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Abstract

Plant growth promoting rhizobacteria (PGPR) increase plant root development and provide plants with
maximum nutrient uptake opportunities for better growth. Besides promoting growth, PGPRs have a
number of functions including stress tolerance (heat, drought, salinity and disease), bioremediation of
heavy metals, biodegradation of complex toxic organic compounds, biocontrol agents and biofilm
formation. The interaction between various plant growth promoting rhizobacteria was mainly
investigated under the planktonic growth mode. In-depth investigation of biofilm development on root
surface and rhizosphere colonization is needed to improve understanding of plant-microorganism
interaction. In this study; The biofilm structures formed by Bacillus drentensis, Bacillus mojavensis,
Pseudomonas fluorescens, Pseudomonas putida and Arthrobacter nitroguajacolicus bacteria, which have
plant growth promoting properties, were characterized by Raman and FT-IR Spectroscopy. In addition, the
biofilm formation capacity of these bacteria on polystyrene surfaces was determined by the crystal violet
test, and the colonization of Bacillus drentensis, Pseudomonas fluorescens and Arthrobacter
nitroguajacolicus bacteria on Arabidopsis thaliana Columbia ecotype roots was determined by Scanning
Electron Microscope (SEM) analysis.

1. Introduction

In order to meet the food needs of the growing human population, it is confronted with a number of
challenges, including increased demand for agriculture and animal husbandry, sustainable agricultural
production, the use of limited resources (such as fertile lands), and the elimination of severe
environmental problems caused by traditional agricultural practices. These issues can be mitigated by
using organic fertilizers containing microorganisms instead of chemical fertilizers to boost food yield, as
well as by discovering and utilizing local soil microbes for this purpose (Kiiclik 2019). Beneficial bacteria
colonized on plant roots, known as plant growth promoting rhizobacteria (PGPR), are regarded one of the
major groups that exhibit a variety of beneficial effects in improving plant growth (Lugtenberg et al.
2001). Bacteria that promote plant growth; it should have characteristics such as settling in the soil
around the roots, developing in competition with other microorganisms in the soil, replicating, surviving,
and supporting plant growth and development (W 1994). Beneficial PGPRs linked with plant root surfaces
are known to contribute to increased plant yield (Ryu et al. 2004). The mechanisms by which various
PGPRs promote plant growth have been thoroughly investigated, both directly (production of plant
hormones, nitrogen fixation, phosphate solubilization, and iron cleavage) and indirectly (antibiotics and
lytic enzymes, induced resistance, HCN production, and competition) (Kloepper et al. 1980; Ahmad et al.
2008; Bernard 2012). Microbial cells and extracellular polymeric materials such as polysaccharides,
lipids, proteins, genetic materials, humic-like compounds, and EPS (Extracellular Polymeric Substances)
combine to create biofilm (Costerton et al. 1995). EPS allows microorganisms to bind irreversibly to any
surface and protects them from environmental stress conditions (Vu et al. 2009; Kelestemur et al. 2018).
The type of the microorganism influences the composition of EPS. Gram-negative bacteria produce EPS
from neutral and polyanionic polysaccharides, whereas gram-positive bacteria produce cationic
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polysaccharides. Environmental variables such as pH, temperature, oxygen and nitrogen levels, as well as
surface qualities, on the other hand, influence the composition of a biofilm (Costerton et al. 1981; Ahimou
et al. 2007).

In this study; Biofilm structures formed by Bacillus drentensis, Bacillus mojavensis, Pseudomonas
fluorescens, Pseudomonas putida and Arthrobacter nitroguajacolicus bacteria, which have plant growth
promoting properties, were characterized by Raman and FT-IR Spectroscopy. In addition, the biofilm
formation capacity of these bacteria on polystyrene surfaces was determined by the crystal violet test,
and the colonization of Bacillus drentensis, Pseudomonas fluorescens and Arthrobacter nitroguajacolicus
bacteria on Arabidopsis thaliana Columbia ecotype roots was determined by SEM (Scanning Electron
Microscopy) analysis.

2. Materials and Methods
2.1. Microorganisms

Bacillus mojavensis, Pseudomonas putida, Pseudomonas fluorescens, Bacillus drentensis and
Arthrobacter nitroguajacolicus strains isolated from Ankara province soils and classified according to 16s
rDNA sequence results were obtained from Ankara University Faculty of Science Biology Department
Prokaryote Genetics Laboratory stock cultures to be used in our study (Ozdogan et al. 2022). In the first
stage, strains were grown in Nutrient Broth (NB) medium at 30°C at 150 rpm shaking speed for 18-24
hours. During the study, all cultures were stored in sterile microfuge tubes with 60% glycerol at -20°C and
- 80°C.

2.2. Determination of Biofilm Forming Capacity of the
Strains

Biofilm formation trials and optimization were carried out in a biofilm reactor with continuous nutrient
flow. First of all, optimum biofilm production capacities of bacterial biofilms were determined on
polystyrene surfaces. In this method, the isolates included in the experiment were inoculated at 1% in
Nutrient Broth (NB) medium and activated for 18 hours in a shaking incubator at 37 °C. Then, bacterial
cultures were adjusted to OD595 = 0.2 and 30 pL of these dilutions were transferred to 96-well
microtitration plate wells containing 100 pL of NB. Plates were incubated at 20°C for 24, 48 and 72 hours
(Vestby et al. 2009). At the end of the incubation period, the wells were washed by applying physiological
saline 3 times and the planktonic cells were removed in this way. The fixation of the biofilm structure
formed by 10 minutes incubation was carried out by adding 130 pL of 95% (v/v) methanol to the wells
that were dried at room temperature. At the end of the incubation period, methanol was removed and
these media were left to dry. Then, 130 pL of 1% crystal violet was added to the wells to stain the biofilm
structure and incubated for 30 minutes. At the end of this period, the wells were washed 3 times with
distilled water and then 130 pL of 33% (v/v) glacial acetic acid was added to dissolve the dye bound to
the biofilm structure and kept at room temperature for 45 minutes (Stepanovic et al. 2000). This
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experiment was carried out in 3 parallel and 2 repetitions. Biofilm production amounts were determined
by measuring the dye density with an Elisa reader in OD595 and subtracting the values obtained from the
wells containing only NB used as a control from the average of the obtained values.

2.3. Bacterial Inoculation and Fixation for SEM (Scanning
Electron Microscopy)

Bacterial strains were grown to late log phase in 100 ml flasks at 30°C. After 2 weeks of plant growth, the
plant roots were inoculated by soaking in 10 ml of diluted bacterial cultures and allowed to incubate for 2
hours. After the incubation, the media were withdrawn from the tubes and 0.5% glutaraldehyde-4%
paraformaldehyde fixation solution was added to the tubes and left to incubate for 24 hours. After 24
hours of incubation, the roots were washed with PBS (Phosphate Buffered Saline) and then the fixation
process was completed by passing through 20%, 30%, 50%, 70%, 90% and 100% alcohol series and the
samples were prepared for SEM (Vaikuntapu et al. 2014). As a result of the fixation procedures, bacterial
colonization in the roots was visualized with the Zeiss Evo 40 scanning electron microscope (SEM)
located at Ankara University Nuclear Sciences Institute.

2.4. Analysis of Biofilm Structures by FT-IR Spectroscopy

FT-IR spectra were collected in a transflection mode with the use of a Nicolet 6700 FT-IR spectrometer
over the range 4000-400 cm™ . Each spectrum represented 16 scans taken at a resolution of 4 cm™’
with an optimal signal-to-noise ratio. For a given material, a final spectrum was obtained using OMNIC
software.

2.5. Analysis of Biofilm Structures by Raman Spectroscopy

Raman spectra were recorded with the use of a DXR Confocal Raman Microscope (JASCO NRS4500).
The excitation laser wavelength was 532 nm and the output power was set at 9.1 mW. The spectra were
recorded in the 2200-200 cm™ " spectral range with 4 cm™' of Raman shift resolution. A 25 pm pinhole
aperture and exposure time of 15 s with 15 exposures per point with 20x objective were used. The
microscope was equipped with a CCD Camera (DU420_0OE). All data processing and image assembly was
performed using Spectra Manager software.

3. RESULTS
3.1. FT-IR Spectra of Biofilm Structures

In the IR spectra of the samples (Fig. 1), broad bands around 3200-3300 cm™ " indicate the presence of
amide A. The bands appearing in the region of 2800-3000 cm™" are the bands belonging to the CH, CH,
and CH; symmetrical and asymmetric vibrations of the methylene groups known as characteristic for the

lipids condensed in the bacterial cell walls and membranes. The highest intensity of this band was
determined for P5-1. It is thought that the reason for this may depend on the hydrocarbon chain length
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and the chemical structure of the polar head group of membrane lipids. The Amid | and Amid Il bands are
sensitive to changes in the secondary structures of proteins. The characteristic absorbance bands for

amide | and amide Il are around 1500-1700 cm™ . In the IR spectra, amide 1 bands were observed in the
range of 1636 cm™ ' and amide Il bands were observed in the range of 1544-1553 cm™ for the samples.
In the literature, around 1200 - 950 cm™ ' is known as the sugar zone. Bands in the range of 1148-1152
cm™ 1 in the IR spectra of the samples indicate the presence of oligosaccharides. Weak bands in the
1097-1125 cm™ " region support the presence of carbohydrates, phosphates/phospholipids and nucleic
acids. The bands of the B-glucan bonds of the samples were observed in the range of 1052—-1083 cm™".

3.2. Raman Spectra of Biofilm Structures

In the Raman spectra of the samples (Fig. 2), Amide | and Amide Il bands appeared in the region of 1700
-1600 cm™ " and 1600 - 1500 cm™ ', respectively. Raman spectra of lipids, which indicate the presence of
a hydrocarbon chain, are mainly detected in three spectroscopic regions: 1500-1400 cm™ ", 1300 - 1250
cm™ ' and 1200 - 1050 cm™ . The bands observed around 1300-1400 cm™ ' in Raman spectra belong to
CH, groups originating from protein structure in bacterial biofilm samples. The highest intensity of the
bands around 1450 cm™ ', which is thought to belong to saturated lipids, was observed for K4-1 and the
lowest for KH3-1. Differences in the intensity of this band indicate changes in lipid amounts and bacterial
biofilm compositions during maturation in terms of saturation of lipid fatty acids. The most specific
bands for glucans are those centered at ~ 750 cm™ . These peaks were observed in the Raman spectra of
the samples. The presence of bands observed at 880—980, 1055 and 1075 cm™ ' in Gram-positive cells
may be due to a combination of the vibrational modes of the bacterial cell walls of rhamnose, galactose
and glucose. The peaks observed at 1125 cm™ ! are glucose peaks in accordance with the literature.
Raman bands at ~ 1380 cm™ ! often indicate the presence of a polyanionic polysaccharide in the
bacterial biofilm matrix. The emergence of these bands in the Raman spectra of the samples confirms
this situation.

3.3. Biofilm Formation Amounts on Polystyrene Surfaces

As a result of the analysis, it was determined that the bacteria reached the highest biofilm production
capacity at the end of the 24th hour. It was determined that the strain with the highest biofilm forming
capacity was B. mojavensis, followed by P, putida, P fluorescens, B. drentensis and A. nitroguajacolicus
strains, respectively.

3.4. Screening Colonization of Bacteria on Plant Roots
(SEM)

As a result of SEM analysis (Fig. 4-6), it was determined that all three bacterial species colonized mainly
by forming biofilms at the root tips. It was determined that bacteria accumulate and colonize in the
intercellular spaces outside the vascular cylinder. Bacterial colonization in the roots; It has been stated
that it is more common in the region where cell division and growth is more and in the root cap, compared
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to the mature root region and root hairs. They also reported that Paenibacillus polymyxa forms a biofilm
around the root tip of the plant and this biofilm form plays a role in biocontrol and increasing tolerance to
drought (Timmusk et al. 2005).

4. Discussion

In this study; Biofilm structures formed by bacterial strains with plant growth promoting properties were
analyzed, colonization and biofilm structures in plant roots were visualized with SEM, and biofilm
characterizations were performed with FT-IR and Raman Spectroscopy. As a result of the analysis, it was
determined that the bacteria reached the highest biofilm production capacity at the end of the 24th hour.
It was determined that the strains with the highest biofilm forming capacity were B. mojavensis and P
putida, followed by P, fluorescens, B. drentensis and A.nitroguajacolicus strains, respectively. As a result
of our SEM analysis, it was observed that bacterial colonization mostly took place around the root tip.
These findings were in parallel with the literature data. The properties of the root surface vary along the
length of the roots and biofilm formation is affected by the compounds and nutrients released by the
roots in different regions. Bacterial colonization in the roots; It has been stated that it is more common in
the region where cell division and growth is more and in the root cap, compared to the mature root region
and root hairs. They also reported that Paenibacillus polymyxa forms a biofilm around the root tip of the
plant and this biofilm form plays a role in biocontrol and increasing tolerance to drought. (Timmusk et al.
2005). Studies have indicated that bio-fertilizer biofilms focusing on the agricultural sector may have
significant potential benefits. Such products can protect the plant not only against various environmental
and soil-borne diseases, but also against abiotic stresses such as salinity, drought, inorganic and organic
pollutants, and potentially increase crop productivity (Malusa et al. 2012). One of the most important
factors determining bacterial colonization in the plant root is root exudation (Weller and Thomashow
1994; Walker et al. 2004). Plant roots release a wide variety of compounds into the rhizosphere.
Exudation is heterogeneous in time and space. It also differs along the longitudinal axis from the base to
the root tip, where the metabolic activity changes (Gilroy and Jones 2000). The root cap is a source of
hydrated polysaccharides shed from the root tip. These polysaccharides form mucilage, which lubricates
the root during passage through the medium. Apoplastic sucrose can also spread from the root tip due to
the concentration gradient. Sucrose does not leak from mature root segments because diffusion of this
compound is blocked by the suberized endodermal cell layer (Jaeger et al. 1999). Microorganisms that
prefer this type of nutrition can be attracted by these rich food sources. Some PGPRs produce hydrolytic
enzymes such as chitinases and glucanases against soil-borne bacterial and fungal pathogens to cleave
fungal cell walls, elicit defensive responses in plants, and confer resistance to subsequent infection by
pathogenic bacteria, fungi and viruses (Manjula and Podile 2001) or it forms biofilms on root surfaces
that can protect roots (O'Toole and Kolter 1998). Pseudomonas and Bacillus spp. are the most important
PGPRs colonizing roots in various plants. Members of this group have a widespread distribution in soil,
are effective colonizers of the rhizosphere, and produce several types of metabolites that are inhibitory to
a wide variety of pathogens in plants (Sunita Rangarajan et al. 2003). Many other root-colonizing strains
of PGPR have also been found to have antifungal properties against a range of pathogens in the soil.
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Studies show the importance of PGPR and biofilm formation, which is an important component of plant-
microorganism interactions, and its effect on plant health and soil fertility. The viability of PGPR is a
promising sustainable and environmentally friendly approach to achieve sustainable productivity of soil
and plant growth. This approach includes soil structure formation, decomposition of organic matter,
recycling of essential elements, mineral nutrients, production of numerous plant growth regulators,
degradation of organic pollutants, stimulation of root growth, biological control of soil and seed-borne
plant pathogens and promotion of changes in vegetation, thawing, etc. It inspires a broad use of PGPR
that can lead to a reduction in the need for agrochemicals (fertilizers and pesticides) for better soil fertility
through mechanisms. Rhizobacterial biofilms that promote plant growth have been shown to play a
fundamental role in futuristic farming approaches such as biofertilizers, plant growth accelerators and
biocontrollers for plant health. Beneficial biofilms attached to plant roots of some crops have been shown
in studies to aid in nutrient cycling as well as biological control of pests and diseases, ultimately
improving productivity and crop yields. Moreover, rhizobial polysaccharides are very important in
promoting plant growth, act as an active signaling molecule during beneficial interactions, and provide a
defensive response during the infection process (Parada et al. 2006). Raman spectroscopy and FT-IR
analyzes are methods that are widely used in biofilm characterization due to the fact that biological
samples are produced quickly, simply and without damaging the biofilm structure, and there is no need
for sample preparation. In this study, detailed analyzes and characterization of bacterial biofilm
structures were investigated by Raman and FTIR analyzes. The highest intensity was determined for P5-1
in the bands of methylene groups (CH, CH2 and CH3), which are characteristic for the lipids concentrated
on the cell wall and membranes in the IR spectra of the examined bacterial biofilms. When the Raman
spectra were examined, it was determined that the bands of saturated lipids were at the highest intensity
in K4-1, and the lowest intensity was observed in KH3-1. This shows the changes in lipid amounts during
the biofilm maturation stage. It is thought that lipids, together with polysaccharides, increase the viscosity
of the biofilm and increase the effect of binding to the surface (Gieroba et al. 2020). Different amounts of
protein bands were found in the Raman and FT-IR peaks of the bacteria examined. The surface structure
of bacterial cells, such as the concentration of lipopolysaccharide and the presence of proteins in the
surface membrane, are important factors affecting biofilm formation in plant roots. In recent studies, a
900 kDa cell surface protein called LapA (Large adhesion protein A) has been discovered and has been
reported to have important effects on the colonization of P, fluorescens bacteria (Hinsa et al. 2003).
Similarly, P putida KT2440 LapA homologues were observed to be involved in seed adhesion during
competitive root colonization and seed coating. As a result, this protein acts as a biofertilizer and
supports plant growth (Espinosa-Urgel et al. 2002). LapA, which has domains that are used to attach to
the surface, is especially involved in the biofilm formation of Gram-positive bacteria. Similarly, other Ca2
+ binding protein domains and hemolysins are frequently involved in host-cell interactions (Hinsa et al.
2003). A series of agglutinins called Rap (Rhizobium adhesion proteins) localized at the cell poles of
Rhizobium leguminosarum are thought to bind Ca2 + and are suggested to play a key role in the
attachment of rhizobial cells to plant tissues (Ausmees et al. 2001). In both FT-IR and Raman analyzes,
specific bands were observed indicating the presence of oligosaccharides and polysaccharides,
consistent with the literature. In particular, the role of polysaccharides in the structure of PGPR-EPS in
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promoting plant growth has been revealed in previous studies. Some PGPR-EPS (Plant Growth Promoting
Bacteria-Extracellular Polymeric Substance) ie EPSs produced by PGPRs can bind cations including Na+,
which plays a role in reducing salinity stress by reducing the available Na + content that the plant takes
from the soil (Upadhyay et al. 2012). Co-grafting of biofilmed vaccines can be used to successfully
establish beneficial microorganisms introduced in plants for biological control of diseases
(Jayasinghearachchi and Seneviratne 2006). However, few studies have been conducted on the biofilm
properties of plant growth promoting bacteria, and this area has been overlooked until now. It is stated
that this integrated biofilm biofertilizer approach to support the growth of plants will increase soil fertility
as well as more sustainable agriculture. In this tstudy; biofilm structures formed by bacterial strains with
plant growth promoting properties were analyzed, colonization and biofilm structures in plant roots were
visualized with SEM, and biofilm characterizations were performed with FT-IR and Raman Spectroscopy.
When the findings were compared with the literature data, it was determined that these bacterial strains
had the necessary characteristics to be used as biofertilizer with biofilm. There is a need to investigate
the biofertilizer efficiency of these bacterial strains with future greenhouse plant trials.
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Figure 1

IR spectra of the samples (C1-1: Pputida, P5-1: B. mojavensis, K6-1: B. drentensis, K4-1: P, fluorescens,
KH3-1: A. nitroguajacolicus)
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Figure 2

Raman spectra of the samples (C1-1: Pputida, P5-1: B. mojavensis, K6-1: B. drentensis, K4-1: P
fluorescens, KH3-1: A. nitroguajacolicus)
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Figure 3

Biofilm formation amounts of Bacillus drentensis, Bacillus mojavensis, Pseudomonas fluorescens,
Pseudomonas putida and Arthrobacter nitroguajacolicus bacteria.

Figure 4

SEM image of the colonization of B. drentensis bacteria in the root of the A. thaliana Columbia ecotype.

Figure 5

SEM image of the colonization of P fluorescens bacteria in the root of the A. thaliana Columbia ecotype.
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Figure 6

SEM image of the colonization of A. nitroguajacolicus bacteria in the root of the A. thaliana
Columbiaecotype.
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