Saber, S., Moustafa,
M., Negm, S., El-Sokkary, M. M. A., & El-Baz, A. M. (2021). Soil-Associated Bacillus
Species: A Reservoir of Bioactive Compounds with Potential Therapeutic Activity against
Human Pathogens. Microorganisms, 9(6), 1131.
https://doi.org/10.3390/microorganisms9061131

Yang, G., Inoue, A., Takasaki, H., Kaku, H., Akao, S., & Komatsu, S. (2005). A proteomic approach
to analyze auxin- and zinc-responsive protein in rice. Journal of proteome research, 4(2),
4561 463. https://doi.org/10.1021/pr049801h

Yang, H., Li, X., Li, X., Yu, H., & Shen, Z. (2015). Identification of lipopeptide isoforms by MALDI-
TOF-MS/MS based on the simultaneous purification of iturin, fengycin, and surfactin by RP-
HPLC. Analytical and bioanalytical chemistry, 407(9), 25297 2542.
https://doi.org/10.1007/s00216-015-8486-8

Yang, Y., M Pollard, A., Hofler, C., Poschet, G., Wirtz, M., Hell, R., & Sourjik, V. (2015). Relation
between chemotaxis and consumption of amino acids in bacteria. Molecular microbiology,
96(6), 1272i 1282. https://doi.org/10.1111/mmi.13006

Yi, H., Chun, J., & Cha, C. J. (2014). Genomic insights into the taxonomic status of the three
subspecies of Bacillus subtilis. Systematic and applied microbiology, 37(2), 95i 99.
https://doi.org/10.1016/j.syapm.2013.09.006

Yi, Y., & Kuipers, O. P. (2017). Development of an efficient electroporation method for rhizobacterial
Bacillus mycoides strains. Journal of microbiological methods, 133, 82-86.
https://doi.org/10.1016/j.mimet.2016.12.022



https://doi.org/10.1099/13500872-141-2-281
https://doi.org/10.1002/elsc.201800164
https://doi.org/10.1094/MPMI-11-17-0273-R
https://doi.org/10.1371/journal.pone.0127418
https://doi.org/10.1093/jxb/ery326
https://doi.org/10.1038/srep12975
https://doi.org/10.1111/j.1574-6968.2012.02539.x
https://doi.org/10.1111/mpp.12494
https://doi.org/10.3390/microorganisms9061131
https://doi.org/10.1021/pr049801h
https://doi.org/10.1007/s00216-015-8486-8
https://doi.org/10.1111/mmi.13006
https://doi.org/10.1016/j.syapm.2013.09.006
https://doi.org/10.1016/j.mimet.2016.12.022

Bibliography 181

Yi, Y., Li, Z.,, Song, C., & Kuipers, O. P. (2018). Exploring plant-microbe interactions of the
rhizobacteria Bacillus subtilis and Bacillus mycoides by use of the CRISPR-Cas9 system.
Environmental microbiology, 20(12), 424571 4260. https://doi.org/10.1111/1462-2920.14305

Youngman, P. J., Perkins, J. B., & Losick, R. (1983). Genetic transposition and insertional
mutagenesis in Bacillus subtilis with Streptococcus faecalis transposon Tn917. Proceedings
of the National Academy of Sciences of the United States of America, 80(8), 23051 2309.
https://doi.org/10.1073/pnas.80.8.2305

Youngman, P., Perkins, J. B., & Losick, R. (1984). Construction of a cloning site near one end of
Tn917 into which foreign DNA may be inserted without affecting transposition in Bacillus
subtilis or expression of the transposon-borne erm gene. Plasmid, 12(1), 1i9.
https://doi.org/10.1016/0147-619x(84)90061-1

Yuan, J., Zhang, F., Wu, Y., Zhang, J., Raza, W., Shen, Q., & Huang, Q. (2014). Recovery of several
cell pellet-associated antibiotics produced by Bacillus amyloliquefaciens NJN-6. Letters in
applied microbiology, 59(2), 1691 176. https://doi.org/10.1111/lam.12260

Yuan, J., Zhang, N., Huang, Q., Raza, W., Li, R., Vivanco, J. M., & Shen, Q. (2015). Organic acids
from root exudates of banana help root colonization of PGPR strain Bacillus
amyloliquefaciens NJN-6. Scientific reports, 5, 13438. https://doi.org/10.1038/srep13438

Yuan, J., Zhao, M., Li, R., Huang, Q., Rensing, C., Raza, W., & Shen, Q. (2016). Antibacterial
Compounds-Macrolactin Alters the Soil Bacterial Community and Abundance of the Gene
Encoding PKS. Frontiers in microbiology, 7, 1904. https://doi.org/10.3389/fmicb.2016.01904

Yue, J. J., Yuan, J. L., Wu, F. H., Yuan, Y. H., Cheng, Q. W., Hsu, C. T., & Lin, C. S. (2021).
Protoplasts: From Isolation to CRISPR/Cas Genome Editing Application. Frontiers in
genome editing, 3, 717017. https://doi.org/10.3389/fgeed.2021.717017

Zayed, H., Izsvak, Z., Walisko, O., & lvics, Z. (2004). Development of hyperactive sleeping beauty
transposon vectors by mutational analysis. Molecular therapy: the journal of the American
Society of Gene Therapy, 9(2), 2921 304. https://doi.org/10.1016/j.ymthe.2003.11.024

Zeng, C., Zhao, R., Ma, M., Zeng, Z., & Gong, D. (2017). Mutagenesis and characterization of a
Bacillus amyloliquefaciens strain for Cinnamomum camphora seed kernel oil extraction by
agueous enzymatic method. AMB Express, 7(1), 154. https://doi.org/10.1186/s13568-017-
0451-9

Zeriouh, H., de Vicente, A., Pérez-Garcia, A., & Romero, D. (2014). Surfactin triggers biofilm
formation of Bacillus subtilis in melon phylloplane and contributes to the biocontrol activity.
Environmental microbiology, 16(7), 21961 2211. https://doi.org/10.1111/1462-2920.12271

Zhang, G. Q., Bao, P., Zhang, Y., Deng, A. H., Chen, N., & Wen, T. Y. (2011). Enhancing electro-
transformation competency of recalcitrant Bacillus amyloliquefaciens by combining cell-wall
weakening and cell-membrane fluidity disturbing. Analytical biochemistry, 409(1), 13071 137.
https://doi.org/10.1016/j.ab.2010.10.013

Zhang, G., Wang, W., Deng, A., Sun, Z., Zhang, Y., Liang, Y., Che, Y., & Wen, T. (2012). A
mimicking-of-DNA-methylation-patterns pipeline for overcoming the restriction barrier of
bacteria. PLoS genetics, 8(9), €1002987. https://doi.org/10.1371/journal.pgen.1002987

Zhang, H., Cheng, Q. X,, Liu, A. M., Zhao, G. P., & Wang, J. (2017). A Novel and Efficient Method
for Bacteria Genome Editing Employing both CRISPR/Cas9 and an Antibiotic Resistance
Cassette. Frontiers in microbiology, 8, 812. https://doi.org/10.3389/fmicb.2017.00812

Zhang, N. , Yang, D., Kendal |, J. R. A., Borri
(2016). Comparative Genomic Analysis of Bacillus amyloliquefaciens and Bacillus subtilis
Reveals Evolutional Traits for Adaptation to Plant-Associated Habitats. Frontiers in
Microbiology, 7, 2039. http://doi.org/10.3389/fmicb.2016.02039

Zhang, Y., Qi, J., Wang, Y., Wen, J., Zhao, X., & Qi, G. (2022). Comparative study of the role of
surfactin-triggered signalling in biofilm formation among different Bacillus species.
Microbiological research, 254, 126920. https://doi.org/10.1016/j.micres.2021.126920



https://doi.org/10.1111/1462-2920.14305
https://doi.org/10.1073/pnas.80.8.2305
https://doi.org/10.1016/0147-619x(84)90061-1
https://doi.org/10.1111/lam.12260
https://doi.org/10.1038/srep13438
https://doi.org/10.3389/fmicb.2016.01904
https://doi.org/10.3389/fgeed.2021.717017
https://doi.org/10.1016/j.ymthe.2003.11.024
https://doi.org/10.1186/s13568-017-0451-9
https://doi.org/10.1186/s13568-017-0451-9
https://doi.org/10.1111/1462-2920.12271
https://doi.org/10.1016/j.ab.2010.10.013
https://doi.org/10.1371/journal.pgen.1002987
https://doi.org/10.3389/fmicb.2017.00812
http://doi.org/10.3389/fmicb.2016.02039
https://doi.org/10.1016/j.micres.2021.126920

182 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

Zhang, Z., Ding, Z. T., Shu, D., Luo, D., & Tan, H. (2015). Development of an efficient electroporation
method for iturin A-producing Bacillus subtilis ZK. International journal of molecular
sciences, 16(4), 73341 7351. https://doi.org/10.3390/iims16047334

Zhao, Y., Yang, S. Z., & Mu, B. Z. (2012). Quantitative analyses of the isoforms of surfactin produced
by Bacillus subtilis HSO 121 using GC-MS. Analytical sciences: the international journal of
the Japan Society for Analytical Chemistry, 28(8), 7891 793.
https://doi.org/10.2116/analsci.28.789

Zhou, H., Luo, C., Fang, X., Xiang, Y., Wang, X., Zhang, R., & Chen, Z. (2016). Loss of GItB Inhibits
Biofilm Formation and Biocontrol Efficiency of Bacillus subtilis Bs916 by Altering the
Pr oduct i-Polyglutanfiate and Three Lipopeptides. PloS one, 11(5), e€0156247.
https://doi.org/10.1371/journal.pone.0156247

Zhu, B., Lou, M., Huai, Y., Luo, J., & Xu, Li. (2008). Isolation and identification of Burkholderia glumae
from symptomless rice seeds. Rice Science, 15 (2), 145-149. https://doi.org/10.1016/S1672-
6308(08)60033-5

Zvenigorodski 3, V. | ., Pozdniakov, V. N., Buga3chuk,
Bacillus licheniformispl az mi dno3 DNK [ Bacibdus licHeoiformis ly iplasmid o f
DNA]. Genetika, 19(6), 10367 1038.



https://doi.org/10.3390/ijms16047334
https://doi.org/10.2116/analsci.28.789
https://doi.org/10.1371/journal.pone.0156247
https://doi.org/10.1016/S1672-6308(08)60033-5
https://doi.org/10.1016/S1672-6308(08)60033-5

Bibliography 183

5. AnnexAed

Alignments SNPs

SPOOA (-)

CLUSTAL 0(1.2.4) multiple sequence alignment

SPOAL3Eh CTAATTCCGATARAAGRAATTTTCCTGT T TCT T TEAT TEATT TCTCATECATCCCOOCCE (=]

Spoaziss ctaattccgataassgaastittoctettictitgatigattictogtgratocc-cocg 59

SPOAL3ED GOCCECTTTTTT TCRGCTCATTCCGCTRAATAAGACGECTTAACGAGTETTGRATATCGE 12@
spoaziss goccgetttitttogecteattocgeteaataagacgecttaacgagtgttegatatoge 119
SPOAL3Eh CRATCGAGETTTCCAGT TCAATCCGCTCT T T TACTT T TEGCAARACGATRACGATCTCGA 138
Spoal7ss cgatcgagetitccapttcaatocgototittacttttcgraasacogtgacgatctcga 179
SPOAl32D TITTGTTGATCGGT TTGTGEATAAAGT AT TCGATGLCGARAGAATAAGC TTCTCOCCACCA 248
Spoaziss ttttgtigatcgettigtegatasagtaticgateccgagagaataagcttctoccacca 239
SPOAL3eh TITCCTTTGCCTCCACCTACGATATCATCACCGCTTT TCCRT TATACGACCCCTEAMGAT 388
Spoal7ss tttcctitgoctocacctecgatatcatoaccacttttocgtigtacgaccoctgangat 299
SPOAL3Eh GOCGEATCATCTCAAT CCCAT OGO CGRCATCAGIAGATCAATTAATASAATATCGA 368
spoa2iss geeggetogtctoaatoccgtoccgoocccggatoagoagatosatiastansatatoga 359
SPOAL3eh CTTGaTTTAAAATGEAGATAATGCCCT TCAATCTGECT TCCETCCTCTGCCTCACCGACEA 428
Spoa27ss cttgtttassatggagatastegcccttcastotggettocgtectotgectoaccgacgs 419
SPOAL3eh CTTCGECCTAAGTCCTCGTCCTCGATCATCTGT TT TAAAATEEAACGEATOGCCCGETCAT 438
Spoal7ss cttcgoctasgtoctogtoctogatcatctgtittansategmaacgmatcgoccpptcat 479
SPOAL3ED CATCAGCTATAL AACGECA- el

spoaziss catcagetataaazszaacgeat Sal

PROTEINA SPOOA
>spo0A130B

LIPIKEIFLFL LISRASPPARFFSAHSABGLTSVGYRRSRFPVQSALLLFARBRFGVCGIRCRENKLLPPFPLPP
PAISSPLFRCTTPEDAGSSQSRPAPASADQLIKYRGDNALQSGFRPLPHRRLRLSPRPRSSVLKWNGSP&NAQL

>spo0A 2755
LIPIKEIFLFLLISRASPRPAFFRLIPLNKTARVLDIADRGFQFNPLFYFSQNGDDLDFVDRFVDKVFDAERISFSH

HFLCLHLRYHHRFSVVRPLKMPDRLNPVPPRHQQINNIDLFKMEIMPFNLASVLCLTDDFAVLVLDHLFNGTDR
PVIISYKKTH
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rpio (-)

CLUSTAL O(1.2.4) multiple sequence alignmemnt

rpiolleb ST TAGATCACCTCAGCTGTACCGCCAGCAGCTTCAACAGCTTCTTTLGCAGRAGCAGAGA =]

rpi027ss -ttagastcacctoagetgtaccgocagoapettcaacagettctttogeagaagragags 59
B R R e e s e e s s e e e

rpiolseb ATTTATTGECT T T TACAGT TAAT TTT T TCTCTAATTTACCGT TRCCAAGAATCTTTACTC 128

rpi027ss atttattegctittacagtiaatititicictaatttaccgttpccaagaatctitactc 119

FEEFFEFFFFFFEFFFFEFFFEIFFRFEFFIEFFFEIFXFERFF IR EFFFEFETFERFFEEE

rpiolleb CTGCATTAAGTT TG TAAT AR A CAGTCTCAAGAAGAAGTTCAGRAGTEACTTCOGTTE 18

rpi027ss ctgcattasgtttectastaacaccagtctcaagaagaagttcaggagtgacttocgttc 179
B R e S s e e E e g E]

rpiolseb T TG AAAA N GTTCAATTTGTCTACGTTCACAATAGCGTATTCCTTACGRT TRATET 248

rpi027ss cttccgcaasaccgttcaatitetctacgttcacaatagcgtaticctiacgettgatet 239

FEEFFEFFFFFFEFFFFEFFFEIFFRFEFFIEFFFEIFXFERFF IR EFFFEFETFERFFEEE

rpiolleb TTGTAAAACCGCGT TTAGEAAGACGTTRAAT AAAGECATTTETCOLCCCTCGAATLCAG Jga

rpio27ss ttgtasaaccgegtitagesagacgttegsatasapgoatttgtoccce--cgaatocag 297
FEEFFEEFEEETI T IR ERFX R R R ER Rk R R ek R R R EEEE ke Rk s

rpiolzeb GeCaTACACCGOOaOCAGAACRAGCETT T TRACCTTTGTRACCTTTACCAGCTATTTTAL Bl

rpi027ss ggcgtacacceccgccagaacgagegtitigacctttgtpacctitaccagctgttitac 357

FEEFFEFFFFFFEFFFFEFFFEIFFRFEFFIEFFFEIFXFERFF IR EFFFEFETFERFFEEE

rpiolseb CGTTACCAGAAC--- 372

rpio27ss cgttaccagsaccaa 372
FEEETFEEEEFRE
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norG

CLUSTAL 0(1.2.4) multiple seguence alignment

noralies
norGg2yss

noralaes
nera2zss

noralaes
norGa27ss

norGalaes
nera2zss

noralaes
norGa27ss

norGalaes
nera2zss

neralaes
norGa27ss

norGalaes
nera2zss

neralaes
norGa27ss

noralaes
norGa2?ss

noralaes
nora27ss

noralses
norGa2?ss

noralaes
nora27ss

noralses
norg2?ss

TTTATGAGCGCTOCAGAAGAAAAAAAGATGAAARAGCTTCCTAAGTACATACAAATCATT
---ztgagcectocagasgaaasasagatgaassagettoctaagtacatacasateatt
S L e e e s

CAATTTATAAAAGAGAAAATAGGAAATEEAGAA TEECCRATTEEAAGT AAGAT TCCAMGT
caatttatazaagagaasstagoasategsgastegcogattogaagtaagaticcazge

E e e R et

CAGCE A TTRC CAAACACT T TEAGGTGAATAGRAGCACAGTCATTACAGCTTTAGAS
cagcgcacgcttgocaaacactttgagoteaataggagcacagtoattacagetttagag

e e e e =T

GAATTEATGECRGATEGEAT TAATCRALGECAGAL TRRECAAAGERACAG TTGT TACGAAL
gaattgategcpestogattastcgangsragastgoecaaagegacagttgttacoaac

E e e R et

AN TACATGRACACTTTTEECTAAGAAT TCOGCCCCTGATTEGEATCAGTATETAACCTCC
aatacatggacacttttggctasgsattccgoccctgattgegateagtatgtaacctee

e e o e T e e e

BEAATCCAGC AGCCAAGC CAAAAAATCGT TCAAGAGAT CAATAAATCAGAATCARATTCT
ggastccagoagocaagocsanaaatogticasgagatcaatasstoagaatoazatict
e e et

GATCTTATACAGCTCAGTAAAGGAGAACTTTCACATGAGATTTTTCCTTTAGCTGTTATG
gatcttatacagcteagtasaggagaactttcacatgagatttticctttagetgttatys

B e e s e =

AAAGAGATCATREEAAAGETATCTCARAACATAGAGGC ATTCGEATATGAGGAACCALAL
zaagagatcatpogaaagstatctcassacatagagocaticgestateaggaaccazsa

E e e R et

GRATATTTGCCTT TEAGAGAGGCATTAAGCGGCTATCTAAGAACAATCGECATTCAAGCE
geatatttgcctttpapagapocattaagcpoctatctaagaacaatcgpcattcaagcg

E e e e s s s e

TCTCCTTCTTCCATTCTTATTGT T TOGGGOGLACTGLAAGLCC TACAGCTTATATCAATGE
totocttottocattcttatigtttcgegcpgoactgrasgccctacagcttatatcaate

B g L RS T T

GEECTTTTECAAAGREEAT CRACCATTTATCT TRACCAGCCTTCCTATCTTTATTCATTA
geecttttecaaagggeategacegtttatottgaccagocttoctatetitattcatta

FEEFEEFEEFEERFFE S EF R RFFE S R bF hFE R R R R R EE SRR FR R EFREELFEES

CACaTATT TCAATCAGLCGGRATEAAG  TRACTERAGT TCCTATGRATAATGATERACTT
cacgtatttcaatcagocgegatgsagctgactggagttoctatggataateatagactt

FEEFEE R R R R R R R RS R R R R R R R R R AR R R R F R FEF R THEE

TTGCCARAACATATCCACATGECAARREEEEAACEEEREAGEEC TATC TTATATACAAAT
ttgccggazcatatocacatggosageg-geaacggoggagosctatettatatacasat

FrEFEFFEEFTERFRE SRR R RFFEFEF S EbFFREFEFERFEEFREFR R FREELFEES

CCTTETTTTCATAATOCGACAGGTATT -- - - o287
cctigttticataatccgacagetatitiaa 887

EEEEF TR R R R TR TR TR E

&7

128
117

188
177

248
237

388
297

368
357

428
417

488
477

537

597

568
857

7@
717

Fae
776
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759964

CLUSTAL 0(1.2.4) multiple seguence alignmemnt

759954 1388 TOETTTTTATCCTCTGECCGT TTACAAGATTGET TCACGTATTCAGCCTQCOCCTCAAGT ==
759954 2755 ----ttittatcctctggocgtttacaagatigeticacgtgttcagocteccoctcaagt 56
EEEEEFFFEEEEFEEFFEFERRREFFFF R AR EFFE FEEF X RF TR R R ETEE
759954 1388 ATTTGACCCGCAGCTATETTATCTATCGGAAACGCACETAAARATCCOOCCTGCAAAAGE 12@
759954 2755 attteacccgcagctatgtigtctatogeaaacgcacgtaaaaatc-cooctgcazaagg 115

FEEFEFFFEFEEEXFFEXFXXEXFXSFXFEFXEXRXEFXFXEXTXXXZEXFE FFFXEXFXETETHE

759964 1388 GEEATTTT T TATGETEAAAARATAAAAACATARGATATT T TCTGCCAAGETAATEELTGE 13@

7599E4 F7S5 gegattittistootgzaazzatazasacataagatatitictoccaagetaatgectege 175
e R S g ] g e e e R e e S R

759964 1388 GOEECEEEEATTCCTGTTATG- -~ - - 281

759954 2755 grggcgggeattocctgttatetttts iz |

e e L L

GERBC-3
GERECZ_13&8 ATCTTTTAAAGAGACTTCACTRACGRCTTCAAGRATEETATCOCCCOGLATOGTCACATT =25
GEREBC3_2755 -----ttaaagagacticactgacggcttcaagastegtatoc-cocpogtogtoacatt 52
FEXEIFEXXFIFXEXX XXX LEXXLLFXXIFFXXXLEREE R ExF kR ek kR ofis
GERECZ_13aB BACAAACACGRECCGaCCGoAAGCCTERCTATT T TCGCTTTRREECAGCAGETTTTRATA 128
GERBC3_2755 gaCaasCacEgEccegccggasgoctgpctgttttogotttepescapcaggtitigats 112
EXEEEEE R R R R R R R R AR XA R I EEX R EEE X R EETRR ST RR EFEE
GEREC3_13@B BT TAATTTATATCGGORGTCACTCGTCTCATCTATORCCAGTLCCOGLREORAAAGALAG 188
GERBC3_2755 gettaatttatatcggogetocactogtctoatoctatogocagtocccgggcgaaagacag 174
et e RS PSS S PRI RS E RS RS E S S R S L3 R 23
GEREC3_138&B CTTTTCRACT TCCT TCGLGTCCCAGCATCC TRAAAGCGTCATCAGTATGAAAAGIGCLGE 248
GERBC3_2755 ctitttcgacttocttcgegtoccagcatoctgaasgogtcatoagtatgssaagogocgs 232
e e S S g ey ey e
GERECZ_13&8 CECCCATTTGATRARATG-- - --- 258
GEREC3_2755 cgcccatttestgasatgtetoat 258

FEXXEEXEZEXEETREZFES
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GER BB2

CLUSTAL 0(1.2.4) multiple sequence alignment

GEREE2_1368
GERBE2_2755

GEREE2_1388
GEREE2_2755

GEREE2_1388
GEREE2_2755

GEREE2_1368
GEREE2_2755

GEREE2_1388
GEREE2_2755

GEREE2_1388
GEREBE2_2755

GEREE2_1388
GEREBE2_2755

GEREE2_1388
GEREE2_2755

GEREE2_1388
GEREE2_2755

GEREE2_136H
GEREE2_2755

GEREE2_136H
GEREE2_2755

GEREEZ_138B
GERBE2_2755

GEREEZ_138B
GERBE2_2755

GEREEZ_138B
GERBE2_2755

GEREEZ_138B
GERBE2_2755

GEREEZ_138B
GERBE2_2755

CEAATETCACCEICAATAACCCOOCCAGCAGCCARRCATTETTTTTATTTTTCAGTTTGA
------traccgccagtaac-cocccagiagocagecattgtitttatttttcagtttea

FEEFEFFFEFFFFEF FFFFFFEFFFFEFFIFIEFFRIEFFHEXTF XTI EFEFEEFFR

AR TGETETTTAATCCAGATECGCCCCTTTAASAGAGCCGAGCATACAGETGAACTEIT
saatggtgtitaatccgagatgcgoccctitanasgagccgagatacaggtgaactgct

FEFEEFFEEFFFFFFFFFEFF IR EFFEFEFFFEEFFFFEFFERFFXFEFTFREFFFEETFE

GECATET O CACETAAT TAAAARAAAGATATCASACCET TCAATGAAAATGOOCCGRATTT
gecatgtccacgtaatisanagaaagatatcaaaccgttcastgazaatgocccggatit

e e e e

CCAAGaCATGAATCAGERAAATEETCGRATACGTCACCETTTTEECTTCAGCGACCRACA
ccaaggcateastcageganategtcggatacgtcaccgtttigecttcagegaccgaca

e e e e

TACAGCCEATEACGACAAGCAGCET ARG TETAAAASATECTOGCGCITEOGATGOOGA
tacagocgatgacgacaagragcgtasagctgtasaaaatgctogogoctgogatgcces

FEEEEFEXEIXXZXEIXXFXEX XXX EZREXEXEXFX XXX X XX EX R ETER BT X XL R TR

ARACAGC LG CTTTTTORLCTRCTTOGEETTTT TCATARACGECACCAGATAAAGAATCA
aEgacagocgcctttttogoctgottoggetttttoatanacgeaccagatanagaatea

FEEEEFEXEIXXZXEIXXFXEX XXX EZREXEXEXFX XXX X XX EX R ETER BT X XL R TR

T CAART O CRAAAAATACARRAGEETCCGCEEAAACAGCTCAAAAAAGCTTTTETAGE
cctcaagtcccgaaazatacagaagegtccgoggsaacagctcaszanagetitigtage

R R R R R R R R R R R R E AR R F R R R R R R FF AR EF R TR

CTCCTTCOCATRACCGEECGEACGAAATCCAGCTTAAASAGTCTCARACTGAATATRAGCA
ctecttccatgaccgepoggacgaastccagettaaaaagtctcazactgaatatgagea

R R R R R R R R R R R R E AR R F R R R R R R FF AR EF R TR

GOETAATCAGAATGACGATCGCAATCGRAAACAGATAAGCATARAGCTTTRAAATGEGAT
gcgtastcagaatgacgatcgeaateggasacagataageataaagctttgaaatgggat

R R R R R R R R R R R R E AR R F R R R R R R FF AR EF R TR

ARACCCCGOCGETCACATGETARATGCCGACCEICARAAAGATGAATATGACGACACLCA
agaccccgecggtcacatgptagateccgaccpccaganagatgaatateacgacaccea

R R R R R R R R R R R E AR R R E AR R R E AR F R R

TOEECETATTT T T AGTARAAAGTAATTGATRACTTCACCGAGAAAACGEECTTGARAAL
tcgpegtatttttcagtaasaagtaattgatgacttcaccgagaaaacgepcttgaaaac

R R R R R R R R R R R E AR R R E AR R R E AR F R R

ARACGETEAC AL AN AT AR AL TRATGAATARAT TCAGAAGAGAACIGATAGCGOGET
agacgetpacgacasaataacagcteatesataaattcagaagagaaccgatagcecgec

R R R R R R R R R R R E AR R R E AR R R E AR F R R

CCATGATGCTTTRATTCAGC TCATAAATGETTTCCCCGCTETT T TTL TG ARAAACEECA
ccatgatpctttgattcagctoatasategtttccoccgctgtitttctecaaanacgeca

R R R R R R R R R R R E AR R R E AR R R E AR F R R

TASAGAGCAGEACGATECGATARACACGACACTCTRCACAAGAATAATGATCCATOOGE
taaagagcaggaceateccgatasacacgacactctgcacaagaataateatecatocee
e R e e R e s R g ey s a2

TOEEACTETCCGCTGT TRLGECEEAGCEIGECAGTETTAACACGCCOGITCOGATCATTG
tcgpactgtocpctettpcpecpragcgcopcagtettaacacecoccgctocgateatis

R R R R R R R R R R R E AR R R E AR R R E AR F R R

TTCOGCTTACCATRAGAAGTGTCTGCATAAACGACAGCTTGTCTTCOGGT T - - - - - - -
ttocecttaccatgagaagtgtctecatasacgacagctigtctiocgettttttcat

R R R R R R R R R E R R F AR R EE R R R TR LT EEE

53

128
113

138
173

248
233

308
293

368
353

428
4132

438
473

EEE]

583

=1
653

728
e

7e8
773

833

S8
893

951
951
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Aromatic

CLUSTAL 0(1.2.4) multiple seqguence alignment

aromatic_13ee CTATGOGACATCCATTGAGCAGAT TCAGEAAGCGCTCGTCAGAATCAAACGETTTGTTGA &8
aromatic_2755 -------acatccatteagcagattcaggaagcgctcgtoagastcasacgetitetiga 53
FEFEEFFEE TR TR EER R R R TR ek R Rk R R R
aromatic_13ee AAAAAGGECATAAAARAAAGATACGAACCOGETTCGCATCCAAATAAAAGRGGRGRAATAC 128
aromatic_2755 aaazzgeecataszsaazgatacgaaccoggttcgratccaastaaaage-geegastac 112

O O T T T T T T e Y T T T T T T T T

aromatic_l13ee TAGAAAGCCTTCGTAATCATAGTATACCCTCCTTTATCTGTGITTASACATGATTATGTA 188
aromatic_2755 tagasagccttogtaatcatagtataccctoctttatotgtecttaaacateattateta 172

EXEFFFEEFXEEFFFEEXFEEEFXERFXX R XXX EFEXXF R XXX T X FEXTFR T FREE

aromatic_13ee ARAAAGTTCTCTTTEOGAARA - - - —— -~ 281
aromatic_2755 aaaaagttctctitgcgaaaaacaaactt a1

EREFEEREEERREEEEEREEE E

GABP2

GABP2Z_138B TTCTTTCTTATACTAT T TRT AATAGACGATAATACAAGTGATACTARACCATARACAACA o8
GABP2_2755 -toctttcttatactattigtastagacgataatacasgtgatactaaaccatagacaaca 59

L e T e T e E e

GABFP2_138B A AT OO AGARAGATAGATTAAAAACARTARACATTAGTATGACAGAAACAACTATA 128
GABP2_2755 acccatcoccagaaagatagattanzaacagtsaacatiagtatoacagasacaactata 119

sFEEEEFFEEEEERFFFERERE SR FE EERFEREH R B ERE SR EFF RFRF SR EFF B EE

GABFP2_138B CTRA AR e AT TATATACACT T TTTTGAAAATATAAGTRAATATAATCGATAAGALG 128
GABP2_2755 ctgacazgogocattatatacacttttttigaszatataagtgaatataatogatasgace 179

e i e R L S R et s s

GABF2_138E ATAATARASAGTEETAAASTACCAAAAGCAAGATCTAGCTCATCCATTATTATTCTCCTT 248
GABP2_2755 atzatagsaagtegtassataccasaagcasgatotagcteatocattattattctectt 239

e i e R L S R et s s

GABP2_1308 TETGAATTTAATTTCCCTTTAAATATACTCACTCAGC TRTCTAGLGATTTARAAAATGTA ]
GABP2_2755 tgteaatttaatttccctttazatatactcacteagctetetapcgatttazaanateta 299

TS R R R R R R R R R R R R AT E R E T TR R R R R R AT F R T

EARP2_1208 TCTAATCACTCCATACTTCTTTETTT T TCTTAATCATAAAMAAGTCATATTCAGAAACAT 168
GABP2_2755 tctaatcactocatacticttigtttticttastcataaazzagtcataticagasacat 359

e e eI E e

EARP2_1208 GEETATTATTAATAATTTTTTCAAGT CCTCTRATAGEAGTAGATTTTAATTTTTITCOGT 428
GABP2_2755 ggetattgttastaattititcaagtcctctgataggagtagatitizatitititocgt 419

B T T e e e Rt

GABFPZ_138B TTTTATAAGAGTAAGAATTAAT- 442
GABP2_2755 ttttatzagagtaagasttaate 242

T R e e e
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InfC2

CLUSTAL O(1.2.4) multiple seguence alignment

GABP2_138E
GABP2_2755

GABP2_138E
GABPZ_2755

GABP2_138E
GABP2_2755

GABP2_138E
GABP2_2755

GABP2_138E
GABP2_2755

GABP2_138E
GABP2_2755

GABPZ_130B
GABP2_2755

GABP2_138E
GABP2_2755

TTCTTTCTTATACTATT TETAATAGACGATAATACAAGTGAT ACTAAACCATAGAC AACA
-tctttcttatactattigtaatagacgataatacaagteatactazaccatagacaaca

e e i g e e L 22y s

A O AT OO ARAAAGATAGAT TAAAAACARTARACATTAGTATGACAGAAACAACTATA
acccatccccagaaagatagatiaazaacagtaaacattagtatgacagazacaactata
B e L e T s ey s e

CTRACAAGCGGCATTATATACACTTTTTTGAAAATATAAGTGAATATAATCGATAAGACG
ctgacazgcggcattatatacacttttttesssatataagtgaatataatogatazgace

e S R e R s e e R s L s oL

ATAATAGAAAGTGETAAAATACCAAAAGCAAGATCTAGCTCATCCATTATTATTCTCCTT
ataatagzaagtggtazaataccaazagraagatctagctcatocatiattatictoctt

B e R e e T e

TETGAATTTAATTTCCCTTTAANTAT ACTCACTCAGC TGTCTAGCGATTTAAAAAATGTA
tetgaatttaatttccctttasstatactcactoagetgtctapegatttszanazteta

EFFEFEEFEEEEFE RS ERFE S EEFF SR F R RFFEEEFHE S LTS B R EF BR R ETF

TCTAATCACTCCATACTTCTTTGTTTTTCT TAATCATASAAAAGTCATATTCAGAAACAT
tetaatcactocatactictttgtitttcttaatcataanazagteataticagazacat

B e S P e

GEETATTETTAATAATTTTTTCAAGT CCTCTGATAGGAGTAGATTTTAATTTTTTTCCGT
gegtattgttastaattittitczagtoctotgataggagtagatittaatttititocgt

e e e e e e e e s

TTTTATAAGAGTASMGAATTAAT - 442
ttttataagagtaagasttaste 242

EEEEREEEERERETERRER LR

=]
59

128
119

188
173

248
233

g2
259

el
353

422
419
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Zwf

CLUSTAL 0(1.2.4) multiple sequence alignment

2uf_1368 TATATTTTCITATATATTCCACCAGTGGAGACCGTCTTTITCAAGRAGATCTCCGAAE 62
w2rss agtee: s0
2uf 1208 CTTTCGSTCCCATTGACCCGRCTTCATAATICGGAGMAGGGTTTTGTCGGCTRCCACE 128
2uf_27ss 110
2uf_1308 TTTCOaAAATTGCATCGACGAAATTCCATGAAA GCBCCACTTCGTCCCASTRGGEARAGT 180
2uf 2755 cggcanagt 70
2uf_1308 TTGTCRCATCACCRAGCAGACAGTCATGGATT AATITT TCATAGECTTCCGRTETGITCA 242
i 2755 230
2uf 1208 TTTCGTCACTGCAGTTGCTGCAGTASTCCAGCTTATCGOCTGAGCATGAGCGGCTCCGE 308
w2755 thtcgts 90
2uf_1208 CTAATTTTTTAGCATICAGATATAGTGTARTGCCTICATCCGRCTGRATATGGATGACAA 368
w2755 a atg :50
wi_1308 20
Wi 2755 10
wi_1368 aze
w2755 e
2uf_1208 GAACGCCGECCCARCGRAGTTATEGATTASCAGCTTTCCGRAMCGARTGTTTCCGTAT 54
w2755 2 ste 53
1308 TEGARTCCGRTGTACATTATGCTCATCTGTATAGCTTGATACAGHGTTTCCGTCARTCE 608
f_a7ss ggzstecggtyctacattal 5 5%
2uf_1308 TTCCCGETTGETATTGT AAGTA ACTTCaTTT ACAGG6C 550
2uf 2755 — &s0
st 664GGGCTCTCARCACCTTCACTTTTTCGCTGCGEATT TCTTCCGTGTTCAGTTTARTCS 728
Wt 2755 ggageg 710
1308 GCGGTTCCATCOCAAGAGAGCGACCATTTGTAMAATATGRTT TTGAACCATATCACGEA 788
f_a7ss 778
2uf_1308 GTACGCCTGATTTCTCATAATATCTCGCACGATECTCAACGICARGATCCTCACTTGACE 848
uf 2755 238
uf_13e8 TAATCTGGATGIT TATTCCACAGCGECTCARMCAGCGEATTCGEAR 908
2755 tastctee: sceettattecacacee 5%
1308 ACCGGATGACTTCGATATTTTGAACCATTTGTTTGCCTARGT: asa 950
f_a7ss aceggstgacttegs: = 550
2uf_1308 TTTGATCTTCCGTGAR G TTCGEGTATTTCTTTGTTAAGCTCTTTCGEACT T 1025
uf 2755 1018
st CATOGCCEAACSSTTTTTCAATGACGAGACGAGACCAGCCATTTGTCCTGTGACGCCTT 1688
2755 £ 1070
2uf_138 CGTTTTTAAGTGAT TTT6CGATAGTGCCGAAAAACTCAGGA GCCATCECCARGTARRACA 1130
2uf_2755 sgogeca 13
2uf_1208 TTICTGTTGTTCGGGAT TTCATATGTATGTTCAAGCTGATCAAGCAGGACATTCAGCTCET 1208
2uf_2755 tttce ttcagct: 1150
20f_122 GaTAGG? TTCGTTACATCARAC 1252
2uf 2755 125
2uf_1388 CTATGTCTTTTTGCCCORCAGRAGASACAGACGTTTTAACSSTTTCCCGRAGETCCTCGT 1328
2nf 2755 1210
2uf_1208 TTGACCAAGRTCTTCTTCCAACACCTACAACTECAMACTCTTCACCAATTTGACCATTTT 1388
2uf_2755 1270
=2uf_1208 TATATAMACGETGARTGEATGGGTAAGTTTTEGTTTTGCCARATCCCCTGTGECACCA 1428
Wf_2755 - 1238
wF_1388 A 1270
wF_2755 actgcttttggtitgtegtitgtiticec 1970

SpoVADL1: no se evidencia la insercion
CLUSTAL 0(1.2.4) multiple seqguence alignment

SpOVADL_1388 AGEARAAAAAATGAAATTEACCGEAAMGCAAMCCTEGEETET TTRAARACCCGTTATTTGT &8
sSpoVADL_2755 ----------gtgaastteaccogasagcaaacctgggipttteaanacccgttatitegt Se

FEEFFFFEFFEEEFFFEFFFFEFFFERFFEFIFFEEFFFRFE TR ERTES

SpoVADL_138E A8 ATEOEECEEEGACAGCAGCCGEACCGAAAGAALAGACGECCORCTCRETTCGLTATT 128
SpOVADL_2755 saatgcgocgepgacagagrcgoaccgaasgasasagacggcccgctogpttopetgtt 112
FEEEFFEEFFFFEFFFFEF XX FEI XX EXTFXREXFXEEFFX R ST X TR EFF R XX

SpOVADL_128B TRATAARACATACGATGAAA TG ACTELAATCAGAAAAACTEGEAAATEECGEAACGTCA 188

sSpoVADL_2755 tgatasgacatacgatgasatgcactgcaatcagasaaactggpaaatepcgeaacgtca 178
FEEEFFEEFFFFEFFFFEF XX FEI XX EXTFXREXFXEEFFX R ST X TR EFF R XX

SpoOVADL_122B GTTAATGEAAGATGCCATCAACTOCGOTTTECAAAAACAGAATTTEAAAALMGAGOGATAT 248

SpOVADL_2755 gttaztggaagatgccatcaactocgctitpcasasacagaatitgaasaagagcgatat 238
FEEEFFEEFFFFEFFFFEF XX FEI XX EXTFXREXFXEEFFX R ST X TR EFF R XX

SpOVADL_1328 TEATTTGTTACTCGLERG- - ---- - - -~ 258
sSpoVADL_2755 tgatttgttactcgcpposacctitiaa 258

FEEEFFEEFFEEFEFTEEE
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Ubiquinol

CLUSTAL 0(1.2.4) multiple seguence alignment

ubiquinol_ 1368
ubiquinol_ 2755

ubiquinol_ 1368
ubiquinol_ 2755

ubiquinol_ 1368
ubiquinol_ 2755

ubiquinol_ 1388
ubiquinol_ 2755

AGAATTATTITCTATTTTAGT TAAT T TTTEGTCAATC TT TAGEEGGEEAAGAGATEEECG
-mm e - - - -ctattttagttaatttitgetcaatctttagepeeemaagagategece

e e R e e e e e e s P

GAAANCAAGATATATCALGAMGACAAT TTTTAALCTATGOGE TCACCEECGTEEGGEEETT
gazaacasgatatatcasgaagacaatttitasactatgcectoaccepcgtepen-gtt

e e g e e e P e F 5

TTATGGCCGCCARTGCGE TTATRCCTATGETCCATTT TROGE TERACCCGGTATTAAAAC
ttatgeccpccagtgcecttatecctateptocpttttepcectegacccgetattasaac

FEFFEEFFFFEFFFEEFFEXEXFEEFTEXSEFFAFEFFEFEFFEEFFFFFFXERELFEREE

CGACAGEAGATCAASAAATEG- - == - === 281
cgacagesgatcasansatgetecagetigtca 201

sEEdEEEFEEEEEEERERERE

Proteina hipotética

CLUSTAL 0(1.2.4) multiple sequence alignment

ubiquinol_136E
ubiquinol 2755

ubiquinol_1zee
ubigquinol_ 2755

ubiquinol_1zee
ubigquinol 2755

ubiquinol_ 1388
ubiquinol_ 2755

AGAATTATTTTCTATT T TAGT TAATTTTTRGETCAATCTT TAGREGGGEEAMGAGATEEECG
-—m e - - —----chattttagttaatttittgotoaatctttagggoopgaagagatogece

FEFEEFFEREFFEEFFER LTI EFER T FFE R T I IO FA TR RIS RS

AR AAGATATATCAARAAGACAATTTTTARACTATELGC TCACCGELGT GEREaETT
gazaacasgatatatcaagasgacaatttttasactatgcectcaccpgegtppee-ott

FEFFEEFFFTEEFFEEF TR X EFFERFTRR ST F AR e kI S FF Rk FFEEEF T EFE FRE

TTATERCCGCCAGTEGCTTATGCCTATERTCCGTTT TRCGC TERACCCEGTATTAAAAL
ttatggocgccagtgogettatgoctatggtocgttttpcgctggacccgetattaazac

R T s e e s s e LTt

CEACAGEAGAT CAARMAATGEGE -~ mmmm e e 201
cgacageagatcasamaatpetecagettptca 281
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