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ABBREVIATIONS

AMP — antimicrobial peptides

BLB — bacterial leaf blight

CBB - cassava bacterial blight disease

EPS — extracellular polymeric substance

FDA — Food and Drug Administration

GRAS — generally recognized as safe

LAB - lactic acid bacteria

LAP — linear azole-containing peptides

MRSA — methicillin-resistant Staphylococcus aureus
PGPR - plant growth-promoting rhizobacteria

RiPP — ribosomally synthesized and post-translationally modified peptides
Th17 — thuricin 17

TOMM - thiazole/oxazole-modified microcins

VRE - vancomycin-resistant enterococci

VRE - vancomycin-resistant Enterococcus

WHO — World Health Organization

Xam — Xanthomonas axonopodis pv. manihotis

Xcc — Xanthomonas campestris pv. campestris

Xcm — Xanthomonas campestris pv. malvacearum
Xcv — Xanthomonas campestris pv. vesicatoria

X00 — Xanthomonas oryzae pv. oryzae



INTRODUCTION

The global agricultural industry faces significant challenges due to the annual loss of crops
caused by diseases, insects, and weeds. The economic impact of plant diseases alone amounts to
approximately $220 billion annually. Moreover, the current measures employed to control these
diseases, such as the heavy use of pesticides, present additional environmental and health concerns.
The agriculture industry, often considered one of the most dangerous industries, contributes to
pollution in the ground, rivers, and oceans, leading to contaminated food, soil, water, and air.
Additionally, the widespread use of antibiotics has resulted in the emergence of antibiotic-resistant
bacteria strains, imposing a significant economic burden on the healthcare system. To address these
challenges and reduce the reliance on chemically toxic agents, alternative strategies are being
explored. One such strategy involves the use of bacteriocins and bioactive peptides, derived from
prokaryotic cells, which exhibit antimicrobial properties. They are divided into three classes: class I
- small, post-translationally modified, class Il - small, non-post-translationally modified, and class 11
- large, non-post-translationally modified bacteriocins. These naturally occurring compounds have
gained considerable attention as a safer and more effective alternative to synthetic control agents.

Bacteriocins have been studied for a long time, but little is known about the use of bacteriocins
in agriculture. Currently, over 500 bacteriocins have been identified and characterized, with the
majority originating from rhizosphere bacteria. These antimicrobials possess potent killing action,
high stability, and low toxicity to humans, making them suitable alternatives to chemically toxic
agents. The full potential of bacteriocins in controlling phytopathogenic bacteria remains unexplored,
and additional research is required to assess their benefits and limitations comprehensively. Further
research is necessary to optimize their production and develop efficient delivery systems for
agricultural applications. While bacteriocins offer a promising alternative to synthetic chemicals in
agriculture, the challenges associated with their use must be addressed through further research,

regulation, and evaluation of their potential efficacy.

Research aim: isolate and purify bacteriocins active against phytopathogenic bacteria.
Objectives:
e |solate bacterial strains from soil samples.
e Perform antibacterial activity screening of bacterial isolates against phytopathogenic
bacteria.
e Perform identification of bacterial isolates which shows antibacterial activity against
phytopathogenic bacteria.
e Evaluate antibacterial activity of the selected bacteria isolates’ supernatants.

e Optimize bacteriocin purification and evaluate its molecular weight.



1. LITERATURE REVIEW

1.1. Bacteriocins

Production of antimicrobial peptides (AMPS) is a widespread phenomenon among all forms of
life, from multicellular organisms to bacterial cells. In higher organisms, AMPs contribute to innate
immunity and is part of the first defence line against harmful microorganisms. Maganins, cecropins
and defensins are animal and thionins are plant antimicrobial peptides (Zasloff, 1987; Torreblanca et
al., 1994; Broekaert et al., 1995). In bacteria, production of AMPs provides a competitive advantage
for the producer in certain ecological niches because of the peptide-mediated killing of other bacteria
(Nissen-Meyer and Nes, 1997). Bacteria produce two types of AMP: those which are synthesized by
ribosomes (also called bacteriocins) and AMPs that are not synthesized by ribosomes, without
structural genes coding for these AMPs (Chikindas et al., 2018).

Bacteriocins are multifunctional, ribosomally produced proteinaceous substances with
pronounced antimicrobial activity at certain concentrations (Chikindas et al., 2018). They are protein
toxins produced by bacteria and some members of archaea to inhibit the growth of similar or closely
related bacterial strains (Bemena et al., 2014). Bacteriocins can exhibit narrow spectra of activity —
targeting members of the same species; whereas others display broader activity spectra — targeting
other species and genera (Cotter et al., 2013). Two main features distinguish the majority of
bacteriocins from classical antibiotics: bacteriocins are ribosomally synthesized and have a relatively
narrow Killing spectrum (Riley and Wertz, 2002). The bacteriocin family includes a diversity of
proteins in terms of size, microbial target, mode of action, release, and immunity mechanisms and
can be divided into the two main groups: those produced by Gram-negative and produced by Gram-
positive bacteria (Gordon et al., 2007; Heng et al., 2007).

1.1.1. Bacteriocins from Gram-negative bacteria

Bacteriocins from Gram-negative bacteria arise mainly from Enterobacteriaceae. They are
divided into four main classes: colicins, colicin-like, phage-tail-like bacteriocins, and microcins
(Chavan and Riley, 2007).

The first bacteriocin to be described had been identified in 1925 from the Gram-negative
bacterium Escherichia coli (Gratia, 1925). It inhibited the growth of another E. coli strain and later
this protein was classified as a colicin (Gulltice et al., 2013). Colicins are protease-sensitive, heat-
sensitive high-molecular weight (30—80 kDa) bactericidal proteins synthesized by most E. coli strains.
Compounds of this class are the most studied and are used as model systems for studying the
structures, functions, and evolution of bacteriocins (Acedo et al., 2018). Protein bacteriocins

produced by other Gram-negative bacteria are classified as colicin-like due to the presence of similar



structural and functional characteristics (Michel-Briand and Baysse, 2002). The most studied colicin-
like bacteriocins are klebicins from Klebsiella spp., S-pyocins from Pseudomonas aeruginosa, and
alveicins from Hafnia alvei (Preciado et al., 2016). Two of the most studied phage-tail-like
bacteriocins are the R- and F-pyocins from P. aeruginosa (Nakayama et al., 2000). Microcins are
small peptides (<10 kDa), that can be divided into two classes: posttranslationally modified (B17, C7,
J25, and D93) and unmodified (E492, V, L, H47, and 24) microcins (Gillor et al., 2004). The classic
example is microcin V, of E. coli, which is composed of only a few peptides and exhibits stability at
high temperatures (Gulliice et al., 2013). The narrow antimicrobial activity spectrum limits the use
of Gram-negative bacteria bacteriocins in high-end industries. In general, the studies have been

focused on more suitable types of bacteriocins from Gram-positive bacteria (Balciunas et al., 2013).

1.1.2. Bacteriocins from Gram-positive bacteria

Bacteriocins produced by Gram-positive bacteria are formed by fewer than 60 amino acids and
they have a broad spectrum of action (Heng et al., 2007; Perez et al., 2014; Yang et al., 2014). The
main genus producers of bacteriocins are Carnobacterium, Enterococcus, Lactobacillus, Lactococcus,
Leptosphaeria, Leuconostoc, Melissococcus, Oenococcus, Pediococcus,  Streptococcus,
Tetragenococcus, Vagococcus, and Weissella (Thokchom and Joshi, 2012). Gram-positive bacteria
also include other bacteriocin producer genera with biotechnological importance, such as Aerococcus,
Microbacterium, Propionibacterium, and Bifidobacterium (Swetwiwathana and Visessanguan, 2015).
Bacteriocins produced by Gram-positive bacteria can be widely used in the medical and food
industries because they are non-toxic and the most lactic acid bacteria (LAB) are generally recognized
as safe (GRAS) (Cintas et al., 2001; Cleveland et al., 2001; Balciunas et al., 2013). Bacteriocins
produced by the Bacillus genus may be considered as the second most important after bacteriocins
produced by the LAB. They are increasingly becoming more important due to their sometimes
broader spectra of inhibition (as compared with most LAB bacteriocins), which may include Gram-
negative bacteria, yeasts or fungi, in addition to Gram-positive species, some of which are known to
be pathogenic to humans and/or animals (Abriouel et al., 2011).

1.2. Classification of bacteriocins

Due to the extensive focus on LAB bacteriocins, a number of classification schemes have been
suggested which are largely applicable to other Gram-positive bacteriocins. Early attempts to classify
LAB bacteriocins involved placing individual bacteriocins into one of eight groups based on their
heat resistance, host range, trypsin sensitivity and the degree of cross-reactivity between various
bacteriocin and host combinations (Kozak et al., 1978; Geis et al., 1983). This approach was

superseded by that developed by Klaenhammer (1993), who grouped bacteriocins into four distinct



classes with further subclasses. These groupings have formed the basis of all subsequent classification

schemes for bacteriocins of Gram-positive bacteria. Klaenhammer suggested the four classes of

bacteriocins:

Class | or lantibiotics: defined as small membrane-active peptides (<5 kDa) containing the
unusual amino acids lanthionine or b-methyl lanthionine (hence the name lantibiotics) and
dehydrated residues. Nisin is the most characterised bacteriocin of the Class I.

Class II: defined as small heat-stable non-lanthionine containing membrane-active peptides
characterised by the presence of a Gly-Gly processing site in the bacteriocin’s precursor, the
presence of amphiphilic helices with varying amounts of hydrophobicity and moderate-to-high
heat stability. These were further divided into three subgroups:

a) Subclass lla: Listeria-active peptides with a consensus sequence in the N-terminal of —Tyr-

Gly-Asn-Gly-Val-Xaa-Cys-.

b) Subclass I1b: poration complexes consisting of two proteinaceous peptides for activity.
c) Subclass llc: thiol-activated peptides requiring reduced cysteine residues for activity.

Class I11: large heat-labile proteins, often with enzymatic activity.

Class 1V: complex proteins composed of one or more chemical moieties, either lipid or
carbohydrate (Klaenhammer, 1993).

All subsequent classification schemes accept the first two major classes of LAB/Gram-positive

bacteriocins, the Class I lanthionine and Class Il non-lanthionine containing peptides (Klaenhammer,
1993; Diep and Nes, 2002; Pag and Sahl, 2002; Heng et al., 2007). By conducting further research
on bacteriocins, it has become clear that this class of ribosomally synthesized and post-translationally

modified peptides that show antibacterial activity are much more varied (Arnison et al., 2013). This

perception necessitated the re-evaluation of the classification of bacteriocins in Gram-positive

bacteria and expanded the types of class | bacteriocins (Alvarez-Sieiro et al., 2016). According to

Alvarez-Sieiro et al. (2016) classification of bacteriocins, there are three classes of bacteriocins
(Table 1.1):

Class | (<10 kDa): this class encompasses all the peptides that undergo enzymatic modification
during biosynthesis, which provides molecules with uncommon amino acids and structures that
have an impact on their properties (e.g., lanthionine, heterocycles, head-to-tail cyclization,
glycosylation). They consist of a leader peptide which serves for enzyme recognition, transport,
and keeping the peptide inactive, which is fused to a core peptide (Arnison et al., 2013; Alvarez-
Sieiro et al., 2016;).

Class 11 (<10 kDa): this class groups bacteriocins that do not contain unusual modifications.
Thus, they do not require enzymes for their maturation other than a leader peptidase and/or a

transporter (Alvarez-Sieiro et al., 2016).



e Class Ill (>10 kDa): these are unmodified bacteriocins larger than 10 kDa with bacteriolytic or

non-lytic mechanism of action (Alvarez-Sieiro et al., 2016).

Table 1.1 Classification of bacteriocins. Adapted from Herndndez-Gonzélez et al., 2021;
Bhattacharya et al., 2022.

Class Characteristic Features Sub-classes Major Examples of
Type Bacteriocins
Lantibiotics Nisin (Delves-
(lanthipeptides) Broughton et al., 1996)
Microvionin
Lipolantins (Ovchinnikov et al.,
2016)
. . GE2270A (Tan et al.,
Thiopeptides 2019)
Bottromycins Bottromycin A and B
Small, heat-stable bacteriocins (<10 (Nakamura et al., 1965)
kDa), have a post-translational | Linear azole- lvsi
Class | | modification, resulting in the | containing gltregct)ciSy)sm S (Coxet
formation of atypical amino acids | peptides (LAPs) N
lanthionine and methyllanthionine. Sactibiotics Subtilosin A (Babasaki
(sactipeptides) et al., 1985)
. Lariatin A (Iwatsuki et
Lasso peptides al., 2006)
bcz:{(:igfiocins with | Enterocin AS-48
9 1oy (Sanchez-Barrena et al.,
a “head-to-tail 2003)
connection
Glycocins Sublancin (Oman et al.,
2011)
E;Gntl\lai?]}nmo“f Leucocin A (Fregeau
ning Gallagher et al., 1997)
. . bacteriocins
Small and flexible bacteriocins (<10 Linear two-
kDa), with an amphiphilic helical entide Lactococcin G (Moll et
Class Il | structure. These peptides do not E puce al., 1998)
: o . . . acteriocins
contain modified amino acid residues Leaderless Enterocin L50 (Luis M
and are pH and heat resistant. bacteriocins Cintas et al., 1998)
Other linear Divergycin A (Rather
bacteriocins etal., 2017)
Bacteriolvsins Lysostafin (Schindler
y and Schuhardt, 1964)
Large (>10 kDa) unmodified bacteri | Non-lytic ?neévz};(zthag(rfer?er
Class 1l | ocins with bacteriolytic or non-lytic | bacteriocins 1990) ’
mechanism of action. Tailocins (phage
o phag Diffocins (Gebhart et
tail-like al., 2012)
bacteriocins) B




1.2.1. Class I: small post translationally modified peptides

Class | bacteriocins are divided into sub-classes (Table 1.1): lantibiotics (lanthipeptides),
lipolantins, thiopeptides, bottromycins, linear azole-containing peptides (LAPs), sactibiotics
(sactipeptides), lasso peptides, cyclic bacteriocins with a “head-to-tail” connection and glycocins.

Lantibiotics (lanthipeptides) are peptides possessing unusual amino acids, such as lanthionine
and/or (methyl)lanthionine (Arnison et al., 2013). Based on the posttranslational modification
enzymes involved in the maturation process, lanthipeptides can be divided into four types, but only
types | (LanBC-modified) and Il (LanM-modified) can be considered lantibiotics. Types Il and 1V
have no known antimicrobial activity (Knerr and van der Donk, 2012; Alvarez-Sieiro et al., 2016). A
great number of different lantibiotics are produced by LAB. Among them, nisin, a type | lantibiotic
produced by Lactococcus lactis, is the best studied (Delves-Broughton et al., 1996). This bacteriocin
was given a GRAS designation and has been used as a natural food preservative for many years.

Lipolantins is a newly discovered variant of lantipeptides, which is characterized by the
presence of avionin residue and the N-terminal guanidino fatty acid. The key representative of the
group, microvionin is a bacteriocin derived from culture extracts of Microbacterium arborescens
5913, active against methicillin-resistant Staphylococcus aureus (MRSA) and Streptococcus
pneumonia (Ovchinnikov et al., 2016). Lipolanthins® biosynthesis is a hybrid of the biosynthetic
pathways of ribosomal peptide synthesis and fatty acid or polyketides biosynthesis. The role of
lipolanthines is still being investigated (Wiebach et al., 2018).

Thiopeptides are thiazole-containing peptide antibiotics of ribosomal origin with complex
structures (Arnison et al., 2013). There are three main components to thiopeptides—a central pyridine
ring, a core macrocyclic ring, and a tail. The tail extends from the central pyridine ring while the
macrocyclic ring is connected by the central pyridine. The macrocyclic ring is decorated with various
amino acids as well as thiazole, oxazole, and thiazoline substituents. Some thiopeptides have a
secondary side ring with unique chemical moieties (Chan and Burrows, 2021). Thiopeptides have
multiple biological activity — antibacterial, antiviral, antiparasitic, and immunosuppressive
(Tymoszewska et al., 2017). Thiopeptides are usually active in the nanomolar range, but their poor
water solubility and low bioavailability make it difficult to use them in clinical application, despite
their high activity. Thiopeptide derivative GE2270A is currently the only bacteriocin of this type
undergoing clinical trials in the treatment of gastrointestinal infections caused by Clostridium difficile
(Tan et al., 2019).

Bottromycins are modified thiazole/oxazole-microcins, similar in structure to thiopeptides.
Their distinctive features include the presence of macrocyclic amidine, decarboxylated C-terminal
thiazole, and several rare f-methylated amino acid residues (Baquero et al., 2019). Bottromycins were

originally isolated from the fermentation broth of Streptomyces bottropensis in the late 1950s and
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described as peptides’ natural products with antibacterial activity against Gram-positive pathogens
(Waisvisz et al., 1957; Franz et al., 2021). The botromycins discovered to date are produced by
bacteria of the genus Streptomyces spp. and are potent agents against multidrug-resistant
microorganisms, such as MRSA and vancomycin-resistant enterococci (VRE). Botromycins also
inhibit protein synthesis by interacting with the bacterial 50S ribosomal subunit (Baquero et al., 2019;
de Castro et al., 2020).

Linear azole-containing peptides (LAPS) are peptides possessing various combinations of
heterocyclic rings of thiazole and (methyl)oxazole, which are derived from cysteine, serine, and
threonine residues via ATP-dependent cyclodehydration and subsequent flavin mononucleotide-
dependent dehydrogenation (Melby et al., 2011). They belong to a family of ribosomally synthesized
and post-translationally modified peptides (RiPPs) referred to as thiazole/oxazole-modified microcins
(TOMMs), along with the other bacteriocin classes, thiopeptides and bottromycins (Haft et al., 2010).
The most relevant LAB-produced LAP is streptolysin S (Cox et al., 2015). Other two compounds of
this group — plantazolicin and goadsporin — have been structurally characterized. Plantazolicin is a
metabolic byproduct of Bacillus amyloliquefaciens FZB42, it shows selective antibacterial activity
against closely related strains of the genus Bacillus. Goadsporin obtained from Streptomyces sp. TP-
A0584, also has a narrow spectrum of action, which is limited to members of the genus. The
mechanism of action of LAPs has not been studied (Makarova et al., 2019).

Sactibiotics (sactipeptides) are sulphur-to-a-carbon-containing peptides (Arnison et al., 2013;
Mathur et al., 2015). Sactibiotics are produced by representatives of the genus Bacillus and, in
addition to antibacterial properties, can also have spermicidal and hemolytic properties (Silkin et al.,
2008; Huang et al., 2009). The first and best studied example of this subclass, subtilosin A secreted
by Bacillus subtilis, was identified more than 30 years ago (Babasaki et al., 1985).

Lasso peptides are a group of RiPPs that shows as a main characteristic the presence of an
amide bond between the first amino acid in the core peptide chain and a negatively charged residue
in positions +7 to +9, generating a ring that embraces the C-terminal linear part of the polypeptide
(Arnison et al., 2013; Hegemann et al., 2015). Currently, the structures of three lasso peptide
bacteriocins produced by Gram-positive bacteria have been characterized: lariatin A produced by
Rhodococcus jostii (Iwatsuki et al., 2006), streptomonomycin produced by Streptomonospora alba
(Metelev et al., 2015), and svicenin produced by Streptomyces sviceus (Li et al., 2015). Lasso peptides
are extremely stable structures that are resistant to the action of enzymes and high temperatures.
During linearization, lasso peptides lose their properties and therefore, chemical synthesis of active
bacteriocins of this type is not possible (Woraprayote et al., 2016). Moreover, lasso peptides display
diverse activities which range from antimicrobial to putative antiviral or anticancer (Maksimov et al.,
2012).
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Cyclic bacteriocins with a “head-to-tail” connection are a group of RiPPs whose N- and C-
termini are linked by a peptide bond, thereby rendering a circular molecule. All of them contain either
four or five alpha helical segments (Montalban-Lo6pez et al., 2012; Lohans et al., 2013; Himeno et al.,
2015; Acedo et al., 2018).

Glycocins are bacteriocins containing glycosylated residue(s) (Arnison et al., 2013). Sublancin,
produced by Bacillus subtilis 168, is the first glycocin characterized experimentally (Oman et al.,
2011). Currently, at least 10 different glycocins have been experimentally identified (Norris and
Patchett, 2016; Ren et al., 2018). These peptides have antimicrobial activity against several
pathogenic bacteria, including Streptococcus pyogenes, MRSA and food-spoilage bacteria Listeria
monocytogenes. Glycocins exhibit immunostimulatory properties and make a promising source of

new antibiotics and food preservatives familiar to Nisin (Wang et al., 2018).

1.2.2. Class II: unmodified bacteriocins

Class Il bacteriocins are divided into sub-classes (Table 1.1): YGNG-motif containing
bacteriocins, linear two-peptide bacteriocins, leaderless bacteriocins and other linear bacteriocins.

YGNG-motif containing bacteriocins, often referred in the literature as type Ila or pediocin-
like peptides, have several defining structural characteristics, such as a conservative N-terminal
YGNG motif, at least one disulfide bridge, an amphipathic a-helix, and a common cationic charge.
To date, a large number of bacteriocins of this class have been identified, but three-dimensional
structures have been determined for only a few of them. The most well-studied compounds are
leucocin A produced by Leuconostoc gelidum UAL 187, carnobacteriocin B2 produced by
Carnobacterium piscicola LV17, sacacin P produced by Lactobacillus sake Lb706, curvacin A
produced by Lactobacillus curvatus LTH1174, and enterocin HF produced by Enterococcus faecium
M3K31 (Ekblad et al., 2016; Adedire O. M. and Odeniyi O. A., 2017).

Linear two-peptide bacteriocins consist of two very different peptides, and full activity requires
the presence of both peptides in about equal quantities (Nissen-Meyer et al., 2010). They are produced
as precursors containing double N-terminal glycine-type leader peptides and active center peptides
with GXXXG and/or GXXXG-like motifs, where glycine can be replaced by alanine/serine. The gene
cluster responsible for the synthesis of bacteriocin encodes two precursor peptides, immunity protein,
ABC transporter, and auxiliary protein (Andryukov et al., 2018).

Leaderless bacteriocins are unique as they are synthetized without an N-terminal leader peptide,
which usually functions as a recognition sequence for secretion and modification and maintains the
bacteriocin inactive inside the producer cell. They usually contain a formylated N-terminal

methionine (Liu et al., 2011; Masuda et al., 2012). Currently, there are at least 20 known leaderless
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bacteriocins. One of the best studied and characterized leaderless bacteriocins is the plasmid-encoded
two-peptide enterocin L50 from E. faecium L50 (Luis M. Cintas et al., 1998).

The group of other linear bacteriocins includes single-peptide non-pediocin-like peptides.
Lactococcins A and B, enterocin B, carnobacteriocin A, divergycin A, and lactococcin 972 are the
most well-studied members of the group. A typical tertiary structure consists of 2-3 stranded
antiparallel B-sheets in a B-sandwich conformation with a predominance of aromatic residues at one
terminus. These bacteriocins have a variety of antibacterial spectra, gene cluster organization,
primary sequences, secretion mechanisms, and modes of action typical for other groups of this class
(Rather et al., 2017).

1.2.3. Class 11

Class Il bacteriocins are divided into sub-classes (Table 1.1): bacteriolysins, non-lytic
bacteriocins and tailocins (phage tail-like bacteriocins).

Bacteriolysins are large polypeptides with a molecular weight of 27 to 35 kDa, which are
characterized by sensitivity to higher temperatures and the ability to lyse the cell walls of target
bacteria. Bacteriolysins consist of two key domains connected by a linker helix: the N-terminal
catalytic domain and the recognition domain at the C-terminus. The catalytic domain is characterized
as a hydrolytic protease that targets peptides and peptidoglycan cross-links. In addition to its main
function, the substrate recognition domain is also an anchor for the catalytic domain movement along
the peptidoglycan chain. The specificity and spectrum of action of bacteriolysins depends on the
ability to hydrolyze various peptidoglycan sites (Rather et al., 2017). The most well-known
bacteriolysins produced by Gram-positive bacteria are lysostafin produced by Staphylococcus
simulans (Schindler and Schuhardt, 1964), zoocin A produced by Streptococcus zooepidemicus 4881
(Simmonds et al., 1996), millericin B produced by Streptococcus milleri NMSCC 061 (Beukes et al.,
2000), and enterolysin A produced by Enterococcus faecalis LMG 2333 (Nilsen et al., 2003).

Non-lytic bacteriocins are similar to bacteriolysins in that they are large, thermolabile
polypeptides, but their mechanism of function is not focused on cell wall lysis (Acedo et al., 2018).
Examples of such bactericins are helveticin J produced by Lactobacillus helveticus 481 (Joerger and
Klaenhammer, 1990), casecin 80 produced by Lactobacillus casei (Rammelsberg et al., 1990), and
dysgalacticin produced by Streptococcus dysgalactiae subsp. equisimilis (Heng et al., 2006).

Tailocins (phage tail-like bacteriocins) are larger protein structures (20—100 kDa) consisting of
8-14 different polypeptide subunits that expose similarities to the bacteriophage tail modules
(Ghequire and De Mot, 2015). Bacteriocins of this subclass are divided into two groups — R and F.
R-type tailocins, which are evolutionarily related to the tails of phages in the family of Myoviridae

and form a long shell-encircled tube, at one end of which is a complex basal plate with receptor-
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binding proteins (RBP) (Sun et al., 2018). F-type bacteriocins belonging to the tails of phages in the
Siphoviridae family do not have a shell. The mechanism of fuction of tailocins is not fully understood,
and presumably it involves compression of the shell and penetration of the nucleus through the cell
wall, which leads to the formation of a channel or pore that violates the membrane potential of the
target cell (Scholl, 2017; Tracanna et al., 2017; Acedo et al., 2018).

1.3. Applications of bacteriocins

Bacteriocins have many positive properties that have made them particularly interesting for
various applications. LAB bacteriocins are inherently tolerant of high thermal stress and are known
for their activity over a wide pH range. These antimicrobial peptides are also colourless, odourless,
and tasteless, which further improves their potential usability. They are also easily degraded by
proteolytic enzymes due to their proteinaceous nature. Consequently, bacteriocins do not live long in
the human body or in the environment, which minimizes the chance of target strains interacting with
degraded fragments (Perez et al., 2014). Some of the most widely studied applications of bacteriocins
— food industry, livestock industry and medicine.

1.3.1. Food industry

Food and beverage spoilage is always a concern in food industry, as it may destroy the taste of
the food and beverages, as well as cause some food-borne illnesses in humans (Villalobos-Delgado
et al., 2019). Chemical additives have been used widely to preserve food, but they can cause a lot of
human health problems due to their toxicity. This concern has led to the high demand of natural and
chemical-free products used to preserve food in the market in order to avoid health problems (Zanetti
et al., 2018). The use of bacteriocins in food industry has been extensively investigated, particularly
in dairy products, eggs, vegetables, and meat products (Zacharof and Lovitt, 2012). So far, nisin and
pediocin PA-1 are bacteriocins licensed as food preservatives (Vijay Simha et al., 2012).

Nisin is one of the bacteriocins that was given a GRAS designation and has been approved by
the United States Food and Drug Administration (FDA) and World Health Organization (WHO) to
be applied in food production (Delves-Broughton, 2005). Nisin is used in over 50 countries and
Nisaplin™ is sold as a natural food protectant. It is effective in several food systems, inhibiting the
growth of a wide range of Gram-positive bacteria, including many important food-borne pathogens,
such as Listeria monocytogenes. It is mainly used in canned food and dairy products, and is especially
effective in the production of processed cheese and spreads, whereas it protects against heat-resistant
spore-forming organisms such as those of the genera Bacillus and Clostridium. This is particularly
important in the case of prevention of Clostridium botulinum infection as there can be serious

consequences due to toxin formation by this species (Deegan et al., 2006).
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Pediocin PA-1 is a broad-spectrum bacteriocin produced by LAB such as Pediococcus spp. and
is commercially available under the name Alta 2341™ or Microgard™ (Garsa et al., 2014). This
bacteriocin exhibits particularly strong activity against L. monocytogenes and has been shown to be
more effective than nisin against some food-borne pathogens such as S. aureus and Gram-negative
organisms such as Pseudomonas and E. coli (L.M Cintas et al., 1998; Rodriguez et al., 2002; Jamuna
and Jeevaratnam, 2004). The potential application of pediocins to dairy products is further enhanced
by its stability in aqueous solutions, its wide pH range, and high resistance to heating or freezing
(Sobrino-Lopez and Martin-Belloso, 2008).

1.3.2. Livestock industry

Livestock are domesticated animals that are raised agriculturally to provide labour and
commodities, such as milk, meat, eggs, furs and leathers. Livestock, as food sources, provide nutrients
needed by humans every day, such as proteins, fats and vitamins. It is important to have proper
feeding and hygiene to sustain the livestock health and enhance the economics via maximized
production. However, animals on the farm are still easily infected by viruses and bacteria. The
examples of infectious diseases caused by bacteria in livestock are mastitis, post-weaning diarrhea,
meningitis, arthritis, endocarditis, pneumonia and septicemia (Varijakshapanicker et al., 2019).
Mastitis is a common disease that can be found in dairy cattle. It refers to the inflammation of the
mammary gland and under tissue as the results of bacterial infection, chemical or thermal injury.
Mastitis is normally caused by the contamination of the milking machine or hands with pathogens,
such as Staphylococcus aureus, Streptococcus uberis, and Streptococcus dysgalactiae, leading to
damage in the milk-secreting tissues and ducts, and can be fatal for severe cases without proper
treatments (Zadoks et al., 2011). To solve this problem, there are limitations in using antibiotic
treatments, such as gentamicin, which may lead to the emergence of pathogens that are resistant to
antibiotics (Munita and Arias, 2016). As an alternative to antibiotics, many research studies have
investigated the use of bacteriocin that exert inhibitory ability to inhibit or kill the pathogens in
livestock.

The use of nisin as preventive medicine and as a remedy for mastitis in cattle has been
investigated in the livestock industry. Nisin-based injectable drugs have been reported to control
nearly 99.9% of bacteria that cause mastitis, such as S. aureus and S. dysgalactiae after drug
administration (Kitazaki et al., 2010). Another widely tested bacteriocin, that has been used in
treatment of mastitis in lactating dairy cows, is lacticin 3147, extracted from L. lactis sub-specie
Lactis DPC3147. It inhibits the growth of S. dysgalactiae and S. aureus, thereby significantly
reducing the probability of mastitis (Pieterse and Todorov, 2010; Suda et al., 2012).
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1.3.3. Medicine

First antibiotic penicillin was discovered in 1928 by Professor of Bacteriology Alexander
Fleming and antimicrobial effects against a wide range of pathogens were considered as a big
contribution in the medical field (Joerger, 2003; Adedeji, 2016). However, the findings of new
antibiotics began decreasing after 1985, since the discoveries of bacteria that were resistant to
antibiotics increased significantly (Munita and Arias, 2016). This problem alerted humans to find out
alternative antimicrobial agents that can be used in killing or inhibiting pathogens. Bacteriocin, with
its proteinaceous nature, was recommended by many researchers to replace antibiotics for the
treatment of infectious disease due to its low toxicity. Many research studies have been done to
investigate bacteriocin, which can be used to solve human health’s and device-associated infections
problems.

Lantibiotics exhibit potent activity against Gram-positive bacteria including clinically relevant
multidrug resistant species such as MRSA, VRE, vancomycin intermediate S. aureus, S. pneumoniae,
Listetria, Bacillus sp. and C. difficile. Several lantibiotic peptides displaying outstanding in vivo
activity have been put forward clinically for the treatment of potentially fatal bacterial diseases (Field
et al., 2015). Furthermore, the lantibiotic mutacin B-Ny266 displays activity against Gram-negative
strains of Neisseria and Helicobacter (Ghodhbane et al., 2015). The use of bacteriocins in
combination with antibiotics has shown efficacy at reducing the concentration of antibiotic needed
(chloramphenicol amongst others) to inhibit bacterial cell growth of E. faecalis. Nisin, for example,
displays potent anti-biofilm activity against E. faecalis in combination with penicillin, ciprofloxacin,
and chloramphenicol (Tong et al., 2014; Ongey and Neubauer, 2016). Findings also demonstrate the
anti-biofilm activity of nisin in combination with polymyxins against P. aeruginosa (Mathur et al.,
2017). The formation of biofilms on medical devices including catheters is extremely problematic
where they constitute the most frequent cause of nosocomial septicemia. Bacteriocins Pep 5 and
epidermin produced by Staphylococcus epidermidis both demonstrated an inhibitory action against
the adhesion of Staphylococcus species to the surfaces of silicon catheters (Field et al., 2015).
Additionally, nisin has been reported to possess biofilm penetrating abilities potentially making it a
useful tool in preventing or eradicating biofilm communities on invasive medical devices (Mathur et
al., 2018).

Several bacteriocins have shown anticancer activities by selectively acting against cancer cells
(Papo and Shai, 2005; Hoskin and Ramamoorthy, 2008; Kaur and Kaur, 2015). Bacteriocins produced
by Gram-negative bacteria, such as microcin E492 and colicins (A, D, E1, E2, E3), or by Gram-
positive bacteria, including nisin, have demonstrated cytotoxic effects against malignant human cell
lines (Lancaster et al., 2007; Lagos et al., 2009; Joo et al., 2012; Kamarajan et al., 2015). The

cytotoxicity of bacteriocins against cancer cells is caused by the induction of apoptosis and/or
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depolarization of the cell membrane leading to permeability changes (Kaur and Kaur, 2015). It is
important to note that the majority of studies relating to the anticancer properties of bacteriocins have
been of an in vitro nature and, thus, there is a need for in vivo validation (Soltani et al., 2021).
While the benefits of bacteriocins in treating infectious disease appear evident, it must also be
noted that some Gram-positive bacteria can utilize bacteriocins as virulence factors increasing their
pathogenicity (Dicks et al., 2018). For instance, pathogenic Streptococcus strains produce various
bacteriocin virulence factors including hemolysins, intermedilysin and streptolysin S, involved in an

invasive group of Streptococcus infection (Tabata et al., 2019).

1.4. Bacteriocins as biocontrol agents in agriculture

It is estimated, that between 25% and 31% of all crops produced worldwide are lost annually
because of diseases, insects and weeds. These losses do not include losses caused by environmental
factors such as freezes, droughts, air pollutants, nutrient deficiencies, and toxicities. It has been
estimated that of the 28% average of total losses, 11% are caused by diseases, 8% by insects, and 9%
by weeds (fig. 1.1). Considering that 11% of the crops are lost of plant diseases alone, the total annual
worldwide crop loss of plant diseases is about $220 billion. The need for measures to control plant
diseases limits the amount of land available for cultivation each year, limits the kinds of crops that
can be grown in fields already contaminated with certain microorganisms, and annually necessitates

the use of millions of kilograms of pesticides for treating seeds, fumigating soils, spraying plants, or

the postharvest treatment of fruits and vegetables (Agrios, 2005a).
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Fig. 1.1 Estimated annual crop losses percentage to drought, floods, storms, wildfires and pests,
diseases, infestations worldwide. Based on Agrios, 2005a; The impact of disasters and crises on
agriculture and food security, 2021.
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The absence of plant diseases control measures generates a significant global issue, since
agriculture industry has been considered among one of the most dangerous industries, responsible for
polluting the ground, river, and ocean water, leading to polluted food, soil, water, and air. The
extended use of synthetic fertilizers and pesticides including insecticides, fungicides, herbicides,
rodenticides, molluscicides, nematicides, plant growth regulators, and antibiotics not only pose
danger to the consuming public but is of high threat to farmers and workers in the field handling these
chemicals. Additionally, the widespread use of antibiotics has led to stronger, more antibiotic-
resistant strains of bacteria which is significantly increasing the economic burden on the entire
healthcare system. One strategy to combat or overcome the hazards is to consider an alternative to
supplement or replace these chemically toxic agents with more safe and effective antimicrobial agents.
On this matter, bacteriocins and bioactive peptides, that originated from prokaryotic cells, with
potential antimicrobial activity have been explored vastly as an alternative strategy to replace the
chemically used control agents (Cintas et al., 2001; Zhang et al., 2009; Mojgani, 2017). A wide range
of rhizosphere- and plant-associated bacteria have been identified as potential bacteriocin producers
demonstrating a wide range of inhibitory spectrum toward economically important plant pathogens
(Mojgani, 2017). Bacteriocins can be applied to the plant as a foliar spray or seed treatment, providing
a natural alternative to synthetic pesticides. Moreover, bacteriocins can be used as biocontrol agents
to control the growth of unwanted bacteria in soil and water. They can be applied as a soil amendment
or a water treatment, providing a natural alternative to synthetic chemicals. Bacteriocins produced by
Bacillus spp., such as subtilosin and amylocyclicin, have been shown to be effective against a range
of soil and waterborne pathogens, including Pseudomonas aeruginosa and Staphylococcus aureus
(Khatoon et al., 2020).

To date, more than 500 bacteriocins have been identified and characterized of which the
majority is produced by rhizosphere bacteria. These antimicrobials characterized as highly potent
toxins with powerful killing action, high stability, and low toxicity to humans have been considered
as a viable option and a suitable alternative to chemically toxic agents used in many industrial
applications. However, there are several challenges associated with bacteriocin use in agriculture that
need to be addressed. One major challenge is the narrow spectrum of activity, which limits their
effectiveness against phytopathogens. Additionally, high production costs can make bacteriocins an
expensive option for farmers. Further research is needed to optimize the production of bacteriocins
and develop effective delivery systems for their application in agriculture. Another challenge is the
lack of specific regulations governing the use of bacteriocins in agriculture. This can make it difficult
for producers to obtain approval for their use, further hindering their adoption. Furthermore, the
potential of bacteriocins in controlling phytopathogenic bacteria in agriculture has not been fully
evaluated. The lack of research limits the understanding of the benefits and limitations of bacteriocins
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and requires further investigation. While bacteriocins offer a promising alternative to synthetic
chemicals in agriculture, the challenges associated with their use must be addressed through further
research, regulation, and evaluation of their potential efficacy (Mojgani, 2017).

1.4.1. Phytopathogenic bacteria

About 100 species of bacteria cause diseases in plants (Agrios, 2005b). The main symptoms of
bacterial diseases are wilting, necrosis, chlorosis, rot, overgrowth (galls), and scab (Nazarov et al.,
2020). Based on scientific and economic importance, the most significant plant pathogens are
Pseudomonas syringae pathovars, Ralstonia solanacearumi, Agrobacterium tumefaciens,
Xanthomonas oryzae pv. oryzae (Xo00), Xanthomonas campestris pathovars, Xanthomonas
axonopodis pv. manihotis (Xam), Erwinia amylovora, Xylella fastidiosa, Dickeya (dadantii and
solani) and Pectobacterium carotovorum. Other significant phytopathogenic bacteria are
Streptomyces europaeiscabiei and Streptomyces scabies (Mansfield et al., 2012).

Pseudomonas syringae is a rod-shaped, Gram-negative phytopathogenic bacterium that causes
diseases of monocots, herbaceous dicots, and woody dicots, worldwide (Lamichhane et al., 2014).
P. syringae belongs to the genus Pseudomonas (Mulet et al., 2010). P. syringae is one of the best-
studied plant pathogens and serves as a model for understanding bacterial pathogenicity, molecular
mechanisms of plant-microbe interactions as well as microbial ecology and epidemiology (Hirano
and Upper, 2000). So far, more than 60 pathovars have been identified in the species, with each
pathovar infecting a characteristic group of host plant species. Collectively, the pathovars of
P. syringae infect almost all economically important crop species, making P. syringae one of most
common pathogens on plants. In addition, new disease outbreaks, caused by P. syringae isolates,
continue to threaten global crop production (McCann et al., 2013).

Ralstonia solanacearumi is an aerobic non-spore-forming, Gram-negative, plant pathogenic
bacterium, belonging to the genus Ralstonia. Probably, R. solanacearum is the most destructive plant
pathogenic bacterium worldwide. One of the reasons is that R. solanacearum species is composed of
a large group of strains varying in their geographical origin, host range and pathogenic behavior
(Denny, 2006; Genin, 2010). This heterogeneous group is nowadays recognized as a complex of
species which has been divided into four main phylotypes, all of them causative agents of bacterial
wilt (Hayward, 1991; Fegan and Prior, 2005). R. solanacearum is a water and soil borne pathogen
that infects plants via wounds, root tips or cracks at the sites of lateral root emergence (Alvarez et al.,
2008, 2010). It is considered a quarantine bacterium and a pest of economic and environmental
importance in the European Union (EFSA Panel on Plant Health (EFSA PLH Panel) et al., 2019).
The management of disease remains limited and is hampered by the ability of the pathogen to survive
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for years in wet soil, water ponds, on plant debris or in asymptomatic weed hosts, which act as
inoculum reservoirs (Mansfield et al., 2012).

Agrobacterium tumefaciens (recently reclassified as Rhizobium radiobacter) is a rod-shaped,
Gram-negative soil bacterium, belonging to the genus Agrobacterium (Smith and Townsend, 1907).
Bacterium is closely related to nitrogen-fixing bacteria which dwell at root nodules in legumes.
Unlike the most other soil-dwelling bacteria, it infects the roots of plants to cause Crown Gall Disease
(Jin et al., 1990). A. tumefaciens targets dicots and causes economic damage to various plants, for
instance, walnuts, grape vines, stone fruits, nut trees, sugar beets, horse radish, rhubarb and other
various crop species worldwide (Cubero et al., 2006). However, A. tumefaciens possesses a very rare
feature: the ability for conducting horizontal genetic exchange between organisms of different
phylogenetic kingdoms, thus making it a potential vector in the production of transgenic plants
(Gelvin, 2012). Bacterium contains a plasmid, the tumor-inducing or Ti plasmid, a segment of which,
called T-DNA, integrates into the host plant chromosomes causing a cancerous proliferation of the
stem tissue often around the junction of the root and shoot (crown gall) (Hull et al., 2021). Scientists
have exploited this ability of this bacteria to put DNA into its host to create transgenic plants.
A. tumefaciens have emerged as an important molecular tool for manipulating plants and creating
genetically modified crops for research and agriculture (Bundock et al., 1995; Kunik et al., 2001;
Michielse et al., 2008).

Xanthomonas is a large genus of plant-associated Gram-negative bacteria. These yellow-
pigmented bacteria are generally rod shaped with a single polar flagellum, are obligate aerobes
(Bradbury, 1984). The genus comprises 27 species that cause serious diseases in almost 400 plants
(124 monocots and 268 dicots) including a wide variety of important crops such as rice, citrus,
cabbage and pepper (Jun et al., 2010; Ryan et al., 2011). Pathogenic species of Xanthomonas show a
high degree of host plant specificity and species can be further differentiated into pathovars that are
defined by characteristic host range and/or tissue specificity (Ryan et al., 2011; Jacques et al., 2016).
Among the most notable of these pathogens are X. campestris pv. campestris (Xcc), the causal agent
of black rot of crucifers that affects all cultivated brassicas, X. campestris pv. vesicatoria (Xcv), now
reclassified as X. euvesicatoria, the causal agent of bacterial spot of pepper and tomato, and
X. campestris pv. malvacearum (Xcm, now X. axonopodis pv. malvacearum), which causes angular
leaf spot of cotton (Mansfield et al., 2012).

Xanthomonas oryzae pv. oryzae (X00) is a rod-shaped, Gram-negative bacterium, belonging to
the genus Xanthomonas (Bradbury, 1984). It produces a yellow soluble pigment, called
xanthomonadin, and extracellular polymeric substance (EPS). EPS is important in the protection of
bacteria from desiccation and for the attenuation of wind- and rain-borne dispersal (Swings et al.,
1990). Xoo cause bacterial leaf blight (BLB) of rice (Oryza sativa) (Mew, 1987). Bacterium infects
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the rice leaf typically through hydathodes at the leaf tip, broken trichomes, leaf margins and wounds
in the leaves or roots (Noda and Kaku, 1999; Nozue et al., 2011). BLB is efficiently controlled using
resistant rice cultivars. However, because Xoo0 has the capacity to express effectors that suppress some
host defense responses, often this resistance is eventually overcome (Verdier et al., 2012). Control of
the disease with copper compounds, antibiotics and other chemicals has not proven to be effective,
due to variation in sensitivity of pathogenic strains toward applied chemicals (George et al., 1997).
The use of Pseudomonas and Bacillus strains have been reported for the biocontrol of rice pathogens
such as Xo0, Magnaporthe oryzae, and Rhizoctonia solani (Ji et al., 2008; Spence et al., 2014). Plant
growth promoting Bacillus spp. were found to suppress BLB in rice under greenhouse conditions
(Chithrashree et al., 2011). Rhizospheric antagonistic P. aeruginosa have been documented as
beneficial biocontrol agents against Xoo (Yasmin et al., 2016).

Another phytopathogen, belonging to the genus Xanthomonas, is Xanthomonas axonopodis pv.
manihotis (Xam). Xam is the causal agent of cassava bacterial blight (CBB) disease and generates
losses of up to 100% under the appropriate climatic conditions (Lozano, 1974). Cassava (Manihot
esculenta Crantz) is a tuberous woody shrub in Euphorbiaceae family, which could be annual or
perennial, and is grown because of its starchy roots. It is one of the most important staples in the
tropics eaten by 800 million people around the globe (Lebot, 2009). Xam induces a wide combination
of symptoms, including angular leaf lesions, blight, wilt, stem exudates and stem canker in Cassava.
Xam is considered as a quarantine organism in all countries that grow cassava (Verdier et al., 2004).

Erwinia amylovora a Gram-negative bacterium in the genus Erwinia (Paulin, 2000).
E. amylovora causes fire blight disease of apple, pear, quince, blackberry, raspberry and many wild
and cultivated rosaceous ornamentals (Thomson, 2000). Fire blight not only can greatly reduce crop
yield and marketability in the season by infecting blossoms and killing of fruit spurs, but also cause
the loss of entire trees and orchards (Zhao et al., 2019). The management of fire blight is based on
sanitation, cultural practices and the use of a limited number of bactericides and biological control
products, mainly to combat blossom blight. Furthermore, streptomycin remains the most effective
control material in areas in which sensitive strains of E. amylovora are present. However, in many
areas, resistant strains are prevalent or regulations against the use of antibiotics in plant agriculture
preclude the use of streptomycin (Norelli et al., 2003). Many experiments with antagonistic bacteria
have been performed to control the fire blight. Extensive field trials have been conducted mainly with
strains of Pseudomonas agglomerans and Pseudomonas fluorescens (Johnson and Stockwell, 1998).

Xylella fastidiosa is an aerobic, Gram-negative bacterium of the genus Xylella. It is a plant
pathogen and is transmitted exclusively by xylem fluid-feeding sap insects (Homoptera, Cicadellidae)
(Redak et al., 2004). X. fastidiosa broad host range includes both monocots and dicots, and bacterium

is associated with several important plant diseases, including Pierce’s disease of grapevine, citrus
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variegated chlorosis and almond leaf scorch disease. EIm, oak, oleander, maple, sycamore, coffee,
peach, mulberry, plum, periwinkle, pear and pecan are also other host species of the bacterium
(European Food Safety Authority (EFSA), 2016). Because there are no effective control measures
that target the bacterium itself, the most widely used methods of control are severe pruning and
rouging of infected vines, and control of the insect vector via insecticide applications (Daugherty et
al., 2015). Current efforts are turning towards the natural chemistries produced by grapevine-
associated microbes as potential control measures for Pierce’s disease infected grapevines (Aldrich
etal., 2015).

The genus Dickeya was formed in 2005 by the reclassification of former Erwinia chrysanthemi
into six species as Dickeya chrysanthemi, D. dadantii, D. diffenbachiae, D. dianthicola, D. zeae and
D. paradisiaca (Samson et al., 2005). All Dickeya spp. cause economically important diseases on
different plant hosts worldwide, including 10 monocot and 16 dicot families (Ma et al., 2007; Samson
et al., 2005). D. dadantii is a Gram-negative plant pathogenic bacterium that causes soft-rot, stem
wilt, and blight diseases on a wide range of economically important crops including potato, carrots,
and cabbage (Nelson, 2009). D. solani is a Gram-negative bacterium able to cause disease symptoms
on a variety of crop and ornamental plants worldwide, mostly known for causing blackleg and soft
rot in potato crops (Toth et al.,, 2011). Currently there are no effective chemical controls for
Dickeya spp. The most important practices involve lowering the prevalence of disease by proper
sanitation of materials, exclusion of infected materials, and avoiding environments conducive to
disease. The most important of disease management is the exclusion, because D. dadantii and
D. solani can move through vegetative propagated tissues asymptomatically. Therefore, it is
important to have a certified disease-free stock (Toth et al., 2011).

Pectobacterium (formerly Erwinia) carotovorum is a Gram-negative plant-specific pathogen
of the genus Pectobacterium. Bacterium cause soft rot disease of various plant hosts, and blackleg in
potato by degradation of the plant cell wall (Aizawa, 2014). Application of chemical bactericides for
controlling soft rot bacteria is not favoured because of their non-persistence, side toxic effects, high
cost as well as development of resistance in bacterial populations. Therefore, biological control may
be one of the good crop protection methods for controlling bacterial soft rot disease by application of
Trichoderma spp., Bacillus spp. or Pseudomonas spp., which widely applied as biological agents
against many soil-borne pathogens (Wulff et al., 2003; Alabouvette et al., 2006).

Potato common scab, caused by several Streptomyces species, is a serious potato disease
causing significant economic problems worldwide (Sarwar et al.,, 2019). Streptomyces
europaeiscabiei and Streptomyces scabies are Gram-positive bacterial pathogens that causes common
scab disease to several crops, particularly in the potato (Bouchek-Mechiche et al., 2000). Because of
the limited understanding of the genetic diversity of S. scabies and the genetic differences in various
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potato cultivars, developing effective control strategies for potato common scab is challenging (Dees
and Wanner, 2012). Traditional control methods such as soil amendment/chemistry to lower soil pH,
soil fumigation with chloropicrin, pre-sowing treatment of seed tubers with fluazinam or flusulfamide,
and crop rotation are usually not efficacious and may harm the environment (Wilson et al., 1999;
Larkinetal., 2011; Dees and Wanner, 2012). Research in biological control as an alternative approach
Is emerging. Several studies have used biocontrol agents, including non-pathogenic Streptomyces
spp., Pseudomonas spp., and Bacillus spp., to combat potato common scab (Eckwall and Schottel,
1997; Han et al., 2005; St-Onge et al., 2011; Meng et al., 2012; Wanner et al., 2014; Arseneault et al.,
2015).

1.4.2. Bacteriocin producing rhizobacteria

Rhizosphere is densely populated by a diverse group of microorganisms among which the
Gram-positive bacteria are dominant. The bacteria inhabiting the rhizosphere are usually termed as
rhizobacteria, which based on their effect on plant growth are grouped into:

e The beneficial bacteria responsible for plant growth and development and termed as plant
growth-promoting rhizobacteria (PGPR).

e The deleterious rhizobacteria responsible for plant disease.

e Neutral group (Kloepper et al., 2004).

The PGPR exert their beneficial effect either by providing hormones or by producing
antagonistic substances like antibiotics and bacteriocins (Glick and Bashan, 1997). Bacteriocin
excretion provides producer strains with an advantage, through significant reduction of direct
competitor populations, allowing improved performance and survival of the producer strain. PGPR
producing bacteriocins benefit from this competitive ability to inhibit closely related strains and thus
clearing the niche space for themselves (Riley and Wertz, 2002). A bacteriocin that also promotes
plant growth and development through mechanisms such as a decrease in the population of root
associated plant-bacterial pathogens, would result in more vigorous plants (Subramanian and Smith,
2015). Several Bacillus and Pseudomonas spp. well known as PGPR are also potential bacteriocin
producers (Podile and Kishore, 2006).

Several bacteriocins isolated, identified, and characterized from Bacillus species include
cerein7 and 8A produced by B. cereus (Oscériz and Pisabarro, 2001; Bizani et al., 2005); Bac-GM17
from rhizosphere-derived B. clausii GM17; subtilisin H4, IH7, and Bac14B from B. subtilis strains
(Compaoré et al., 2013); and thuricin 17 and thuricin Bnl from B. thuringiensis strains (Gray et al.,
2006). The bacteriocin cerein7, from B. cereus with a mass of 3.94 kDa was the first to be isolated
from this species (Oscariz et al., 1999). Cerein 8A isolated from B. cereus 8A, interferes with cell

membrane integrity and causes cell wall damage, which is the mode of action of many bacteriocins

23



(Bizani et al., 2005). Bacteriocin Bac-GM17 from the rhizosphere bacteria B. clausii GM17 is a
5.158 kDa monomer protein and have bactericidal effect on A. tumefaciens C58 and fungistatic effect
on Candida tropicalis R2 CIP203 (Mouloud et al., 2013). B. subtilis strain IH7 produces a bacteriocin
Bac IH7 which is reported to have a plant growth promoting activity. Tomato and muskmelon treated
with Bac IH7 showed enhanced germination percentage and increased shoot weight and height, and
root lengths. It also served as a biocontrol for Alternaria solani and other seed borne pathogens
(Hammami et al., 2011). Bac14B produced by B. subtilis strain 14B was isolated from the rhizosphere
of healthy almond plant in Turkey. Bacl4B showed significant antibacterial activity against
A. tumefaciens, the causal agent of crown gall disease (Hammami et al., 2009). Amylocyclin, a small
peptide bacteriocin produced by B. amyloliquefaciens spp., is a circular bacteriocin with high
antibacterial and antifungal activity (Scholz et al., 2014). Amylocyclin was found active against
R. solanacearum, the causal agent of capsicum bacterial wilt, and X. campestris, the causal agent of
black rot disease in cruciferous plants (Hu et al., 2010). The 30-kDa lectin-like bacteriocin putidacin,
produced by Pseudomonas putida strain BW11M1, was isolated from banana root. This bacteriocin
contains regions that resemble mannose-binding domains of lectins in monocotyledonous plants
(Parret et al., 2003). Putidacin has inhibitory activity against strains of a number of Pseudomonas
species, including pathovars of P. syringae (Parret et al., 2005).

The only bacteriocin studied extensively for plant growth promotion is thuricin 17 (Th17). Th17,
isolated from B. thuringiensis strain NEB17, is a low molecular weight peptide of 3.162 kDa, stable
across a pH range of 1.0-9.25, highly heat resistant and is inactivated by treatment with proteolytic
enzymes. To understand the antimicrobial activity of Thl7, a range of Bacillus and non-Bacillus
species were studied. Results indicated no inhibitory effect on nodulating rhizobia and other PGPR
strains. However, Th17 acts as inhibitor to E. coli, a unique finding regarding this peptide since it is
uncommon for Gram-positive bacteria to inhibit Gram-negative bacteria. The mode of action of the
bacterial peptide is both bactericidal and bacteriostatic (Gray et al., 2006). Th17 increases plant
growth through direct and indirect mechanisms. Indirect mechanisms of action include induction of
plant disease resistance and inhibition of susceptible pathogenic strains by binding to receptors or the
cell membrane/wall, leading to an increase in ecological niche space for producer strains or
nodulation of associated plants (Gray and Smith, 2005; Mabood et al., 2014). Treatment with Th17
enhanced production of phenolics, phenylalanine ammonia lyase activity (lignification-related
enzymes), and also the levels of peroxidase and superoxide dismutase enzymes (antioxidative
enzymes) in 2-week old soybean plants, indicates that it provoked defence system responses (Jung et
al., 2008, 2011). Direct stimulation takes place when this compound binds to receptors in leaf or root
tissues, and acts as a pseudo-stress signal leading to triggering of various metabolic pathways,
resulting in enhancement of photosynthetic rates (Gray et al., 2006). Generally, plants elevate
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photosynthetic rates under pathogen or insect challenge, to compensate for decreased photosynthesis
in damaged tissues (Nowak and Caldwell, 1984). In the case of Th17, the response has been induced
without any stress to counteract, resulting in a net increase in growth (Gray and Smith, 2005). When
Th17 was root-drench-applied nodule number root, shoot, and total biomass of soybean was increased.
Foliar application also enhanced leaf area and leaf greenness (Lee et al., 2009). Research on Th17
has demonstrated its promising role as a plant growth promoter under stressful conditions. As an
example, Th17 treated soybean plants showed a reduced impact by water deficit stress. Application
of Th17 to soybean roots plus inoculation with N2-fixing B. japonicum increased root and nodule
biomass by 37% and 55%, respectively and increased leaf area, photosynthetic rate, and abscisic acid
levels in roots under water deficit stress (Prudent et al., 2015). A proteomic study indicated more
rapid and efficient mobilization of carbon, nitrogen, and storage proteins of soybean seeds treated
with Th17, resulting in enhanced germination under salt stress (Subramanian et al., 2016).
Collectively, these findings highlight the role of Th17 as a biocontrol and plant growth promoting

bacteriocin in agriculture.
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2.1. Materials

2. MATERIALS AND METHODS

2.1.1. Media used for isolation and cultivation of microorganisms

Isolated bacteria were grown in Petri dishes with Nutrient Broth (NB), 10:NB (10x diluted NB),

Brain Heart Infusion (BHI), Luria-Bertani (LB) and selective Ashby’s Mannitol medium

supplemented with 15 g/L agar (Fisher Scientific) when needed (Table 2.1). The sterilization of

media was performed in an autoclave at 121°C for 20 min.

Table 2.1 Media used for isolation and cultivation of microorganisms.

Name of the medium

Composition of the medium

Nutrient Broth (Difco)

10 g/L peptone

1 g/L beef extract
2 g/L yeast extract
5 g/L NaCl

Brain Heart Infusion (LAB M)

17.5 g/L Brain-Heart Infusion Solids
10 g/L tryptose

2 g/L glucose

5 g/L NaCl

2.5 g/L Na;HPO4

Luria-Bertani (Carl Roth)

10 g/L peptone
5 g/L yeast extract
10 g/L NaCl

Ashby’s Mannitol medium

10 g/L mannitol (Merck)

0.2 g/L NaCl (Carl Roth)

0.2 g/L KH2PO4 (Merck)

5 g/L CaCOs; (Merck)

0.2 g/L MgSO4 x 7H,0 (Merck)
0.1 g/L CaCl, x 2H,0 (Merck)

2.1.2. Microorganisms used in this study

Bacterial strains used in this study are presented in Table 2.2. Cultures were maintained and

grown on LB agar medium in a thermostat or in liquid LB medium in a thermoshaker at 30°C using

180 rpm.
Table 2.2 Bacterial strains (continued in 27 page). *Marked non-phytopathogenic species.
Species Strain Obtained from
Xanthomonas vesicatoria DSM 22252
Xanthomonas campestris DSM 3586
*Agrobacterium radiobacter DSM 30147
Pseudomonas syringae DSM 10604
Pseudomonas syringae DSM 50315
Pectobacterium atrosepticum DSM 18077 Leibniz Institute, DSMZ — German
Pectobacterium carotovorum DSM 30168 Collection of Microorganisms and Cell
Dickeya solani DSM 28711 Cultures (Braunschweig, Germany)
Streptomyces scabiei DSM 41658
Streptomyces europaeiscabiei DSM 41802
Enterococcus faecalis DSM 2570
*Bacillus subtilis ATCC 6633
Candida albicans ATCC 10231




Staphylococcus aureus subsp. aureus ATCC 25923
*Staphylococcus epidermidis ATCC 12228

2.2. Methods
2.2.1. Sample collection

Soil samples were randomly collected from a potato, strawberry and rye field located in the
village of Laukininkéliai, Varéna district (54°15'15.2" N 24°14'25.2" E). Soil samples were taken
under similar environmental conditions in October 2021. All samples were carefully collected by
scraping the soil surface with a sterile scoop and transferred to the sterile sample tubes.

2.2.2. Isolation of bacteria strains from the soil

One gram of each soil sample was suspended in 9 mL of sterile 0.9% NaCl (Carl Roth) solution.
The mixture was shaken for 30 min. in a shaker at room temperature (21°C). Further, samples were
diluted 10® 10%, 10° times in sterile 0.9% NaCl solution and 100 L of each dilution were spread on
Petri dishes with NB, 10:NB, BHI and LB agar medium. The Petri dishes were incubated at 30°C for
48 h, and colonies were further sub-cultured and spread on a new and fresh agar plates for pure
bacterial strain isolation based on morphological differences. The isolated bacterial strains were
further inoculated in liquid LB medium and after overnight growth in a thermoshaker glycerol
solution was added to a final concentration of 20% and stored at —75°C. The growth media used in

the work and their composition are described in Table 2.1.

2.2.3. Screening for bacterial isolates active against phytopathogens

The isolated strains and phytopathogens were refreshed and grown in LB medium at 30°C in a
thermoshaker for 24 h. The prepared cultures were used to screen isolates active against
phytopathogens by using a spot on a lawn assay (Schillinger and Liicke, 1989). Melted LB agar
medium was inoculated (5% v/v) with phytopathogenic culture, mixed and poured into Petri plates.
When the agar was solid, 10 pL of the bacteria isolate culture was placed onto a Petri dish with an
indicator strain of phytopathogen and left to dry. A well diffusion assay was performed by using a
sterile pipette tip to cut wells in the agar medium with an indicator strain and 50 uL. of the sample
was poured into the wells and left for 10 min. for samples to absorb. After that, the plates were

incubated in a thermostat at 30°C for 24 hours. After incubation, the inhibition zones were evaluated.

2.2.4. Identification by 16S rRNA gene sequencing

Genomic DNA was extracted from bacteria isolates by using a GeneJET Genomic DNA
Purification (Thermo Fisher Scientific) kit. For PCR to amplify the 16S rRNA region was used
primer 1492R (5’- TACGGYTACCTTGTTACGACTT- 3’) and primer 27F (5’- AGAGTTTGATC
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MTGGCTCAG-3"). The PCR was performed using PfuX7 polymerase (Ngrholm, 2010), 10xTaq
buffer (Thermo Fisher Scientific), ANTPs (2 mM each, Thermo Fisher Scientific), MgCl, (25 mM,
Thermo Fisher Scientific), primers (0.5 uM each, Metabion) and genomic DNA according to the
manufacturer's recommendations. PCR products were purified using the GeneJet PCR purification

kit (Thermo Fisher Scientific). The PCR products were sequenced at BaseClear (Leiden, Netherlands).

2.2.5. DNA electrophoresis

PCR products were visualized using 1% (w/v) agarose gel electrophoresis. The system was
filled with 1xTAE buffer solution (Thermo Fisher Scientific). DNA electrophoresis was performed
at voltage of 80 V, for 45 min. Gels were visualized and analysed using the transilluminator MiniBIS
Pro (DNA Bio-Imaging System). DNA fragment length standard GeneRuler (Thermo Fisher
Scientific) was also run on the gel to estimate PCR product length.

2.2.6. Phylogenetic analysis

DNA sequences were analysed using 16S-based ID tool (BLASTn analysis) in EzBioCloud
software: https://www.ezbiocloud.net. Multiple cluster alignment and phylogenetic analysis were
performed on MEGA software (v. 11) based on the Neighbour Joining method using the p-distance

method and a 1000 repetition bootstrap to evaluate statistical support.

2.2.7. SDS-PAGE protein electrophoresis

First, chloroform-methanol extraction of supernatant proteins was performed according to
Wessel and Fligge (1984) protocol. Then, Tris-Glycine-SDS-PAGE protein electrophoresis was
performed according to the protocol of Rosenberg (1996). Protein separation was performed in SDS-
polyacrylamide 4% concentrating and 12% separating gels. Tricine-SDS-PAGE protein
electrophoresis was performed according to the protocol of Schégger (2006). Protein separation was
performed in SDS-polyacrylamide 4% concentrating gel, 10% spacer gel and 16% separating gels.
After electrophoresis, gels were fixed for 30 min. in a fixing solution containing 20% propanol and
10% acetic acid. After fixation, gels were washed 3 times for 10 min. in deionized water. After
washing, one gel was stained with PageBlue Protein Staining Solution (Thermo Fisher Scientific)
according to the manufacturer's recommendations. Another gel was used for antibacterial activity
evaluation. After fixation and washing with deionized water, the gel was transferred to a Petri dish
and poured with melted LB agar medium inoculated with phytopathogenic indicator strain. After the
agar solidified, the plate was incubated in thermostat overnight at 30°C. After incubation, zones of

growth inhibition were evaluated.
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2.2.8. Bacteriocin extraction by amberlite XAD-16N

Bacteria culture was inoculated (1%) into 100 mL LB media and incubated in thermoshaker at
30 °C. After reaching certain optical density the culture was centrifuged at 5000xg for 20 min at 4°C.
The supernatant was collected and filtered by 0.22 um (Durapore) filter. The filtered supernatant was
divided into 3 equal parts for different bacteriocin purification methods.

The amberlite XAD-16N resin (Sigma-Aldrich) was equilibrated in water (1% wi/v) for 30
minutes. Then the water was decanted and the resin soaked in MeOH (1% w/v) for 30 minutes. After
that MeOH was decanted and the resin was mixed with water (50% w/v) and washed from MeOH by
mixing. The filtered supernatant was mixed with amberlite XAD-16N resin and shaken at 200 rpm
for 1 hat 4°C. The mixture was poured into column to separate resin and the supernatant. The proteins
were eluted from the resin using 100% MeOH by shaking at 200 rpm for 1 h at 4°C. MeOH with
eluted proteins were collected and evaluated for antibacterial activity using a spot on a lawn or a well

diffusion assay.

2.2.9. Bacteriocin extraction by C18-SPE

CHROMABOND C18 (45 um, 6 mL/500 mg) SPE column (Macherey-Nagel) was activated
by loading 6 mL 100% acetonitrile, then washed with 6 mL water. The filtered supernatant was loaded
on the column and then the column was washed with 3 mL water to remove unbounded proteins. The
analytes were eluted with 6 mL 100% acetonitrile and evaluated for antibacterial activity using a well

diffusion assay.

2.2.10. Bacteriocin extraction by ammonium sulphate

Ammonium sulphate (Sigma-Aldrich) was gradually added to the supernatant up to 80%
saturation and stirred for 1 h at 4°C. Then the sample was centrifuged at 10000xg for 1 h at 4°C. The
pellets were resuspended in 20 mM Tris-HCI, pH 8, buffer and dialyzed using a dialysis membrane
(Membra-Cel, MD25/8-14 kDa, Carl Roth) in the same or other buffer to remove the salt. A well

diffusion assay was performed to evaluate antibacterial activity.

2.2.11. lon-exchange chromatography

For anion-exchange chromatography UNO Q1 or UNO Q6 columns (Bio-rad) were used, and
for cation-exchange chromatography UNO S1 column (Bio-rad) was used. Protein chromatography
was performed using the BioLogic DuoFlow medium-pressure chromatography system (Bio-rad).
The samples were equilibrated in binding buffers (A) and loaded on the column, which was pre-

equilibrated in the same buffer. Then the column was washed from unbounded proteins using 5-10
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column volumes of binding buffers and then proteins were eluted in an increasing linear gradient of
NaCl using 10-20 column volumes of elution buffers (B). All buffers are listed in Table 2.3.

Table 2.3 Buffers used for anion-, cation-exchange and hydrophobic interaction chromatography.

lon-exchange Starting buffer Elution buffer
chromatography
. 20 mM TRIS-HCI, pH 8 20 mM TRIS-HCI, pH 8 (Carl
Anion ALY Carl Roth) BL | Roth) + 500 mM NaCl
A2 20 mM MES, pH 6.1 (Carl B 20 mM MES, pH 6.1 (Carl Roth)
Cation Roth) + 1000 mM NaCl
A3 20 mM citric acid, pH 3.1 B3 20 mM citric acid, pH 3.1 (Carl
(Carl Roth) Roth) + 1000 mM NaCl
Hydrophobic 20 mM TRIS-HCI, pH 8 i
interaction A4 | (Carl Roth) + 2000 mM B4 20 mM TRIS-HCI, pH 8 (Carl
Roth)
chromatography NaCl

A spot on a lawn assay was performed to evaluate collected flow through and elution fractions

for antibacterial activity.

2.2.12. Hydrophobic interaction chromatography

For hydrophobic interactions chromatography (HIC) Bio-Scale column (Bio-Rad) filled with
5 mL Macro-Prep Methyl HIC resin (Bio-rad) was used. Chromatography was performed using
BioLogic DuoFlow medium-pressure chromatography system (Bio-rad). Sample was equilibrated in
buffer A4 and loaded on columns pre-equilibrated in the same buffer. Unbounded proteins were
washed using A4 buffer. Proteins from the column were eluted in a decreasing linear gradient of NaCl
using B4 buffer. A spot on a lawn assay was performed to evaluate flow through and elution fractions
activity after purification.

30



3. RESULTS AND DISCUSSION

3.1. Isolation and screening of bacterial strains active against plant pathogenic
bacteria

Three samples of soil from a potato, strawberry and rye field were subjected to bacteria isolation
on agar medium: NB, 10:NB, BHI and LB. As a result, 51 morphologically different colonies were
isolated (Supplement 1): 29 strains from potato field, 11 strains from rye field and 11 strains from
strawberry field. Further, to identify bacterial isolates active against plant pathogenic bacteria, a spot
on a lawn assay was used (Table 3.1). After screening of 51 bacterial strains, it was revealed that 11
of them (BL1, BL5, BL11, BL17, BL25, BL26, RL2, RL6, RL7, RL8, BR2) inhibited growth of 10
phytopathogenic strains: X. vesicatoria DSM 22252, X. campestris DSM 3586, A. radiobacter DSM
3014710, P. syringae DSM 10604, P. syringae DSM 50315, P. atrosepticum DSM 18077,
P. carotovorum DSM 30168, D. solani DSM 28711, S. scabiei DSM 41658, S. europaeiscabiei
DSM 41802. A few examples of isolates (BL5, RL2, RL6, RL8, BR2) active against phytopathogenic
bacteria are presented in Figure 3.1. The largest number (6) of active isolates was isolated from the
potato field. 10 isolates were active against more than 1 phytopathogen and BL5, BR2 isolates
showed the broadest antibacterial spectrum.

Table 3.1 Screening of antibacterial activity of a potato, strawberry and rye field isolates against
plant pathogenic bacteria. Legends: — (no zone of inhibition), + (small zone of inhibition), ++ (large
zone of inhibition).

Phytopathogen Active isolates

BL1 | BL5 | BL11 | BL17 | BL25 | BL26 | RL2 | RL6 | RL7 | RL8 | BR2
X. vesicatoria DSM 22252 - + + + + - 4=+ | 4+ | = | ++ | ++
X. campestris DSM 3586 ++ + 4+ — — + 4+ | 4+ | =+ — | 4+
A. radiobacter DSM 30147 - - - — - - + + + + | 4+
P. syringae DSM 10604 - + - - - - - + - + +
P. syringae DSM 50315 — + - — — — — + — — +
P. atrosepticum DSM 18077 — | 4+ - + - + - + - - +
P. carotovorum DSM 30168 + + - - - + - - - - +
D. solani DSM 28711 — + - — — + — — — — +
S. scabiei DSM 41658 — | 4+ - — — — - + + - -
S. europaeiscabiei DSM 41802 _ _ _ _ _ _ _ — _ _ _

S. scabiei DSM 41658 ¥ X. vesicatoria DSM 22252

BL26

o §

Figure 3.1 BL5 isolate active against S. scabiei DSM 41658, RL2, RL6, RL8 and BR2 isolates
active against X. vesicatoria DSM 22252.
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In addition, the capability of isolates to fixate nitrogen was assessed. Nitrogen-fixing bacteria
are colonized in plants and can effectively provide nitrogen to plants without need to form specific
nodules, thus enchanting plant growth and productivity (Mahmud et al., 2020). Ashby's Mannitol
Agar is a selective growth medium used to culture and identify nitrogen-fixing bacteria. In this
medium, mannitol is the source of carbon and atmospheric nitrogen is the source of nitrogen. Bacteria
isolates were grown on selective Ashby’s Mannitol Agar in thermostat at 30°C for 72 h. It was
revealed that among the isolates, showing antimicrobial activity, isolates RL2, RL6 and BR2 are
capable to grow on selective medium and to fixate nitrogen from the environment (Figure 3.2). In
addition to antibacterial activity against phytopathogens, the RL2, RL6 and BR2 were able to fix
atmospheric nitrogen and could be applied in agriculture not only as preventive measure against

phytopathogenic bacteria, but also as plant growth enhancers.

Figure 3.2 Growth of BL26, BL5, BR2, RL2 and RL6 isolates on selective Ashby’s Mannitol
Agar medium.

3.2. lIdentification of isolates active against phytopathogens

Bacteria isolates showing antibacterial activity were further identified by 16S DNA sequencing.
The alignment (BLASTn analysis) of 16S RNA using the 16S-based ID tool in EzBioCloud software
showed that isolates BL1, BL5, BL11, BL17, BL25, BL26, and RL7 belong to Bacillus genus, and
isolates BR2, RL2 and RL6 belong to Pseudomonas genus (Supplement 2). The results were
summarized and are presented in Table 3.2.

The analysis of 16S rRNA sequences using the BLASTn algorithm indicated that BL1 isolate
is closely related to B. toyonensis BCT-7112 and B. mobilis 0711P9-1 species, sharing 99.3% identity
(Supplement 2, Table 2). BL5 isolate 16S rRNA has highest similarity to B. velezensis CR-505
sharing 99.7% identity (Supplement 2, Table 3). The BLASTn algorithm indicated that 16S rRNA
of BL11, BL17, BL25 isolates have highest similarity to B. toyonensis BCT-7112, sharing a
maximum 99.5%, 99.9%, 99.8% identity respectively (Supplement 2, Tables 4 — 6). 16S rRNA
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sequence of BL26 isolate has highest similarity to B. altitudinis 41KF2b strain, sharing 100% identity
(Supplement 2, Table 7). Analysis of 16S rRNA sequence indicated RL2 isolate to be closely related
to P. lini CFBP 5737 strain, sharing 99.9% identity (Supplement 2, Table 9). Both BR2 and RL6
isolates are closely related to P. silesiensis A3 strain, sharing 99.8% identity (Supplement 2,
Table 8, 10). RL7 isolate is closely related to B. wiedmanii FSL W8-0169, sharing 99.8% identity
(Supplement 2, Table 11).

Further, a phylogenetic tree analysis of 16S DNA sequences demonstrates the relatedness
between the strains and nearest neighbour of each strain, as portrayed in Supplement 3. BL5 isolate
is related to B. tequilensis bacteria species (Supplement 3, Figure 2). BL26 in the phylogenetic tree
was clustered with B. altitudinis type strains (Supplement 3, Figure 6). A phylogenetic tree
demonstrates that BR2, RL2 and RL6 isolates belong to P. lini clade (Supplement 3, Figure 7-9).
BL1, BL11, BL17, BL25 and RL7 isolates were grouped in the same clade, which is closely related
to pathogenic B. cereus and B. anthracis (Supplement 3, Figure 1, Figures 3 — 5). They were
assigned to B. cereus group — group of spore-forming, aerobic, facultative anaerobic, rod-shaped
bacteria and is comprised of at least eight closely related species: B. anthracis, B. cereus,
B. thuringiensis, B. mycoides, B. pseudomycoides, B. weihenstephanensis, B. cytotoxicus, and
B. toyonensis. It is important to note that while some strains within the B. cereus group can be
pathogenic, many strains are not harmful to humans and have beneficial applications in various fields,
such as agriculture and biotechnology. The pathogenicity of these bacteria can vary depending on the
specific strain, its genetic characteristics, and the conditions of infection or exposure, for example B.
anthracis is the causative agent of anthrax. Some B. cereus strains are commonly recognized as food
poisoning agents, but strains can also cause localized wound and eye infections as well as systemic
disease. Certain B. thuringiensis strains are entomopathogens and have been commercialized for use
as biopesticides, while some strains have been reported to cause infection in immunocompromised
individuals. (Liu et al., 2015). B. toyonensis is a bacterial species that has been associated with various
potential benefits and risks. B. toyonensis are known for their plant growth-promoting properties.
They can produce substances that facilitate nutrient uptake, protect plants against pathogens, and
improve overall plant health. However, it is important to note the possibility that some strains may
have the potential to cause infections or adverse effects, especially in individuals with weakened
immune systems. This risk, however, requires further investigation and clarification (Santoyo et al.,
2016). Since identification based on the 16S rRNA is very limited at species level and due to risks
associated with B. cereus group, it was decided not to use BL1, BL11, BL17, BL25 and RL7 isolates
in further research.

Based on BLASTn and phylogenetic tree analysis, it can be concluded that isolate BL5 is
closely related to B. tequilensis bacteria species. BL26 isolate is closely related to B. altitudunis
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41KF2b strain. A phylogenetic tree demonstrated that BR2, RL2 and RL6 isolates belong to P. lini
clade: P. lini has been shown to perform nitrogen fixation, thus promoting plant growth (Padda et al.,
2019). B. tequilensis GYUN-300 is known to exhibit antagonistic activity against the fungal pathogen,
Colletotrichum acutatum, which causes anthracnose that manifests primarily as a fruit rot in red
pepper (Kwon et al., 2022). The endophytic B. altitudinis has a notable influence on plant growth and
researchers claim that B. altitudinis could be used as a favourable candidate source to enhance plant
growth in sustainable agriculture (Zhang et al., 2021).

Table 3.2 Summarized 16S rRNA analysis results.

Isolate name Genus Closely related species*
BL1 Bacillus Bacillus toyonensis (B.cereus group)
BL5 Bacillus Bacillus velezensis
BL11 Bacillus Bacillus toyonensis (B.cereus group)
BL17 Bacillus Bacillus toyonensis (B.cereus group)
BL25 Bacillus Bacillus toyonensis (B.cereus group)
BL26 Bacillus Bacillus altitudinis
BR2 Pseudomonas Pseudomonas silesiensis
RL2 Pseudomonas Pseudomonas lini
RL6 Pseudomonas Pseudomonas silesiensis
RL7 Bacillus Bacillus wiedmanii (B.cereus group)

*based on EzBioCloud 16S database analysis

3.3. Antibacterial activity in supernatants

Next, production of antibacterial substances of Bacillus sp. BL5, BL26 strains, and
Pseudomonas sp. BR2, RL2, RL6 strains was evaluated in liquid medium. Strains were grown in
liquid LB medium at 30°C for 97 h and antibacterial activity using the spot on a lawn assay was
evaluated in the supernatants of the cultures. Samples were taken in different growth phases
periodically. Phytopathogens, which were previously affected by isolates, were used as indicator
strains (Table 3.1).

Results showed that no growth inhibition zones of indicator strains were detected using the
supernatants of Bacillus sp. BL26 strain and Pseudomonas sp. BR2, RL2 strains. Supernatant of
Pseudomonas sp. RL6 strain inhibited growth of X.campestris DSM 3586 and P. syringae
DSM 10604 phytopathogens (Figure 3.3, 3.4). The production of antibacterial substances against
X. campestris DSM 3586 were detected in exponential and stationary growth phases, after 5 h of
growth and remained until 50 h of growth. The production of antibacterial substances against
P. syringae DSM 10604 were also detected in exponential and stationary growth phases, after 5 h of
growth and remained until 72 h of growth, however, the activity appeared to be very low, since growth

inhibition zones were not very clear.
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V/ X. campestris DSM 3586

phytopathogens X. campestris DSM 3586 (A and B) and P. syringae DSM 10604 (C and D)
evaluation by spot on a lawn assay. Different sample collection times are indicated in the figure.

RL6 strain's growth curve
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Figure 3.4 Pseudomonas sp. RL6 strain’s growth curve. Activity against phytopathogenic strain
at certain growth time is market in the graph. Legends: + (small zone of inhibition), ++ (large
zone of inhibition).

Bacillus sp. BL5 strain supernatant inhibited growth of S. scabiei DSM 41658 and P. syringae
DSM 50315 phytopathogens. Samples collected in different periods revealed that growth inhibition
was visible after 8 h of growth and remained until 30 h of growth against S. scabiei DSM 41658 and
P. syringae DSM 50315 phytopathogens (Figure 3.5). Growth curve indicates that supernatant
antibacterial activity is present only in exponential growth phase at 8 h, 10 h, 12 h, 27 h.and 30 h until
ODeoo nm 4.16 (Figure 3.6).
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Decreased antimicrobial activity after prolonged incubation of RL6 and BL5 strains could be

attributed to proteolytic degradation by extracellular proteases.

S. scabiei DSM 41658

P. syringae DSM 50315 P. syringae DSM 50315

Figure 3.5 Bacillus sp. BL5 strain’s supernatants antibacterial activity against phytopathogens
S. scabiei DSM 41658 (A and B) and P. syringae DSM 50315 (C and D) evaluation by the spot
on a lawn assay. Different sample collection times are indicated in the figure.

BL5 strain's growth curve
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Figure 3.6 Bacillus sp. BL5 strain’s growth curve. Activity against phytopathogenic strain at
certain growth time is market in the graph. Legends: + (small zone of inhibition), ++ (large zone
of inhibition).
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3.4. SDS-PAGE analysis of supernatants

The collected supernatants of Pseudomonas sp. RL6 and Bacillus sp. BL5 strains were
concentrated with the chloroform-methanol protein extraction method and further analysed by Tris-
Glycine-SDS-PAGE and Tricine-SDS-PAGE protein electrophoresis. To evaluate molecular weight
of antibacterial proteins, after the electrophoresis gels were overlayed with agar medium inoculated
with indicator strains. No bands of Pseudomonas sp. RL6 and Bacillus sp. BL5 strains produced
peptides in Tris-Glycine-SDS-PAGE protein electrophoresis gels were visible, however analysis of
Bacillus sp. BL5 strain’s peptides with S. scabiei DSM 41658 as an indicator strain revealed an
inhibition zone at the position of ~3.5 kDa of the molecular weight marker band (Figure 3.7),
suggesting that peptide with antibacterial activity has a molecular weight of ~3.5 kDa. Therefore, the
antibacterial substances produced by Bacillus sp. BL5 strain may be classified as a Class | or Class
Il bacteriocin based on molecular weight, since class | and class Il include bacteriocins with a
molecular weight of less than 10 kDa. Production of antibacterial peptide was detected between 8 h
and 30 h of growth. Inhibition zones were visible in all fractions, however the highest activity of
antibacterial peptide was visible in supernatant collected after 30 h of growth, when ODsoo nm reached
4.16 (Figure 3.7).

Since peptide with antibacterial activity produced by Bacillus sp. BL5 strain has a molecular
weight of ~3.5 kDa, we opted to conduct the same analysis using the tricine-SDS-PAGE protein
electrophoresis, which is the preferred electrophoretic system for the resolution of proteins smaller
than 30 kDa (Schagger, 2006) (Figure 3.8). Growth inhibition zone of S. scabiei DSM 41658
indicator strain was revealed in the similar position of ~3.5 kDa. Largest inhibition zone appeared at
12 h marking in the gel, suggesting that the highest production of antibacterial peptide occurs after
12 h of Bacillus sp. BL5 strain’s growth, when ODegoo nm reaches 2.44. No protein bands were visible
in stained gels, because peptide of interest may be very diluted in the supernatant and therefore does
not yield a clearly visible band. Overall results suggest that the highest production of ~3.5 kDa
molecular weight antibacterial peptide occurs between 12 h and 30 h of Bacillus sp. BLS5 strain’s
growth (ODeoo nm between 2.44 and 4.16).
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Figure 3.7 Overlayed Tris-Glycine-SDS-PAGE gels after analysis of Pseudomonas sp. RL6 and
Bacillus sp. BL5 strains’ supernatants. A and B — analysis of Pseudomonas sp. RL6 strain’s
supernatants, C and D —analysis of Bacillus sp. BL5 strain’s supernatants. A —agarized LB medium
inoculated with indicator P. syringae DSM 10604 strain, B — agarized LB medium inoculated with
indicator X. campestris DSM 3586 strain, C — agarized LB medium inoculated with indicator
S. scabiei DSM 41658 strain, D — agarized LB medium inoculated with indicator P. syringae DSM
50315 strain. Line M — protein marker, lines 10 —30 indicate growth time (h) when the supernatants
were collected.

Figure 3.8 Tricine-SDS-PAGE protein electrophoresis analyssof Bacillus sp. BL5 strain’s
supernatants. Agarized LB medium inoculated with indicator S. scabiei DSM 41658 strain. Line
M — protein marker, 10 — 30 indicate growth time (h) when the supernatants were collected.

Pi

3.5. Crude extraction of bacteriocin

The antimicrobial substances detected in the supernatants using the spot on a lawn assay were
further purified by amberlite XAD-16N (20-60 mesh) resin, a C18-SPE column and ammonium
sulphate precipitation method. To reach the optimal yield of extracted bacteriocin and detect whether
other antibacterial peptides are produced, the Bacillus sp. BL5 strain was grown until ODego nm
reached 2.1 and 3.46. The obtained culture supernatant was further submitted for bacteriocin
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extraction and purification using different methods. To evaluate antibacterial activity, and during
purification stages, S. scabiei DSM 41658 was used as the indicator strain.

Bacillus sp. BL5 strain was grown until ODesoonm reached 2.1. After purification with amberlite
XAD-16N resin and a C18-SPE column, no antibacterial activity was observed in elution fractions.
The lack of activity was consistent in both the purified peptide fraction and the flow through samples.
The absence of activity in the flow through fractions suggests that the protein may not have been
desorbed and eluted from the resin or it lost its activity during the procedure. In contrast, purification
with ammonium sulfate was successful (Figure 3.9). Samples obtained after ammonium sulfate
precipitation and dialyzed in 20 mM TRIS-HCI, pH 8 buffer exhibited antibacterial activity against
indicator S. scabiei DSM 41658 strain. This indicates that the ammonium sulfate precipitation and
subsequent dialysis, which remove small molecules and contaminants, likely contributed to
concentrating and enhancing the antibacterial components in the sample. Based on these findings, the

ammonium sulfate precipitation method was chosen for further experiments.

Unfiltered
supernatant

C18SPE
column column (FT)

supernatants. LB agar medium inoculated with S. scabiei DSM 41658. A —unfiltered supernatants
before purification, B — filtered supernatants before purification, C — samples after purification
with amberlite XAD-16N resin, D — flow through after purification with amberlite XAD-16N
resin, E — samples after purification with C18-SPE column, F — flow through after purification
with C18-SPE column, G — dialyzed samples after ammonium sulphate precipitation. 1 —
undiluted fraction, 2 — 9 represents two-fold dilutions of the sample.
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To reach optimal yield of extracted bacteriocin and detect whether other antibacterial peptides
are produced, Bacillus sp. BL5 strain was grown until ODsoonm reached 3.46. Prior to crude extraction
and after ammonium sulfate precipitation, the peptide displayed no antibacterial activity against
P. syringae DSM 50315, suggesting that no other antibacterial peptide was produced during longer
cultivation. Comparing cells grown to ODeoo nm 2.1 and 3.46 and evaluating inhibition zones
according to sample dilutions, it was observed that the activity of antibacterial peptide decreases,
since the activity was mainly observed up to a dilution of 10 times, with only slight inhibition zones
visible at a dilution of 102 times in the case of the filtered supernatant (Figure 3.10).

In conclusion, based on the results obtained, the ammonium sulfate precipitation method was
selected as the optimal purification method for extracting the bacteriocin from the Bacillus sp. BL5
strain's supernatants. Additionally, by comparing ammonium sulfate precipitation method results,
when Bacillus sp. BL5 strain was grown until ODeoo nm 2.1 and 3.46, no antibacterial peptide active
against P. syringae DSM 50315 was produced during longer cultivation and highest antibacterial

peptide yield is obtained when optical density reaches 2.1.

Unfiltered S : - IS scabiei
supernatant —— e —— IPHOUORES——" S\ 41658

7
7
W . syringae

DSM 50315] sulphate precipitatie DSM 50315

Figure 3.10 Well diffusion assay of crude extraction of bacteriocin from Bacillus sp. BL5 strain’s
supernatants. A, B, C — LB agar medium inoculated with S. scabiei DSM 41658, D, E, F — LB
agar medium inoculated with P. syringae DSM 50315. A and D — unfiltered supernatants before
purification, B and E — filtered supernatants before purification, C and F — dialyzed samples after
ammonium sulphate precipitation. 1 — undiluted fraction, 2 — 9 represents two-fold dilutions of
the sample.

3.6. Purification of bacteriocin using protein chromatography

The obtained crude bacteriocin extract from Bacillus sp. BL5 strain’s supernatant using

ammonium sulphate precipitation was subsequently purified by anion-exchange, cation-exchange
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and hydrophobic interaction chromatography methods. To optimize the purification of the bacteriocin

by liquid chromatography system, several different strategies were tested in this work (Figure 3.11).

Supernatant

I

Ammonium
sulphate
precipitation

P ——

Anion-exchange Anion-exchange Hydrophobic Cation-exchange
chromatography chromatography interaction chromatography
(Q1) (Q6) chromatography (S1)

Figure 3.11 Bacteriocin purification from supernatant by liquid chromatography systems. Q1 and
Q6 — columns used for anion-exchange chromatography, S1 column used for cation-exchange
chromatography.

First, anion-exchange chromatography was performed. Sample after ammonium sulphate
precipitation was dialyzed in 20 mM TRIS-HCI, pH 8 buffer. The same buffer and Q1 column
(1.3 mL volume) were used in anion-exchange chromatography (Supplement 4, Figure 11). After
peptide elution from the column, elution fractions were analyzed using the spot on a lawn assay and
tricine-SDS-PAGE protein electrophoresis. Tricine-SDS-PAGE protein electrophoresis gel was
overlayed with LB agar medium inoculated with indicator strain S. scabiei DSM 41658 (Figure 3.12).
The anion-exchange chromatography results displayed multiple peaks instead of a singular peak,
indicating impurities in the peptide sample. Additionally, the spot on a lawn assay revealed the
highest activity in elution fractions 7 to 10 and the flow through fraction, suggesting inefficient
binding of the antibacterial peptide. In the stained tricine-SDS-PAGE protein electrophoresis gel
protein bands at positions of ~3.5 kDa and above were visible only in supernatant and ammonium
sulphate precipitation fractions. The overlayed gel showed similar results — highest activity was
visible in supernatant and ammonium sulphate fractions at a position of ~3.5 kDa, with activity

significantly decreasing in anion-exchange chromatography fractions.

M US DP FT 7 8 9 10 11 M Us op FT 7 8 9 10 11
S. scabiei DSM 41658 kDa o
- 100 | s
p— 30
p— 25 | w—
pu—t 50 =
- 15 =
10 p X
) R -

5
35

Figure 3.12 The spot on a lawn assay and Tricine-SDS-PAGE protein electrophoresis analysis of
anion-exchange chromatography fractions. Agarized LB medium inoculated with indicator S. scabiei
DSM 41658 strain. US — unfiltered supernatant, DP — dialyzed sample after ammonium sulphate
precipitation, FT — flow through.
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Then, to obtain more efficient absorption of antimicrobial peptide on the column, purification
procedure was repeated using a bigger volume (6 mL) anion-exchange chromatography Q6 column
(Supplement 4, Figure 12). Dialyzed sample after ammonium sulphate precipitation was loaded 3
times repeatedly on the Q6 column. Elution fractions were further analyzed by using the spot on a
lawn assay. No antibacterial activity was observed in the flow through sample, however because of a
chromatography system malfunction, the chromatogram displayed inappropriate absorbance peaks
(Figure 3.13). Despite that, it was observed that antibacterial peptide eluted widely in different
elution fractions and bacteriocin was not effectively separated. The absence of protein precipitation
in a single fraction after anion-exchange chromatography could be attributed to several factors. It is
possible that the protein of interest did not bind strongly to the anion-exchange resin and therefore
did not elute with a single fraction. Additionally, protein may form aggregates, thus preventing

protein precipitation in a single fraction (Ng and Haddad, 2000). However, this strategy appeared to

be more effective for sample absorption.

S. scabiei DSM 41658 S. scabiei DSM 41658

Figure 3.13 The spot on a lawn assay of anion-exchange chromatography fractions. LB agar
medium inoculated with S. scabiei DSM 41658. DP — dialyzed sample after ammonium sulphate
precipitation, FT — flow through.

In the next stage, purification of antibacterial peptide using cation-exchange chromatography
was evaluated. After ammonium sulphate precipitation, proteins were dialyzed in two buffers: 20 mM
MES, pH 6.1 and 20 mM citric acid pH, 3.1. After dialyzing sample in 20 mM citric acid, pH 3.1
buffer, unfortunately, the sample formed sediment. To remove sediments, the sample was filtered
using a 0.22 um filter. Unfortunately, the antibacterial activity was lost in the filtered sample, and it
was eliminated from the study. The sample dialyzed in 20mM MES, pH 6.1 buffer was loaded on
cation-exchange column S1. After elution, fractions were further analyzed using the spot on a lawn
assay. No growth inhibition zones of S. scabiei DSM 41658 appeared in LB agar medium plate,
neither in flow throw fraction, nor in elution fractions. It indicated that bacteriocin is probably not
stable under these conditions and this protocol is not suitable for purification.

Lastly, to separate molecules based on their hydrophobicity, hydrophobic interaction
chromatography (HIC) was performed (Supplement 4, Figure 13). After ammonium sulphate
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precipitation, the sample was dialyzed in 20 mM TRIS-HCI, pH 8, supplemented with 2000 mM
NaCl and loaded 3 times repeatedly on HIC column pre-equilibrated in the same buffer (20 mM
TRIS-HCI, pH 8 + 2000 mM NacCl). After elution, fractions were further analyzed by using the spot
on a lawn assay. HIC results showed that zones of growth inhibition were visible in flow through and
elution fractions 7 to 18, meaning that the bacteriocin does not properly bind to the column and its
desorption is spread widely in elution fractions (Figure 3.14). This methodology was also determined
to be ineffective. Dialyzed sample was also supplemented with ammonium sulphate up to 2000 mM.
The salt in the buffer reduces the solvation of sample solutes and exposes the hydrophobic regions
along the surface of the protein molecule. This facilitates the adsorption of these hydrophobic regions
to the hydrophobic areas of the HIC column (Jennissen and Heilmeyer, 1975). However, after
supplementing the sample with ammonium sulphate, the sample formed sediment and could no longer
been used for HIC.

S. scabiei DSM 41658 S. scabiei DSM 41658

Figure 3.14 The spot on a lawn assay of hydrophobic interaction chromatography fractions. LB
agar medium inoculated with S. scabiei DSM 41658. FT — flow through.

In conclusion, the results obtained from the protein chromatography techniques indicated that
the bacteriocin exhibited affinity to the anion-exchange chromatography column. However, upon
elution, it was found to be dispersed among multiple fractions and not effectively separated from
other proteins. Therefore, an additional stage is required to achieve efficient separation and
concentration of the bacteriocin. Furthermore, the cation-exchange chromatography results revealed
possible loss of activity during purification, suggesting potential instability of the bacteriocin under
the utilized conditions. Similarly, when subjected to HIC, the bacteriocin eluted across numerous
fractions. Moreover, HIC demonstrated inefficient binding of the bacteriocin to the column.

In the future, it is recommended to consider purifying elution fractions obtained after anion-
exchange chromatography using RP-HPLC (Reverse Phase High-Performance Liquid
Chromatography). RP-HPLC is valuable for protein purification as it offers high resolution. It is
commonly used in combination with other chromatographic techniques or as a final purification step
to obtain highly purified proteins or peptides for further characterization or downstream applications
(Josic and Kovac, 2010).
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CONCLUSIONS

. 51 morphologically different colonies were isolated from the soil, and it was determined
that 11 bacterial strains: BL1, BL5, BL11, BL17, BL25, BL26, RL2, RL6, RL7, RLS,
BR2 were active against tested plant pathogenic bacteria.

16S rRNA BLASTnN and phylogenetic analysis indicated that BL1, BL5, BL11, BL17,
BL25, BL26, and RL7 isolates belongs to Bacillus genus, and BR2, RL2 and RL6 isolates
belongs to Pseudomonas genus.

Bacillus sp. BL5 strain’s supernatant inhibited growth of S. scabiei DSM 41658 and
P. syringae DSM 50315 phytopathogens. Supernatant of Pseudomonas sp. RL6 strain
inhibited growth of X. campestris DSM3586 and P. syringae DSM 10604 phytopathogens.
. Antibacterial peptide produced by Bacillus sp. BL5 strain is ~3.5 kDa size and based on
its molecular size it may be classified as class | or class Il bacteriocin.

. Crude extraction of antibacterial peptide from Bacillus sp. BL5 strain’s supernatant was
achieved by using ammonium sulphate precipitation method. Further purification by
anion-exchange chromatography was partially successful, but additional purification steps

were needed to separate and concentrate bacteriocin more efficiently.

44



VILNIUS UNIVERSITY
LIFE SCIENCES CENTRE

Akvilé Vilpisauskaité

Master Thesis

BACTERIOCINS ACTIVE AGAINST PLANT PATHOGENIC BACTERIA

SUMMARY

The global agricultural industry faces significant challenges due to the annual loss of crops
caused by diseases. Current measures employed to control these diseases, such as the heavy use of
pesticides and antibiotics, present additional environmental and health concerns. To address these
challenges and reduce the reliance on chemically toxic agents, alternative strategies are being
explored. One such strategy involves the use of bacteriocins and bioactive peptides, which exhibit
antimicrobial properties. Bacteriocins have been studied for a long time, but little is known about the
use of bacteriocins in agriculture. These antimicrobials possess potent Killing action, high stability,
and low toxicity to humans, making them suitable alternatives to chemically toxic agents. While
bacteriocins offer a promising alternative to synthetic chemicals in agriculture, the challenges
associated with their use must be addressed through further research, regulation, and evaluation of
their potential efficacy. Further research is necessary to optimize their production and develop
efficient delivery systems for agricultural applications.

The aim of this study was to isolate and purify bacteriocin active against phytopathogenic
bacteria. To isolate bacterial strains from the soil, they were grown on NB, 10:NB, BHI and LB
medium, at 30°C. 51 isolates were obtained and 11 isolates with antibacterial activity were identified
by applying the spot on a lawn assay. By culturing isolates on selective Ashby's Mannitol Agar
medium, it was determined that RL2, RL6, and BR2 isolates can use atmospheric nitrogen as a
nitrogen source. 16S rRNA BLASTNn and phylogenetic analysis indicated that BL1, BL5, BL11,
BL17, BL25, BL26, and RL7 isolates belongs to Bacillus genus, and BR2, RL2 and RL6 isolates
belongs to Pseudomonas genus. The spot on a lawn assay revealed that Bacillus sp. BL5 strain’s
supernatant inhibited growth of S. scabiei DSM 41658 and P. syringae DSM 50315 phytopathogens.
Analysis of Bacillus sp. BL5 isolate’s supernatant indicated that peptide with antibacterial activity
has a molecular weight of ~3.5 kDa. Crude extraction of antibacterial peptide from Bacillus sp. BL5
strain’s supernatant was achieved by using ammonium sulphate precipitation method. To isolate
bacteriocin from bacteria, different liquid chromatography systems were used. Purification by anion-
exchange chromatography was partially successful, but additional purification steps were needed.
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Supplement 1

Table 1 Bacteria isolated from the soil.

SUPPLEMENTS

Sample gathering place Strain name Growth temperature Growth medium (time)
BL1 30°C 10xNB (48 h), LB (24 h)
BL2 30°C 10xNB (48 h), LB (24 h)
BL3 30°C 10xNB (48 h), LB (24 h)
BL4 30°C BHI (48 h), LB (24 h)
BL5 30°C BHI (48 h), LB (24 h)
BL6 30°C BHI (48 h), LB (24 h)
BL7 30°C BHI (48 h), LB (24 h)
BLS 30°C BHI (48 h), LB (24 h)
BL9 30°C BHI (48 h), LB (24 h)
BL10 30°C BHI (48 h), LB (24 h)
BL11 30°C BHI (48 h), LB (24 h)
BL12 30°C BHI (48 h), LB (24 h)
BL13 30°C BHI (48 h), LB (24 h)
BL14 30°C BHI (48 h), LB (24 h)

Potato field BL15 30 °C NB (48 h), LB (24 h)
BL16 30°C NB (48 h), LB (24 h)
BL17 30°C NB (48 h), LB (24 h)
BL18 30°C NB (48 h), LB (24 h)
BL19 30°C NB (48 h), LB (24 h)
BL20 30°C NB (48 h), LB (24 h)
BL21 30°C NB (48 h), LB (24 h)
BL22 30°C NB (48 h), LB (24 h)
BL23 30°C NB (48 h), LB (24 h)
BL24 30°C NB (48 h), LB (24 h)
BL25 30°C BHI (48 h), LB (24 h)
BL26 30°C BHI (48 h), LB (24 h)
BL27 30°C BHI (48 h), LB (24 h)
BL28 30°C BHI (48 h), LB (24 h)
BL29 30°C BHI (48 h), LB (24 h)
RL1 30°C BHI (48 h), LB (24 h)
RL2 30°C BHI (48 h), LB (24 h)
RL3 30°C BHI (48 h), LB (24 h)
RL4 30°C BHI (48 h), LB (24 h)
RL5 30°C NB (48 h), LB (24 h)

Rye field RL6 30°C 10xNB (48 h), LB (24 h)
RL7 30°C 10xNB (48 h), LB (24 h)
RL8 30°C 10xNB (48 h), LB (24 h)
RL9 30°C NB (48 h), LB (24 h)
RL10 30°C NB (48 h), LB (24 h)
RL11 30°C NB (48 h), LB (24 h)
BR1 30°C 10xNB (48 h), LB (24 h)
BR2 30°C 10xNB (48 h), LB (24 h)
BR3 30°C BHI (48 h), LB (24 h)
BR4 30°C BHI (48 h), LB (24 h)
BR5 30°C BHI (48 h), LB (24 h)
Strawberry field BR6 30°C NB (48 h), LB (24 h)
BR7 30°C NB (48 h), LB (24 h)
BR8 30°C NB (48 h), LB (24 h)
BR9 30°C BHI (48 h), LB (24 h)
BR10 30°C BHI (48 h), LB (24 h)
BR11 30°C BHI (48 h), LB (24 h)
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Supplement 2

Table 2 List of hits for BL1 isolate from EzBioCloud 16S database.

. . Pairwise . Completeness

Rank Name Strain Accession Similarity (%) Mismatch/Total nt (%)

1 Bacillus toyonensis | BCT-7112 CP006863 99.30362117 10/1436 100

2 Bacillus mobilis 0711P9-1 MACF01000036 | 99.30362117 10/1436 100

3 Bacillus pacificus EB422 KJ812450 99.23398329 11/1436 100

4 Bacillus FSL W8-0169 | LOBC01000053 99.09470752 13/1436 100
wiedmannii

5 Bacillus albus N35-10-2 MAQOEQ01000087 | 99.09470752 13/1436 100

6 Bacillus luti TD41 MACI01000041 99.09470752 13/1436 100

7 Bacillus cereus ATCC 14579 AEQ016877 99.02506964 14/1436 100

8 Bacillus TD42 MACHO01000033 | 99.02506964 14/1436 100
proteolyticus

9 Bacillus tropicus N24 MACG01000025 | 99.02506964 14/1436 100

10 Bacillus fungorum 17-SMS-01 MG601116 99.02506964 14/1436 100

11 Bacillus NH24A2 MAOI01000012 98.95543175 15/1436 100
paramycoides

12 Bacillus Mn5 MACEO01000012 | 98.95543175 15/1436 100
paranthracis

13 Bacillus 4049 KJ812430 98.95543175 15/1436 100
nitratireducens

14 Bacillus anthracis Ames AE016879 98.88579387 16/1436 100

15 Bacillus mycoides DSM 2048 ACMUO01000002 | 98.67688022 19/1436 100

16 Bacillus DSM 12442 ACMX01000133 | 98.60724234 20/1436 100
pseudomycoides

17 Bacillus cytotoxicus | NVH 391-98 CP000764 97.1448468 41/1436 100

18 Rossellomorea R1 KF548480 95.92760181 45/1105 75.62797013
oryzaecorticis

19 Rossellomorea JCM 11544 LGUE01000011 94.90934449 73/1434 100
marisflavi

20 Bacillus m4-4 ABFU01000135 94.85915493 73/1420 100
coahuilensis

21 Gottfriedia LMG 18422 AJ419629 94.83240223 74/1432 100
luciferensis

22 Bacillus BH724 AY667495 94.77825465 73/1398 95.11864407
seohaeanensis

23 Priestia FJAT-14571 KF040588 94.74421864 75/1427 97.899729
taiwanensis

24 Bacillus acidicola 105-2 AF547209 94.70383275 76/1435 100

25 Sutcliffiella 18C LT617055 94.70383275 76/1435 98.7109905
catenulatus

26 Bacillus tianshenii YIM M13235 KF811034 94.69644103 76/1433 100

27 Cytobacillus DS22 FR666703 94.64411557 76/1419 97.48811948
purgationiresistens

28 Metabacillus D-1-5a AJ781029 94.62290503 77/1432 99.4568907
herbersteinensis

29 Bacillus salacetis SKP7-4 LC367333 94.58689459 76/1404 97.01492537

30 Sutcliffiella DSM 8723 KV917375 94.55687369 78/1433 100
halmapala
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Table 3 List of hits for BL5 isolate from EzBioCloud 16S database.

viethamensis

Rank Name Strain Accession Sinfﬁgrvi\g/si% ) Mismatch/Total nt Com;z(l)z ;eness

1 Bacillus velezensis | CR-502 AY 603658 99.7111913 4/1385 95.3804348

2 Bacillus KCTC 13622 AYTO01000043 | 99.5804196 6/1430 100
tequilensis

3 Bacillus TE3 MK462260 99.5804196 6/1430 100
cabrialesii

4 Bacillus KCTC 13429 AMXNO01000021 | 99.5804196 6/1430 100
inaguosorum

5 Bacillus subtilis NCIB 3610 ABQL01000001 | 99.5104895 7/1430 100

6 Bacillus ATCC 25096 LPVF01000003 99.4405594 8/1430 100
halotolerans

7 Bacillus stercoris | JCM 30051 MN536904 99.4405594 8/1430 100

8 Bacillus spizizenii | NRRL B-23049 | CP002905 99.4405594 8/1430 100

9 Bacillus RO-H-1 JH600280 99.3706294 9/1430 100
mojavensis

10 Bacillus NRRL B-41091 | LSAZ01000028 99.3706294 9/1430 100
nakamurai

11 Bacillus DV1-F-3 JH600273 99.2307692 11/1430 100
vallismortis

12 Bacillus siamensis | KCTC 13613 AJVF01000043 99.2307692 11/1430 100

13 Bacillus JCM 9070 AB021181 99.020979 14/1430 100
atrophaeus

14 Bacillus DSM 7 FN597644 98.951049 15/1430 100
amyloliquefaciens

15 Bacillus GO-13 LECWO01000063 | 98.3916084 23/1430 100
glycinifermentans

16 Bacillus KJ-16 KY694465 98.3216783 24/1430 100
paralicheniformis

17 Bacillus haynesii NRRL B-41327 | MRBL01000076 | 98.041958 28/1430 100

18 Bacillus ATCC 14580 AE017333 97.9020979 30/1430 100
licheniformis

19 Bacillus NBRC 101234 | AYTNO01000016 | 97.7622378 32/1430 100
sonorensis

20 Bacillus swezeyi NRRL B-41294 | MRBK01000096 | 97.6923077 33/1430 100

21 Bacillus aerius 24K AJ831843 97.4089636 37/1428 100

22 Bacillus altitudinis | 41KF2b ASJC01000029 96.9209237 44/1429 100

23 Bacillus HYC-10 AMSH01000114 | 96.8509447 45/1429 100
xiamenensis

24 Bacillus safensis | FO-36b ASJD01000027 96.7109867 4711429 100
subsp. safensis

25 Bacillus safensis | BC09 KY990920 96.7109867 4711429 99.932019
subsp. osmophilus

26 Bacillus pumilus ATCC 7061 ABRX01000007 | 96.6410077 48/1429 100

27 Bacillus DW5-4 JOTP01000061 96.6410077 48/1429 100
zhangzhouensis

28 Bacillus NH71_1 JX680098 96.5710287 49/1429 100
australimaris

29 Bacillus salacetis | SKP7-4 LC367333 96.2910128 52/1402 97.0149254

30 Rossellomorea 15-1 AB099708 96.0294118 54/1360 94.165536

62




Table 4 List of hits for BL11 isolate from EzBioCloud 16S database.

. . Pairwise . Completeness

Rank Name Strain Accession Similarity (%) Mismatch/Total nt (%)

1 Bacillus BCT-7112 CP006863 99.5070423 7/1420 100
toyonensis

2 Bacillus mobilis 0711P9-1 MACF01000036 | 99.5070423 7/1420 100
Bacillus FSL W8-0169 LOBC01000053 | 99.4366197 8/1420 100
wiedmannii

4 Bacillus albus N35-10-2 MAOEO01000087 | 99.4366197 8/1420 100

5 Bacillus luti TD41 MACI01000041 | 99.4366197 8/1420 100

6 Bacillus pacificus | EB422 KJ812450 99.4366197 8/1420 100

7 Bacillus cereus ATCC 14579 AE016877 99.3661972 9/1420 100

8 Bacillus TD42 MACHO01000033 | 99.3661972 9/1420 100
proteolyticus

9 Bacillus tropicus | N24 MACG01000025 | 99.3661972 9/1420 100

10 Bacillus fungorum | 17-SMS-01 MG601116 99.3661972 9/1420 100

11 Bacillus NH24A2 MAOI01000012 | 99.2957746 10/1420 100
paramycoides

12 Bacillus Mn5 MACE01000012 | 99.2957746 10/1420 100
paranthracis

13 Bacillus 4049 KJ812430 99.2957746 10/1420 100
nitratireducens

14 Bacillus anthracis | Ames AE016879 99.2253521 11/1420 100

15 Bacillus mycoides | DSM 2048 ACMU01000002 | 99.0140845 14/1420 100

16 Bacillus DSM 12442 ACMX01000133 | 98.943662 15/1420 100
pseudomycoides

17 Bacillus NVH 391-98 CP000764 97.3239437 38/1420 100
cytotoxicus

18 Rossellomorea R1 KF548480 95.8333333 46/1104 75.6279701
oryzaecorticis

19 Rossellomorea JCM 11544 LGUE01000011 | 95.2045134 68/1418 100
marisflavi

20 Bacillus salacetis | SKP7-4 LC367333 95.0323974 69/1389 97.0149254

21 Bacillus acidicola | 105-2 AF547209 94.9964764 71/1419 100

22 Bacillus tianshenii | YIM M13235 KF811034 94.9894143 71/1417 100

23 Gottfriedia LMG 18422 AJ419629 94.9858757 71/1416 100
luciferensis

24 Rossellomorea 15-1 AB099708 94.9554896 68/1348 94.165536
vietnamensis

25 Sutcliffiella DSM 8723 KV917375 94.922426 72/1418 100
halmapala

26 Metabacillus D-1-5a AJ781029 94.9188426 72/1417 99.4568907
herbersteinensis

27 Bacillus spongiae | 135PIL107-10 KY451772 94.9077491 69/1355 94.5233266

28 Bacillus m4-4 ABFU01000135 | 94.9044586 72/1413 100
coahuilensis

29 Bacillus BH724 AY667495 94.8460988 72/1397 95.1186441
seohaeanensis

30 Gottfriedia CBD 119 DQ374637 94.8446328 73/1416 100
acidiceleris

63




Table 5 List of hits for BL17 isolate from EzBioCloud 16S database.

Pairwise Completeness
Rank Name Strain Accession Similarity Mismatch/Total nt P
(%) o

1 Bacillus toyonensis | BCT-7112 CP006863 99.8601399 | 2/1430 100

2 Bacillus FSL W8-0169 | LOBC01000053 | 99.8601399 | 2/1430 100
wiedmannii

3 Bacillus TD42 MACH01000033 | 99.7902098 | 3/1430 100
proteolyticus

4 Bacillus albus N35-10-2 MAOE01000087 | 99.7902098 | 3/1430 100

5 Bacillus luti TD41 MACI01000041 | 99.7902098 | 3/1430 100

6 Bacillus mobilis 0711P9-1 MACF01000036 | 99.7902098 | 3/1430 100

7 Bacillus pacificus EB422 KJ812450 99.7902098 | 3/1430 100

8 Bacillus fungorum | 17-SMS-01 MG601116 99.7902098 | 3/1430 100

9 Bacillus cereus ATCC 14579 | AE016877 99.7202797 | 4/1430 100

10 Bacillus NH24A2 MAOI01000012 | 99.7202797 | 4/1430 100
paramycoides

11 Bacillus tropicus N24 MACG01000025 | 99.7202797 | 4/1430 100

12 Bacillus Mn5 MACE01000012 | 99.6503497 | 5/1430 100
paranthracis

13 Bacillus 4049 KJ812430 99.6503497 | 5/1430 100
nitratireducens

14 Bacillus anthracis Ames AEQ016879 99.5804196 6/1430 100

15 Bacillus mycoides DSM 2048 ACMUO01000002 | 99.4405594 | 8/1430 100

16 Bacillus DSM 12442 ACMX01000133 | 99.3006993 | 10/1430 100
pseudomycoides

17 Bacillus cytotoxicus | NVH 391-98 | CP000764 97.7606718 | 32/1429 100

18 Rossellomorea R1 KF548480 96.0909091 | 43/1100 75.6279701
oryzaecorticis

19 Bacillus m4-4 ABFUO01000135 | 95.5445545 | 63/1414 100
coahuilensis

20 Rossellomorea JCM 11544 LGUEO1000011 | 95.5182073 | 64/1428 100
marisflavi

21 Bacillus acidicola 105-2 AF547209 95.3781513 66/1428 100

22 Priestia flexa NBRC 15715 | BCVD01000224 | 95.2414276 | 68/1429 100

23 Bacillus tianshenii | YIM M13235 | KF811034 05.2347582 | 68/1427 100

24 Gottfriedia LMG 18422 AJ419629 95.1646811 | 69/1427 100
luciferensis

25 Sutcliffiella DSM 8723 KV917375 95.1646811 69/1427 100
halmapala

26 Bacillus salacetis SKP7-4 LC367333 95.0106914 | 70/1403 97.0149254

27 Ectobacillus Gsoil 1517 AB245380 949823322 | 71/1415 100
panaciterrae

28 Sutcliffiella cohnii NBRC 15565 | BCUWO01000190 | 94.9579832 | 72/1428 100

29 Bacillus spongiae 135PIL107-10 | KY451772 94.9561404 | 69/1368 94.5233266

30 Gottfriedia CBD 119 DQ374637 949509116 | 72/1426 100
acidiceleris
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Table 6 List of hits for BL25 isolate from EzBioCloud 16S database.

Pairwise Completeness
Rank Name Strain Accession Similarity | Mismatch/Total nt P
(%) (%)
1 Bacillus toyonensis | BCT-7112 CP006863 99.789916 3/1428 100
2 Bacillus mobilis 0711P9-1 MACF01000036 | 99.789916 3/1428 100
3 Bacillus pacificus EB422 KJ812450 99.719888 4/1428 100
4 Bacillus FSL W8- LOBC01000053 | 99.5798319 | 6/1428 100
wiedmannii 0169
5 Bacillus albus N35-10-2 MAOEQ01000087 | 99.5798319 | 6/1428 100
6 Bacillus luti TD41 MACI01000041 | 99.5798319 | 6/1428 100
Bacillus cereus ATCC AE016877 99.5098039 | 7/1428 100
14579
8 Bacillus TDA42 MACHO01000033 | 99.5098039 | 7/1428 100
proteolyticus
9 Bacillus tropicus N24 MACG01000025 | 99.5098039 | 7/1428 100
10 Bacillus fungorum | 17-SMS-01 | MG601116 99.5098039 | 7/1428 100
11 Bacillus NH24A2 MAOQOI01000012 | 99.4397759 | 8/1428 100
paramycoides
12 Bacillus Mn5 MACEO01000012 | 99.4397759 | 8/1428 100
paranthracis
13 Bacillus 4049 KJ812430 99.4397759 | 8/1428 100
nitratireducens
14 Bacillus anthracis Ames AE016879 99.3697479 | 9/1428 100
15 Bacillus mycoides DSM 2048 | ACMU01000002 | 99.1596639 | 12/1428 100
16 Bacillus DSM 12442 | ACMX01000133 | 99.0896359 | 13/1428 100
pseudomycoides
17 Bacillus cytotoxicus | NVH 391- CP000764 97.6190476 | 34/1428 100
98
18 Rossellomorea R1 KF548480 96.1783439 | 42/1099 75.6279701
oryzaecorticis
19 Bacillus m4-4 ABFU01000135 | 95.3966006 | 65/1412 100
coahuilensis
20 Rossellomorea JCM 11544 | LGUE01000011 | 95.371669 66/1426 100
marisflavi
21 Gottfriedia LMG 18422 | AJ419629 95.2949438 | 67/1424 100
luciferensis
22 Bacillus acidicola 105-2 AF547209 95.1646811 | 69/1427 100
23 Bacillus tianshenii YIM KF811034 95.1578947 | 69/1425 100
M13235
24 Sutcliffiella DSM 8723 KV917375 95.0175439 | 71/1425 100
halmapala
25 Gottfriedia CBD 119 DQ374637 95.0105411 | 71/1423 100
acidiceleris
26 Sutcliffiella 18C LT617055 949509116 | 72/1426 98.7109905
catenulatus
27 Metabacillus D-1-5a AJ781029 94,9438202 | 72/1424 99.4568907
herbersteinensis
28 Bacillus salacetis SKP7-4 LC367333 94.935806 71/1402 97.0149254
29 Rossellomorea 15-1 AB099708 94.8529412 | 70/1360 94.165536
viethnamensis
30 Bacillus BH724 AY667495 94.8497854 | 72/1398 95.1186441
seohaeanensis
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Table 7 List of hits for BL26 isolate from EzBioCloud 16S database.

Pairwise Completeness
Rank Name Strain Accession Similarity | Mismatch/Total nt P
(%) o
1 Bacillus altitudinis 41KF2b ASJC01000029 100 0/1427 100
2 Bacillus xiamenensis | HYC-10 AMSH01000114 99.9299229 | 1/1427 100
3 Bacillus safensis FO-36b ASJD01000027 99.5795375 | 6/1427 100
subsp. safensis
4 Bacillus safensis BC09 KY990920 99.5795375 | 6/1427 99.932019
subsp. osmophilus
5 Bacillus pumilus ATCC ABRX01000007 99.5094604 | 7/1427 100
7061
6 Bacillus DW5-4 JOTP01000061 99.5094604 | 7/1427 100
zhangzhouensis
7 Bacillus NH71_1 JX680098 99.4393833 | 8/1427 100
australimaris
8 Bacillus atrophaeus | JCM 9070 | AB021181 97.547302 35/1427 100
9 Bacillus siamensis KCTC AJVF01000043 97.3370708 | 38/1427 100
13613
10 Bacillus subtilis NCIB 3610 | ABQL01000001 97.2669937 | 39/1427 100
11 Bacillus nakamurai NRRL B- LSAZ01000028 97.2669937 | 39/1427 100
41091
12 Bacillus velezensis CR-502 AY603658 97.2563177 | 38/1385 95.3804348
13 Bacillus DSM 7 FN597644 97.0567624 | 42/1427 100
amyloliquefaciens
14 Bacillus tequilensis KCTC AYTO001000043 97.0567624 | 42/1427 100
13622
15 Bacillus halotolerans | ATCC LPVF01000003 97.0567624 | 42/1427 100
25096
16 Bacillus cabrialesii TE3 MK462260 97.0567624 | 42/1427 100
17 Bacillus inaquosorum | KCTC AMXNO01000021 | 97.0567624 | 42/1427 100
13429
18 Bacillus stercoris JCM 30051 | MN536904 97.0567624 | 42/1427 100
19 Bacillus spizizenii NRRL B- CP002905 97.0567624 | 42/1427 100
23049
20 Bacillus mojavensis RO-H-1 JH600280 96.9866854 | 43/1427 100
21 Bacillus vallismortis | DV1-F-3 JH600273 96.9866854 | 43/1427 100
22 Bacillus KJ-16 KY694465 96.6339411 | 48/1426 100
paralicheniformis
23 Bacillus GO-13 LECWO01000063 96.5638149 | 49/1426 100
glycinifermentans
24 Bacillus swezeyi NRRL B- MRBK01000096 96.4936886 | 50/1426 100
41294
25 Bacillus licheniformis | ATCC AEQ017333 96.4235624 | 51/1426 100
14580
26 Bacillus sonorensis NBRC AYTNO01000016 96.4235624 | 51/1426 100
101234
27 Bacillus haynesii NRRL B- MRBL01000076 96.4235624 | 51/1426 100
41327
28 Metabacillus SMC 4352- | AY904033 96.2623413 | 53/1418 96.8113976
idriensis 2
29 Bacillus aerius 24K AJB831843 95.8567416 | 59/1424 100
30 Bacillus gobiensis FJAT-4402 | CP012600 95.7223001 | 61/1426 100
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Table 8 List of hits for BR2 isolate from EzBioCloud 16S database.

Pairwise Completeness
Rank Name Strain Accession Similarity | Mismatch/Total nt P
(%) (%)
1 Pseudomonas silesiensis | A3 KX276592 99.787234 | 3/1410 100
2 Pseudomonas mandelii NBRC BDAF01000092 | 99.7163121 | 4/1410 100
103147
3 Pseudomonas JAJ28 AJ249382 99.5741661 | 6/1409 100
frederiksbergensis
4 Pseudomonas piscium P50 LR797558 99.4318182 | 7/1232 84.4413982
Pseudomonas meliae CFBP JYHE01000183 | 99.2907801 | 10/1410 100
3225
6 Pseudomonas tremae CFBP AJ492826 99.2907801 | 10/1410 100
6111
7 Pseudomonas cannabina | CFBP AJ492827 99.2907801 | 10/1410 100
2341
8 Pseudomonas caspiana FBF102 LOHF01000033 | 99.2907801 | 10/1410 100
9 Pseudomonas lini CFBP AY035996 99.2892679 | 10/1407 100
5737
10 Pseudomonas amygdali CFBP JYHB01000005 | 99.2198582 | 11/1410 100
3205
11 Pseudomonas JCM 2400 | AB021378 99.2159658 | 11/1403 98.6995209
ficuserectae
12 Pseudomonas ATCC D84010 99.1489362 | 12/1410 98.6310746
caricapapayae 33615
13 Pseudomonas mucoides | P154a LR797589 99.1071429 | 11/1232 84.4413982
14 Pseudomonas congelans | DSM FNJH01000022 | 99.0780142 | 13/1410 100
14939
15 Pseudomonas cerasi 58 LT222319 99.0780142 | 13/1410 100
16 Pseudomonas P115 LR797573 99.0610329 | 12/1278 87.5942426
pisciculturae
17 Pseudomonas syringae KCTC K1657453 99.0070922 | 14/1410 100
12500
18 Pseudomonas savastanoi | ATCC AB021402 99.0056818 | 14/1408 100
13522
19 Pseudomonas CECT LT629705 98.9346591 | 15/1408 100
arsenicoxydans 7543
20 Pseudomonas viciae 11K1 MNG698727 98.9346591 | 15/1408 100
21 Pseudomonas prosekii LMG LT629762 98.8636364 | 16/1408 100
26867
22 Pseudomonas marginalis | ATCC AJ308309 98.7933635 | 16/1326 92.6662097
10844
23 Pseudomonas P155 LR797591 98.7824675 | 15/1232 84.4413982
neuropathica
24 Pseudomonas ATCC EU391388 98.7224982 | 18/1409 99.6577687
brassicacearum subsp. 49054
neoaurantiaca
25 Pseudomonas NBRC BCZX01000031 | 98.7215909 | 18/1408 100
chlororaphis subsp. 3904
chlororaphis
26 Pseudomonas DSM LHVE(01000021 | 98.7197724 | 18/1406 100
thivervalensis 13194
27 Pseudomonas avellanae | BPIC 631 AKBS01001374 | 98.6524823 | 19/1410 100
28 Pseudomonas kilonensis | DSM LHVH01000037 | 98.6505682 | 19/1408 100
13647
29 Pseudomonas CFBP AUPB01000004 | 98.6505682 | 19/1408 100
mediterranea 5447
30 Pseudomonas bijieensis | L22-9 MT835388 98.6467236 | 19/1404 100
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Table 9 List of hits for RL2 isolate from EzBioCloud 16S database.

Pairwise Completeness
Rank Name Strain Accession Similarity | Mismatch/Total nt P
(%) (%)
Pseudomonas lini CFBP 5737 | AY035996 99.9290277 | 1/1409 100
2 Pseudomonas CECT 7543 | LT629705 99.4326241 | 8/1410 100
arsenicoxydans
3 Pseudomonas piscium P50 LR797558 99.4318182 | 7/1232 84.4413982
4 Pseudomonas prosekii LMG 26867 | LT629762 99.3617021 | 9/1410 100
5 Pseudomonas viciae 11K1 MN698727 | 99.3617021 | 9/1410 100
6 Pseudomonas ATCC EU391388 99.2198582 | 11/1410 99.6577687
brassicacearum subsp. 49054
neoaurantiaca
7 Pseudomonas mucoides P154a LR797589 99.1883117 | 10/1232 84.4413982
8 Pseudomonas NBRC 3904 | BCZX01000 | 99.1489362 | 12/1410 100
chlororaphis subsp. 031
chlororaphis
9 Pseudomonas silesiensis | A3 KX276592 99.1489362 | 12/1410 100
10 Pseudomonas DSM 13194 | LHVEOQ1000 | 99.1477273 | 12/1408 100
thivervalensis 021
11 Pseudomonas bijieensis L22-9 MT835388 99.1465149 | 12/1406 100
12 Pseudomonas mandelii NBRC BDAF01000 | 99.0780142 | 13/1410 100
103147 092
13 Pseudomonas kilonensis | DSM 13647 | LHVHO01000 | 99.0780142 | 13/1410 100
037
14 Pseudomonas CFBP 5447 | AUPB01000 | 99.0780142 | 13/1410 100
mediterranea 004
15 Pseudomonas corrugata | ATCC D84012 99.0773598 | 13/1409 98.6291981
29736
16 Pseudomonas P115 LR797573 99.0610329 | 12/1278 87.5942426
pisciculturae
17 Pseudomonas veronii DSM 11331 | JYLL01000 | 99.0070922 | 14/1410 100
074
18 Pseudomonas kielensis MBT-1 MW377589 | 99.0070922 | 14/1410 100
19 Pseudomonas migulae CIP 105470 | AF074383 98.9361702 | 15/1410 100
20 Pseudomonas NBRC 3521 | BBQB01000 | 98.9361702 | 15/1410 100
chlororaphis subsp. 031
aureofaciens
21 Pseudomonas JAJ28 AJ249382 98.9354152 | 15/1409 100
frederiksbhergensis
22 Pseudomonas DBK11 AF100321 98.9354152 | 15/1409 99.9314599
brassicacearum subsp.
brassicacearum
23 Pseudomonas marginalis | ATCC 10844 | AJ308309 98.8704819 | 15/1328 92.6662097
24 Pseudomonas 14-3 AHIP01000 | 98.8652482 | 16/1410 100
extremaustralis 073
25 Pseudomonas chlororaphis | DSM 21509 | LHUZ01000 | 98.8652482 | 16/1410 100
subsp. piscium 017
26 Pseudomonas spelaei SJ9/1 HQ844525 98.8652482 | 16/1410 99.314599
27 Pseudomonas 8H1 EU557337 98.8644429 | 16/1409 98.4235778
yamanorum
28 Pseudomonas chlororaphis | DSM 19603 | CP027746 98.7943262 | 17/1410 100
subsp. aurantiaca
29 Pseudomonas sivasensis | P7 JAAOWUOL | 98.7943262 | 17/1410 100
0000041
30 Pseudomonas fildesensis | KGO01 MK859934 98.7943262 | 17/1410 100

68




Table 10 List of hits for RL6 isolate from EzBioCloud 16S database.

Pairwise Completeness
Rank Name Strain Accession Similarity Mismatch/Total nt P
(%) o
1 Pseudomonas silesiensis A3 KX276592 99.7855611 | 3/1399 100
2 Pseudomonas mandelii NBRC BDAF01000092 | 99.7140815 | 4/1399 100
103147
3 Pseudomonas JAJ28 AJ249382 99.5708155 | 6/1398 100
frederiksbergensis
4 Pseudomonas piscium P50 LR797558 99.4318182 | 7/1232 84.4413982
Pseudomonas meliae CFBP JYHEQ01000183 | 99.2852037 | 10/1399 100
3225
6 Pseudomonas tremae CFBP AJ492826 99.2852037 | 10/1399 100
6111
7 Pseudomonas cannabina CFBP AJ492827 99.2852037 | 10/1399 100
2341
8 Pseudomonas caspiana FBF102 LOHF01000033 | 99.2852037 | 10/1399 100
9 Pseudomonas lini CFBP AY035996 99.2836676 | 10/1396 100
5737
10 Pseudomonas amygdali CFBP JYHBO01000005 | 99.2137241 | 11/1399 100
3205
11 Pseudomonas ficuserectae | JCM AB021378 99.2097701 | 11/1392 98.6995209
2400
12 Pseudomonas ATCC D84010 99.1422445 | 12/1399 98.6310746
caricapapayae 33615
13 Pseudomonas mucoides P154a LR797589 99.1071429 | 11/1232 84.4413982
14 Pseudomonas congelans DSM FNJH01000022 | 99.0707648 | 13/1399 100
14939
15 Pseudomonas cerasi 58 LT222319 99.0707648 | 13/1399 100
16 Pseudomonas P115 LR797573 99.0610329 | 12/1278 87.5942426
pisciculturae
17 Pseudomonas syringae KCTC K1657453 08.9992852 | 14/1399 100
12500
18 Pseudomonas savastanoi ATCC AB021402 98.9978525 | 14/1397 100
13522
19 Pseudomonas CECT LT629705 98.9262706 | 15/1397 100
arsenicoxydans 7543
20 Pseudomonas viciae 11K1 MNG698727 98.9262706 | 15/1397 100
21 Pseudomonas prosekii LMG LT629762 98.8546886 | 16/1397 100
26867
22 Pseudomonas marginalis ATCC AJ308309 08.7897126 | 16/1322 92.6662097
10844
23 Pseudomonas P155 LR797591 08.7824675 | 15/1232 84.4413982
neuropathica
24 Pseudomonas ATCC EU391388 08.7124464 | 18/1398 99.6577687
brassicacearum subsp. 49054
neoaurantiaca
25 Pseudomonas NBRC BCZX01000031 | 98.7115247 | 18/1397 100
chlororaphis subsp. 3904
chlororaphis
26 Pseudomonas DSM LHVE01000021 | 98.7096774 | 18/1395 100
thivervalensis 13194
27 Pseudomonas avellanae BPIC AKBS01001374 | 98.6418871 | 19/1399 100
631
28 Pseudomonas kilonensis DSM LHVH01000037 | 98.6399427 | 19/1397 100
13647
29 Pseudomonas CFBP AUPB01000004 | 98.6399427 | 19/1397 100
mediterranea 5447
30 Pseudomonas bijieensis L22-9 MT835388 98.6360373 | 19/1393 100
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Table 11 List of hits for RL7 isolate from EzBioCloud 16S database.

viethamensis

Pairwise Completeness
Rank Name Strain Accession Similarity | Mismatch/Total nt P
(%) (%)
1 Bacillus wiedmannii FSL W8- LOBC01000053 | 99.7902098 | 3/1430 100
0169
Bacillus albus N35-10-2 MAQOEQ01000087 | 99.7902098 | 3/1430 100
Bacillus luti TD41 MACI01000041 | 99.7902098 | 3/1430 100
Bacillus cereus ATCC AE016877 99.7202797 | 4/1430 100
14579
5 Bacillus proteolyticus TDA42 MACHO01000033 | 99.7202797 | 4/1430 100
6 Bacillus tropicus N24 MACG01000025 | 99.7202797 | 4/1430 100
7 Bacillus fungorum 17-SMS-01 | MG601116 99.7202797 | 4/1430 100
8 Bacillus paramycoides | NH24A2 MAOI01000012 | 99.6503497 | 5/1430 100
9 Bacillus paranthracis Mn5 MACEQ01000012 | 99.6503497 | 5/1430 100
10 Bacillus 4049 KJ812430 99.6503497 | 5/1430 100
nitratireducens
11 Bacillus toyonensis BCT-7112 | CP006863 99.5804196 | 6/1430 100
12 Bacillus mobilis 0711P9-1 MACF01000036 | 99.5804196 | 6/1430 100
13 Bacillus anthracis Ames AE016879 99.5804196 | 6/1430 100
14 Bacillus pacificus EB422 KJ812450 99.5104895 | 7/1430 100
15 Bacillus mycoides DSM 2048 | ACMUO01000002 | 99.3706294 | 9/1430 100
16 Bacillus DSM ACMX01000133 | 99.3006993 | 10/1430 100
pseudomycoides 12442
17 Bacillus cytotoxicus NVH 391- | CP000764 97.6923077 | 33/1430 100
98
18 Rossellomorea R1 KF548480 96 44/1100 75.6279701
oryzaecorticis
19 Bacillus tianshenii YIM KF811034 95.3749124 | 66/1427 100
M13235
20 Bacillus coahuilensis m4-4 ABFU01000135 | 95.3323904 | 66/1414 100
21 Rossellomorea JCM LGUE01000011 | 95.3081232 | 67/1428 100
marisflavi 11544
22 Sutcliffiella halmapala | DSM 8723 | KV917375 95.2347582 | 68/1427 100
23 Gottfriedia luciferensis | LMG AJ419629 95.1612903 | 69/1426 100
18422
24 Bacillus acidicola 105-2 AF547209 95.1014696 | 70/1429 100
25 Priestia flexa NBRC BCVDO01000224 | 95.0314906 | 71/1429 100
15715
26 Gottfriedia acidiceleris | CBD 119 DQ374637 94.9473684 | 72/1425 100
27 Bacillus salacetis SKP7-4 LC367333 94,9394155 | 71/1403 97.0149254
28 Ectobacillus Gsoil 1517 | AB245380 94,9116608 | 72/1415 100
panaciterrae
29 Margalitia shackletonii | LMG LJJC01000006 94.8879552 | 73/1428 100
18435
30 Rossellomorea 15-1 AB099708 94.856723 | 70/1361 94.165536
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Supplement 3

Bacillus luti TD41, MACIO1000041
Bacillus proteolyticus TD420, MACHO1000033
Bacillus albus N35-10-2, MAOEQ01000087
24| Bacillus wiedmannii FSL W8-0169, LOBC01000053
Bacillus mabilis 0711P9-1, MACF01000036
@ BL!
Bacillus toyonensis BCT-7112, CP006863
Bacillus mycoides DSM 2048, ACMU01000002
— Bacillus fungorum 17-SMS-01, MGE601116
1 Bacillus pacificus EB422, KJ812450
Bacillus cereus ATCC 14579, AEQ16877
Bacillus tropicus N24, MACG01000025
Bacillus paramycoides NH24A2, MAQCI01000012
s|| Bacillus paranthracis Mn5, MACEOQ1000012
Bacillus nitratireducens 4049, KJ812430
Bacillus anthracis Ames, AE016879

39

100

a8

- Bacillus pseudomycoides DSM 12442 ACMX01000133
Bacillus cytotoxicus NVH 391-88, CP000764
Bacillus coahuilensis m4-4, ABFU01000135

Gottfriedia luciferensis LMG 18422, AJ419629

a3 Sutcliffiella catenulatus 18C, LT617055

30 I: Bacillus tianshenii YIM M13235, KF811034
Sutcliffiella halmapala DSM 8723, KV917375

78 | Priestia taiwanensis FJAT-14571, KF040588

| Metabacillus herbersteinensis D-1-5a, AJ781029
Cytobacillus purgationiresistens DS22, FR666703

Bacillus acidicola 105-2, AF547209

76 Rossellomorea oryzaecorticis R1, KF548480
54 Rossellomorea marisflavi JCM 11544, LGUE01000011

Bacillus sechaeanensis BHT724, AYB67495

80
Bacillus salacetis SKP7-4, LC367333

Figure 1 Phylogenetic tree depicting the relationship between strain BL1 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide substitutions

per site.
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50 — Bacillus halotolerans ATCC 25096, OLPVF01000003

69

Bacillus mojavensis RO-H-1, JHG00280
Bacillus stercoris JCM 30051, MN536504
Bacillus spizizenii NRRL B-23049, CP002905
Bacillus cabrialesii TE3, MK462260

Bacillus inaguosorum KCTC 13429, AMXNO1000021
@ BL5

Bacillus tequilensis KCTC 13622, AYTO01000043
Bacillus subtilis NCIB 3610, ABQL01000001
Bacillus nakamurai NRRL B-41091, LSAZ01000028
Bacillus vallismortis DV1-F-3, JHB00273
Bacillus velezensis CR-502, AYB03658

73 70
ﬁ[@lus siamensis KCTC 13613, AJVF01000043

Bacillus amyloliquefaciens DSM 7, FN597644

98 '———— Bacillus atrophaeus JCM 9070, AB021181

99

67

100

_L

449|7_Bamllus glycinifermentans GO-13, LECWO01000063

Bacillus paralicheniformis KJ-16, KY&694465

Bacillus swezeyi NRRL B-41294, MRBK01000096
48 — Bacillus haynesii NRRL B-41327, MRBL01000076
Bacillus sonorensis NBRC 101234, AYTNO1000016

Bacillus licheniformis ATCC 14580, AE017333
Bacillus aerius 24K, AJ831843

21 Bacillus altitudinis 41KF2b, ASJC01000029
Bacillus xiamenensis HYC-10, AMSHO1000114

75 | Bacillus safensis subsp. safensis FO-36b, ASJD01000027

Bacillus safensis subsp. osmophilus BCO9, KY990820

Bacillus australimaris NH71 1, JX880098

Bacillus pumilus ATCC 7061, ABRX01000007

Bacillus zhangzhouensis DW5-4, JOTP01000061

Bacillus salacetis SKP7-4, LC367333

0.m

Figure 2 Phylogenetic tree depicting the relationship between strain BL5 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide

substitutions per site.
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91

Bacillus fungorum 17-SM3-01, MGE01116

Bacillus albus N35-10-2, MAOEQ1000087

Bacillus Iuti TD41, MACI01000041

Bacillus mobilis 0711P9-1, MACF01000036

Bacillus proteolyticus TD42, MACHO1000033
Bacillus toyonensis BCT-7112, CP00G863

Bacillus wiedmanni FSL W8-0169, LOBC01000053
@ BL11

41

Bacillus mycoides DSM 2048, ACMU01000002
1| Bacillus pacificus EB422, KJ812450

Bacillus cereus ATCC 14579, AEQ16877

Bacillus tropicus N24, MACG01000025

Bacillus paranthracis Mn5, MACEQ1000012

&4| Bacillus paramycoides NH24A2, MAOIO1000012

Bacillus nitratireducens 4049, KJ812430

Bacillus anthracis Ames, AEQ16879

1

Bacillus pseudomycoides DSM 12442, ACMX01000133

Bacillus cytotoxicus, NVH 391-98, CP000764
00 ———— Sutcliffiella halmapala DSM 8723, KV917375

L Bacillus tianshenii YIM M13235, KF811034
100 | Gottfriedia luciferensis LMG 18422, AJ418629

! Gottfriedia acidiceleris CBD 119, DQ374637

Bacillus spongiae 135PIL107-10, KY451772
Metabacillus herbersteinensis D-1-5a, AJ781029

53

Bacillus

Bacillus acidicola 105-2, AF547209
coahuilensis m4-4, ABFUO1000135

54

Bacillus sechaeanensis BH724, AYB67495

om

Bacillus salacetis SKP7-4, LC367333

Rossellomorea vietnamensis 15-1, AB098708

a1 Rossellomorea marisflavi CM 11544, LGUE01000011
e
Rossellomorea oryzaecorticis R1, KF548480

Figure 3 Phylogenetic tree depicting the relationship between strain BL11 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide

substitutions per site.
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Bacillus fungorum 17-SMS-01, MGE01116
Bacillus albus N35-10-2, MAOEO1000087
Bacillus luti TD41, MACIO1000041
Bacillus mobilis 0711P9-1, MACF01000036
Bacillus proteolyticus TD42, MACHO1000033
Bacillus toyonensis BCT-7112, CP0O06863
Bacillus wiedmannii FSL W8-0169, LOBC01000053
@ BLI7
Bacillus mycoides DSM 2048, ACMU01000002
Bacillus pacificu EB422, KJ812450
Bacillus cereus ATCC 14579, AE016877
Bacillus tropicus N24, MACGO01000025
Bacillus paranthracis Mn5, MACEO1000012
100 s3| Bacillus paramycoides NH24A2, MAQI01000012
Bacillus nitratireducens 4049, KJ812430
Bacillus anthracis Ames, AE016879
Bacillus pseudomycoides DSM 12442, ACMX01000133
Y Bacillus cytotoxicus NVH 391-98, CP000764
Bacillus spongiae 135PIL107-10, KY451772
Bacillus acidicola 105-2, AF547209
Bacillus coahuilensis m4-4, ABFU01000135
Bacillus salacetis SKP7-4, LC367333
58 Rossellomorea oryzaecorticis R1,KF548480
Rossellomorea marisflavi JCM 11544, LGUE01000011
&6 Priestia flexa NBRC 15715, BCVD01000224
Ectobacillus panaciterrae Gsoil 1517, AB245380
100 | Gottfriedia luciferensis LMG 18422, AJ419629
38 ! Gottfriedia acidiceleris CBD 119, DQ374637
Sutcliffiella cohnii NBRC 15565, BCUW01000190

\—qsi Sutcliffiella halmapala DSM 8723, KV917375
Bacillus tianshenii YIM M13235, KF811034

41

90

60

55

63

0.m

Figure 4 Phylogenetic tree depicting the relationship between strain BL17 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide
substitutions per site.
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Bacillus fungorum 17-SMS-01, MGB01116
Bacillus albus N35-10-2, MAOEO1000087
Bacillus luti TD41, MACIO1000041
Bacillus mabilis 0711P9-1, MACF01000036
Bacillus proteolyticus TD42, MACHO1000033
Bacillus toyonensis BCT-7112, CPO06863
Bacillus wiedmannii FSL W8-0169, LOBC0100005
® BL2S

Bacillus mycoides DSM 2048, ACMUO1000002
Bacillus pacificus EB422, KJ812450
Bacillus cereus ATCC 14579, AE016877

Bacillus tropicus N24, MACG01000025

@

100

Bacillus paranthracis Mns, MACEQ1000012
Bacillus paramycoides NH24A2, MACI01000012
Bacillus nitratireducens 4049, KJ812430

i Bacillus anthracis Ames, AE016879

22

Bacillus pseudomycoides DSM 12442, ACMX01000133

Bacillus cytotoxicus NVH 391-98, CP000764
100 | Gottfriedia luciferensis LMG 18422, AJ419629

! Gottfriedia acidiceleris CBD 118, DQ374637
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Sutcliffiella catenulatus 18C, LT617055

495? Sutcliffiella halmapala DSM 8723, KV917375

Bacillus tianshenii YIM M13235, KF811034

53

Metabacillus herbersteinensis D-1-5a, AJ781029

Bacillus acidicola 105-2, AF547209
Bacillus coahuilensis m4-4, ABFU01000135

a3

50
Ro

oot

Bacillus sechaeanensis BHT24, AY667495

52 Bacillus salacetis SKP7-4, LC367333
— Rossellomorea marisflavi JCM 11544, LGUEQ1000011
Rossellomorea viethnamensis 15-1, AB099708

ellomorea oryzaecorticis R1, KF548480

Figure 5 Phylogenetic tree depicting the relationship between strain BL25 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide

substitutions per site.
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Bacillus mojavensis RO-H-1, JHB00280
Bacillus halotolerans ATCC 25096, LPVF01000003
Bacillus inaquosorum KCTC 13429, AMXN01000021
Bacillus cabrialesii TE3, MK462260
Bacillus stercoris| CM 30051, MN536904
Bacillus tequilensis KCTC 13622, AYTO01000043
Bacillus spizizenii NRRL B-23049, CP002905
713 "j Bacillus vallismortis DV1-F-3, JHE00273

Bacillus nakamurai NRRL B-41091, LSAZ01000028
Bacillus subtilis NCIB 3610, ABQL01000001
Bacillus amyloliquefaciens DSM 7, FN597644
Bacillus velezensis CR-502, AY603658
Bacillus siamensis KCTC 13613, AJVF01000043
* ———— Bacillus atrophaeus JCM 9070, AB021181

51 E Bacillus paralicheniformis KJ-16, KY694465
Bacillus glycinfermentans GO-13, LECWO01000083
Bacillus swezeyi NRRL B-41294, MRBK01000096

Bacillus sonorensis NBRC 101234, AYTN01000016
Bacillus haynesii NRRL B-41327, MRBLO1000076
Bacillus licheniformis ATCC 14580, AE017333
Bacillus aerius 24K, AJ831843
Bacillus gobiensis FJAT-4402, CP012600
Metabacillus idriensis SMC 4352-2 AY304033

99

82

20 54

@® BL26
a0
«‘Eacinus altitudinis 41KF2b, ASJC01000029

Bacillus xiamenensis HYC-10, AMSHO1000114

78 | Bacillus safensis subsp. safensis FO-36b, ASJD01000027
Bacillus safensis subsp. osmophilus BC09, KY990920
Bacillus australimaris NHT7I 1, JX680098
Bacillus zhangzhouensis DW5-4, JOTP01000061
Bacillus pumilus ATCC 7061, ABRX01000007

99
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Figure 6 Phylogenetic tree depicting the relationship between strain BL26 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide

substitutions per site.



40 Pseudomonas brassicacearum subsp. necaurantiaca ATCC 49054, EU391388
2 E Pseudomonas bijieensis L22-9, MT835388
% Pseudomonas thivervalensis DSM 13184, LHVED1000021
24 - Pseudomonas kilonensis DSM 13647, LHVH01000037
7 Pseudomonas frederiksbergensis JAJ28, AJ249382
4‘7— Pseudomonas piscium P50, LR797558

Pseudomonas viciae 11K1, MN698727

Pseudomonas neuropathica P155, LR797591

Pseudomonas mucoides P154a, LR787589

@ BR2

Pseudomonas lini CFBP 5737, AY035996
Pseudomonas pisciculturae P115, LR797573

Pseudomonas silesiensis A3, KX276592

g2 | Pseudomonas mandelii NBRC 103147, BDAF01000092
Pseudomonas arsenicoxydans CECT 7543, LT629705
Pseudomonas prosekii LMG 26867, LTE29762

Pseudomonas marginalis ATCC 10844, AJ308309
Pseudomonas mediterranea CFBP 5447, AUPB01000004

Pseudomonas chlororaphis subsp. chlororaphis NBRC 3904, BCZX01000031

3 Pseudomonas caspiana FBF102, LOHF01000033

B 83 r Pseudomonas cannabina CFBP 2341, AJ492827
Pseudomonas avellanae BPIC 631, AKBS01001374

63 —— Pseudomonas caricapapayae ATCC 33615, D84010
Pseudomonas tremae CFBP 6111, AJ492826
36 54'* Pseudomonas amygdali CFBP 3206, JYHB01000005
Pseudomonas meliae CFBP 3225, JYHE01000183
Pseudomonas savastanoi ATCC 13522  AB021402
55, Pseudomonas ficuserectae JCM 2400, AB0O21378
s2 | Pseudomonas cerasi 58, LT222319

63 | Pseudomonas congelans DSM 14939, FNJH01000022
Pseudomonas syringae KCTC 12500, KI657453

55

0.0020

Figure 7 Phylogenetic tree depicting the relationship between strain BR2 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.002 nucleotide

substitutions per site.
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Pseudomonas mandelii NBRC 103147, BDAF01000092
94 | Pseudomonas arsenicoxydans CECT 7543, LT629705
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94 @ RL2
2 4|
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Figure 8 Phylogenetic tree depicting the relationship between strain RL2 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.002 nucleotide

substitutions per site.
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Figure 9 Phylogenetic tree depicting the relationship between strain RL6 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide

substitutions per site.
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Figure 10 Phylogenetic tree depicting the relationship between strain RL7 and its closest relatives
as deduced from 16S rRNA sequence analysis. This analysis involved 31 nucleotide sequences.
The tree was constructed by using the neighbour-joining method. Bar, 0.01 nucleotide

substitutions per site.
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Supplement 4
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Figure 11 Anion-exchange chromatography. The most active factions are marked with a light
orange background. Purple curve - 214 nm, green - 280 nm absorbance, black - NaCl gradient.
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Figure 12 Anion-exchange chromatography. The most active factions are marked with a light
orange background. Purple curve - 214 nm, green - 280 nm absorbance, black - NaCl gradient.
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Figure 13 Hydrophobic interaction chromatography. The most active factions are marked with

a light orange background. Purple curve - 214 nm, green - 280 nm absorbance, black — buffer
B4 gradient.
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