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Formation to Competition in Niche Determination
on Plant Roots

A. Lagzian, R. Saberi Riseh'+, S. Sarikhan?, M. Moradzadeh-Eskandari®, and P.

Khodaygan®

ABSTRACT

Biofilm formation and rhizosphere colonization of the plants are the main
infrastructures for the biological control of the plant diseases. Bacteria accumulation in
the protective layer, which results from their self-production of Exopolysaccharides
(EPS), is called the biofilm. The formation of these complex structures originates from the
multicellular behaviors of bacteria. Various elements can play a role in these mechanisms.
In this study, we examined biofilm formation, root colonization, and salt tolerance to four
concentrations of NaCl in the strains of Bacillus velezensis (Q12, US1, and UR1). The
results showed that the biofilm strength plays an important role in the efficiency of
tomato root colonization. Furthermore, UR1 that had defects in producing the surfactin,
iturin, and fengycin using Ultrahigh-Performance Liquid Chromatography-High
Resolution Electrospray lonization Mass Spectrometry (UHPLC-HRESIMS), was
incapable of tolerance to salinity, biofilm formation, competition, and rhizosphere
colonization. Confocal Laser Scanning Microscopy (CLSM) studies showed that strains
US1 and Q12 differed in the biofilm strength, the position of the bacteria that are located
laterally, polar, or both, and root colonization. Q12 was introduced as the best strain in all
these experiments. Also, based on the findings of this and previous studies, the possibility
to create the subpopulations influenced by genetic diversity in Bacillus velezensis strains

during biofilm formation is suggested.
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INTRODUCTION

Rhizobacteria are root-associated bacteria
that coexist with the plant in symbiotic
relationships (Cain et al., 2011; Kevin,
2003). Various biocontrol mechanisms by
rhizobacteria have been identified so far
including antibiosis, competition, Induced
Systemic  Resistance (ISR), protective
biofilm formation (Ruiu, 2020).

To achieve the beneficial effects of PGPR
(Plant Growth Promoting Rhizobacter), they

should provide the minimum population
density around the roots (Das and Dkhar,
2011; Lugtenberg and Kamilova, 2009).
Therefore, efficient rhizosphere colonization
is an essential step to ensure the
advancement of growth and safety of plant
(Bertin et al., 2003).

A biofilm is a community of adhesive
bacterial cells, which are maintained and
protected by an extracellular matrix. The
major components of matrix that are
produced in Bacilli are EPS and TasA,
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which are obtained via expressing eps (A-O)
operon and  tapA-sipW-tasA  operon,
respectively (Kovacs and Dragos, 2019;
Branda et al., 2005; Branda et al., 2001).

Among the biocontrol agents, the
lipopeptide derivatives in Bacillus sp., which
are called fengycin, iturin, and surfactin, are
characterized by variability in the peptide
chains and fatty acids. In addition to
controlling the plant diseases by antifungal and
antibacterial properties, they could induce the
resistance (Zaman and Toth, 2013; Henry et
al., 2011) and help to form biofilm and
colonize of plant roots (Zeriouh et al., 2014,
Beauregard et al., 2013).

In the evolution of bacilli, it was observed
that the highest matrix production causes the
stronger biofilm, such as the wrinkled
phenotype, which is accompanied via colonies
of rough and spreader, and in the smooth
morphotype lowermost matrix production that
is downscale to the ancestor. In a complex
structure, the position of cells is determined by
the matrix (Kovacs and Dragos, 2019; Kim et
al., 2014; Xavier and Foster, 2007). Some
studies showed that Bacillus subtilis strains
that form biofilm also compete against
competitors to gain their ecological niche by
root colonization (Luo et al., 2015; Bais et al.,
2004; Ahimou et al., 2000).

Surfactin has more antibacterial properties
than antifungals; nevertheless, it can have
synergistic effects on iturin (Deravel et al.,
2014). Surfactin is known as a prerequisite for
signaling the pathway to form a biofilm (Bais
et al., 2004). Thus, surfactin is necessary for
the  biofilm development and roots
colonization (Xu et al., 2019; Zeriouh et al.,
2014; Bais et al., 2004). Furthermore, cyclic
lipopeptides mycosubtilin and bacillomycin D,
which belong to the iturin family, facilitate
biofilm development and colonization of plant
roots (Xu et al., 2013; Ongena and Jacques,
2008).

In previous studies, Bacillus velezensis
strains Q12, US1, and UR1 were different in
controlling the fungi and bacteria plant
pathogens in vitro and in vivo. Moreover,
studies showed that they differed in the
production or non-production of bioactive
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lipopeptides such as surfactin, fengycin, and
iturin. In this study, we aimed to survey these
strains from the perspective of the possibility
of biofilm formation and colonization of
tomato roots using a labeled strain with Green
Fluorescent Protein (GFP). This experiment
will be helpful in introducing the strains as
biofertilizers.

MATERIALS AND METHODS
Microorganisms and Plasmids

Regarding our previous studies, we
obtained Bacillus velezensis strains Q12, US1,
and UR1 from among 500 bacterial isolates of
Solanaceae  family  rhizosphere,  and
Pseudomonas chlororaphis VUPf5 from the
peach rhizosphere (Lagzian et al. 2021). They
are the best strains to control many bacterial
and fungal pathogens of plants. Since some
gram-negative bacteria are good colonizers,
especially P. chlororaphis VUPf5 (in many of
our previous experiments) that had high
capabilities for bio-control of plant pathogens,
it was selected as a control in these
experiments. For long-term storage, a loop of
overnight culture bacteria was suspended and
homogenized in the microtubes containing
65% rich LB (Lysogeny Broth, Carl Roth,
Germany) and 35% glycerol, then, stored at -
80°C. To investigate tomato root colonization,
strain UR1 was labeled by plasmid pTB603
(PNW33n-hyGFP) of Escherichia coli. The
plasmid extraction was carried out by High
Pure Plasmid Isolation Kit (Merck, Roche,
Germany).

Electroporation Assay

From an overnight culture of strain UR1
on a plate, we took a single colony and
transferred it into 2 mL liquid LB media,
and incubated it on a shaker at 30°C, 220
rpm, for 16 hours. Then, the bacteria
suspension (1 mL) was inoculated into 100
mL LB media. The growth of bacteria was
detected by the measurement of ODG600
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using spectrophotometer until it reached 0.2-
0.3, which was checked every 30 minutes.
The next step included cell wall-weakening
treatment by adding sterile glycine solution
3% (w/v) and located for 1 hour at 30°C, 220
rpm. All steps were cold and performed on
the ice from this stage. Then, 16 mL ice-cold
electroporation buffer (Sucrose 272 mmol L-
1 MgCl; 0.5 mmol L%, K:Hpos 0.5 mmol L
1, KHzpos 0.5 mmol L?1) was used to
prepare the electrocompetent cells, after
cooling down cells on ice (15 minutes) and
centrifuging at 2,700 rpm at 4°C for 15
minutes and discarding the supernatant. We
repeated this step three times, then, added
electroporation buffer and saved the tubes at
-80°C. Afterwards, 1.0 pg of plasmid
pTB603 and 100 uL of the competent cells
(chloramphenicol resistant) were mixed and
incubated on the ice for 10 minutes. Then,
100 pL of the final suspension was added to
the electroporation cuvette. Electroporation
was carried out by the 25 uF, 200Q and
from 1.5 to 3.0kV and using Micro Pulser
Electroporator (Bio-Rad Ltd., Richmond,
USA). Furthermore, the contents of cuvettes
were quickly transferred to 2 mL LB media
and incubated at 30°C, 220 rpm for 2 hours,
then, spread on the petri dishes containing
chloramphenicol 10 pg mL* and were
incubated at 30°C for 24-48 hours.
Producing the GFP per transformant was
tested using the fluorescence
stereomicroscope (Infinitive F200 PRO,
TECAN), (Peng et al., 2009).

Artificial Soil

In an experiment, to study the
colonization on tomato roots, we used a
hydroponic medium substrate instead of soil.
Dropping of a sterile solution of sodium
alginate and phytagel (1:4, ratio) into the
stirrer solution CaCl, 2% created the
spherical gel beads, which were then
saturated with the nutrient solution TSB 3%
for 24 hours. Finally, we drained and used
inside glass tubes for planting tomato
seedlings (Ma et al., 2019).
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Root Colonization Assay

Seed surface sterilization is an important
step using sodium hypochlorite solution 2 %
(w/v), which was discarded; then, we used
Ethanol 70%, shook for 1 minute and
discarded the solution. The seeds were
rinsed four times by sterile MiliQ water and
every time centrifuged forl min at 11,000
rpm. The seeds were located on MS agar
(2.2 g L*+Agar 1%) plates (Murashige and
Skoog, Sigma). The sealed plates were left
at 25°C for 2-4 days, allowing enough space
among the seeds. Then, they were placed at
a growth chamber at 22°C, 17 hours light
every day, for 3 days. Afterwards, the
seedlings were placed in microtubes
containing 24 hours culture of bacteria that
were diluted to OD 0.3. Then, they were
transferred to (glass tubes containing
artificial soil and incubated at 21°C, 16 hours
light per day, for 3 days (Drago$ et al.,
2018). Afterwards, the roots were rinsed
four times and fixed on the glass slides for
imaging by CLSM. Fluorescent reporter
incitement was carried out for GFP (488
nm). The emitted fluorescence was
performed at 490-543 nm for green
fluorescence. Images were analyzed with
ImageJ by Fiji software.

Bacterial Biofilm Formation

Bacterial strains were cultured into LB
media and incubated for 17 hours at 30°C at
200 rpm. To investigate the pellicle growth,
20 pL of the bacterial suspension was
inoculated into MSgg media, located inside
a 24-well plate (Fan et al., 2017; Branda et
al., 2001). Pellicle biofilms were incubated
at 30°C and imaged after 3 days.

Salt Tolerance Assay

The tolerance of biocontrol strains to
different amounts of salt was measured in
vitro. Four levels of NaCl, i.e. 0, 1, 5, and
10%, were added to the tubes containing LB
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Figure 1. Biofilm formation on the pellicle (MSgg media). Treatments were imaged after 3 days using
the stereomicroscope: (a) B. velezensis URL, (b) B. velezensis Q12, (c) B. velezensis US1, (d) Negative
control, (e) P. chlororaphis VUPf5, and (f) B. velezensis URL.

media. From an overnight culture of
bacteria, 108 CFU was inoculated into each
tube; as a blank, for each salt concentration,
the same amount of LB was added without
bacteria. The tubes were incubated at 30°C,
220 rpm for 24 hours. Bacterial populations
were measured by OD 600 nm using a
spectrophotometer.  Samples  had 3
replications, and the experiment was
repeated twice.

RESULTS AND DISCUSSION

Biofilm Formation and Root Colonization

B. velezensis Q12 created a strong biofilm
on the pellicle. The biofilm structure in
strain US1 was seen with some weak points,
while in strain UR1, biofilm structure was
not observed. Strain VUP5 was also able to
create a biofilm (Figure 1).

Confocal Laser Scanning Microscopy was
used for the visualization of root
colonization trial and the bacteria
replacement arrangement on the tomato root.
The complex structures of biofilm were well
seen in Bacillus velezensis Q12 on the roots.
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Moreover, bacterial connections in strain
US1 were reduced and delayed in biofilm
formation on roots so that the bacterial
connections were made only by the cellular
poles, while Q12 colonized the complex
structure and tangled coil around the root tip
of the tomato. Cellular polar and lateral
connections were well seen in its biofilm
matrix. These findings were consistent with
the biofilm robust structure of B. velezensis
Q12 on the pellicle (Figure 2). In previous
reports, a significant relationship was seen
between lateral and polar flagella mutants in
Gram-negative ~ Aeromonas spp  with
adhesion levels and biofilm formation on
surfaces. Every flagellar mutant indicated a
reduced capability to form biofilms (Kirov
et al., 2004). Since Bacilli have peritrichous
flagella (Rigolet et al., 2019; Fujii et al.,
2008), the question arises whether the lack
of lateral cell attachment may be related to
the dysfunction of lateral flagella in US1 on
the root. Weak points on the pellicle in the
strain US1 may be due to the lack of
extracellular matrix production in several
monoculture cells. Martin et al. (2020)
showed that genetic diversity in matrix gene
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Figure 2. Investigation of the root tip colonization of tomato by mixed bacterial treatments. Crl: Negative
Control.
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expression in the Bacillus subtilis strains
leads to the heterogeneous populations.
Since the production of these proteins is
costly, the subpopulations of bacteria
tend to cheat. These genetic changes can
be called morphotypes with weak points
in the pellicle biofilm structure (Otto et
al., 2020).

In co-culture treatments, the competition
between UR1 with other strains in the
colonization of Solanaceae roots showed the
inefficiency of UR1 compared to its
counterparts’ strains, where no fluorescent
was detected in its mixed treatments with
Q12 and US1. Moreover, a limited amount
of fluorescent was detected in the treatment
UR1+VUPf5 (Figure 2). Strains B.
velezensis are known as good root colonizers
(Al-Ali et al., 2017). Based on our previous
results, bioactive cyclic lipopeptides such as
surfactin, fengycin, and iturin were detected
in US1 and Q12 using UHPLC-HRESIMS.
These secondary metabolites are not
produced in the treatment UR1. Mutations in
the sfp gene showed that this gene is
required for the synthesis of lipopeptides
and polyketides (McLoon et al., 2011).
Cyclic lipopeptides surfactin, fengycin, and
iturin are not only involved in plant health
by antifungal and antibacterial activity, but
are also essential for biofilm formation,
competition for ecological niche, and
colonization of rhizosphere (Zeriouh et al.,
2014; Beauregard et al., 2013; Bais et al.,
2004). Some authors believe that
bacillomycin L and surfactin in B. subtilis
916 synergistically, caused biocontrol of rice
sheath  blight via antifungal acting,
facilitating the formation of biofilms and
increasing the abilities of plant colonization
(Luo et al., 2015). Non-producing surfactin
in B. velezensis FZB42 showed a difference
in the rhizosphere colonization and
mutations eps” not able to colonize tomato
roots and to form a biofilm (Al-Ali et al.,
2017). UR1 is not only weak to control the
fungal and bacterial pathogens, but also
failed to form biofilms on the pellicle.
Furthermore, it showed poor competition to
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occupy the root surface compared to strong
strains Q12, US1, and VUPf5. The
mutations in genes sfp, epsC, swrA, and
degQ in B. subtilis 3610 led to the loss of
disease control and root colonization.
Moreover, this bacterium was unable to
form biofilm. These four genes and gene
spoOF were located in a large plasmid (Fan
et al., 2018; McLoon et al., 2011). In
Bacillus velezensis Asfp mutants, the
biosynthesis of wall teichoic acid-
synthesizing protein, GgaA, was reduced 4-
fold. This deficiency also delayed the
formation of biofilm and reduced the
colonization of cucumber root (Xu et al.,
2019).

Salt Tolerance Assay

Salinity tolerance was surveyed at four
levels of 0, 1, 5, and 10% of NaCl that were
added to the LB medium. Like others, UR1
showed better growth with the addition of
1% of salt. Furthermore, population growth
in strain UR1 in normal media, 1% and 5%
was much higher than other strains. It is
possible that due to mutations in some
genes, the bacterium does not expend energy
on the production of secondary metabolites,
so, it can reproduce more. Strain Q12 could
grow at 10% salt and strain US1 grew
slightly but UR1 did not grow at this salt
concentration (Figure 3). It was shown that
the  exoenzyme  levansucrase  helps
Gluconacetobacter diazotrophicus tolerate
excessive salt and sucrose concentrations,
drought, and biofilm formation. The levan
could protect wversus stress, which are
affected by living or non-living agents and
contribute to the biofilm organization
(Veldzquez-Hernandez et al., 2011). Salinity
tension greatly stimulates the biosynthesis of
levansucrase in Bacillus sp. two-component
system DegS/DegU that plays a key role in
the salt stress (Kunst and Rapoport, 1995).
Due to the large and extensive changes in
UR1, it seems that mutation or deletions
have occurred in several genes and the main
systems.



Differences among Bacillus velezensis Strains JIA\S][‘

a b B Repesti W Repest2 W Repeat3

o1z a1z URA us1 ust URT | WVUFfE | WUPIS UR1 | UR Q12 Q12 uRl | Ust us1 UR1 VUPTS | VUPIS UR1 URA
- 1 [ —— |
c - d
Tomato seedling salinity LB Phus 1% Plus 10% Plus 5%

Single cells
* 03
=
=]
=]
=
‘w
5
- 0
;- ™
Biofilm structure é
Biofilm structure * o
01
@ B. velezensis US1
@ B velezensis Q12
@ B. velezensis UR1
€ Salinity tolerance in vitro o0g-

Salinity tolerance in vivo

Bacteia

Figure 3. The population of each bacterium in separate and mixture treatments obtained from tomato root dilution
series after two days and repeating the experiments two times (a and b), (c) Schematic of how the bacteria are located
around the tomato root, and the tolerance of the bacteria to the amount of NaCl around the root, and (d) Bacterial
populations at different NaCl concentrations.
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