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Abstract

:

Background: Due to their structural features, biosurfactants reveal promising physicochemical properties, making them interesting for various applications in different fields, such as the food, cosmetics, agriculture, and bioremediation sectors. In particular, the bioproduction of surfactin, one of the most potent microbially synthesized biosurfactant molecules, is of great interest. However, since the wild-type productivities are comparably low, stimulatory environmental conditions have to be identified for improved bioproduction This study aims to find a correlation between the hydrophobicity and production of the biosurfactant surfactin by B. subtilis isolates from crude-oil-contaminated soil and water. Methods: The surfactin production yield was characterized in adapted batch cultivations using high-performance thin-layer liquid chromatography (HPTLC). Defined hydrophobic environmental conditions were achieved by supplementation with hexadecane or polystyrene beads, and the effects on biosurfactant production were measured. Adaptations at the protein level were analyzed using mass spectrometry measurements. Results: The correlation between hydrophobicity and surfactin production was characterized using Bacillus subtilis strains ZH1 and P7 isolated from crude-oil-contaminated soil and water. Since these isolates show the biodegradation of crude oil and hexadecane as hydrophobic substrates, respectively, a first-time approach, using polystyrene beads, was applied to provide a hydrophobic environment. Interestingly, contrary to popular opinion, reduced biosurfactant production was determined. Using mass spectrometric approaches, the physiological effects of co-cultivation and the cellular response at the protein level were investigated, resulting in altered quantities of stress proteins and proteins involved in the carbon metabolism counter to polystyrene beads. Conclusions: Contrary to common opinion, increasing hydrophobicity does not have a stimulating effect, and even reduces the effect on the bioproduction of surfactin as the main biosurfactant using selected B. subtilis strains.
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1. Introduction


Biosurfactants are surface active agents widely produced by microorganisms [1,2]. Due to their low environmental toxicity and already-described biodegradability, biosurfactants are a promising alternative to chemical surfactants [3,4]. They reveal unique structural features that are important for their potential application in many industrial sectors, such as household detergents [5], emulsifiers and foam stabilizers in food products such as bread, emollients in cosmetics including skin cream, and biodegradable and green surfactant components of biological origin (plants and microorganisms) [6]. In addition, their antimicrobial properties make them interesting for applications as fungicides in agriculture [7,8], antibacterial and antivirus agents in pharmaceuticals [9,10,11], and for the bioremediation of oil-contaminated environments [12]. They have a high foaming capacity; high selectivity; specific activity in acute environmental conditions involving temperature, pH, and salinity; and the ability to be synthesized from renewable sources [13,14]. Biosurfactants are often involved in specific biological activities including cell–cell interactions, such as bacterial quorum sensing, biofilm formation, cell differentiation, and gliding movement [15,16,17].



Due to their amphipathic structural properties, biosurfactants have the ability to accumulate between fluid phases with different polarities and hydrogen bonding, such as air/water and oil/water interfaces. These properties help them to reduce surface and interfacial tension and form microemulsions that dissolve hydrocarbons in water or water in hydrocarbons [15,18]. Consequently, biosurfactants are described as being able to improve the solubility of hydrophobic pollutants. They are often used as additives to stimulate bioremediation and remove petroleum substances from soil and water contaminated with crude oil and its derivatives by increasing their bioavailability for degrading microorganisms [19,20]. In the case of surfactin, a reduction in the surface tension of water from 72.5 mN/m to 27.2 mN/m was detected, while chemical-based surfactants only reduced the surface tension to 32.7 mN/m [21,22].



In addition to bioremediation, it is known that biosurfactants are also used in the field of crude oil recovery in a process called microbial-enhanced oil recovery (MEOR), the third stage of crude oil recovery. The removal/mobilization of oil sludge from storage tanks, the microbial demulsification of petroleum emulsions, and the reduction in the viscosity of heavy oil by facilitating the recovery of transmission and piping waste are other applications related to the oil industry [2,23,24].



Although various applications are reasonable for biosurfactants, a bottleneck is the overall microbial productivity. Accordingly, strategies in both strain and bioprocess engineering are used to improve the production yields of production strains constructed for the highest possible bioproduction. One strategy for improved biosurfactant production is the use of inducers. Hydrophobic inducers serve as additional carbon sources and also trigger biosurfactant production, resulting in the greater solubilization of hydrophobic carbon sources [25,26,27]. For instance, olive oil was used as an effective inducer for the production of biosurfactants [27,28,29]. Using a combination of carbohydrates and long-chain fatty acids as an inducer, rhamnolipid production was improved [30,31]. In the case of surfactin, Olivera Schmidt et al. [26] showed that palmitic acid led to the highest performance among several hydrophobic inducers.



However, several studies have only described the stimulation of biosurfactant production by complex hydrophobic carbon sources. In this way, metabolic effects on microbial physiology could not be excluded. The work of this study will help to gain more insights into the differentiation between the use of additional hydrophobic carbon sources and non-metabolically utilized inducers. Therefore, hydrophobic-substrate-degrading Bacillus subtilis isolates from crude-oil-exposed environments were characterized by their production of biosurfactants, including surfactin and fengycin, under different hydrophobic environments using hexadecane as an additional carbon source and polystyrene beads as external hydrophobic inducer particles. In this way, this study provides more understanding of the linkage between biosurfactant bioproduction and the stimulatory effects of hydrophobic environments. To gain more profound insights into the cellular response to effects caused by co-cultivation with polystyrene beads as hydrophobic inducer particles, the intracellular proteomic adaptation was analyzed by mass spectrometric measurements. In this way, this work provides a deeper understanding of the effects of hydrophobicity on biosurfactant production by Bacillus subtilis.




2. Materials and Methods


2.1. Chemicals and Materials


All chemicals were acquired from Carl Roth GmbH & Co. KG (Karlsruhe, Germany) and Merck, Darmstadt, Germany, if not otherwise mentioned.




2.2. Screening of Crude Oil Degrading and Biosurfactant-Producing Bacterial Isolates


Several crude-oil-contaminated soil and wastewater samples were collected from around the Gachsaran crude oil fields in southwest Iran (30.3660° N, 50.7936° E). The isolation of bacterial strains was performed as described in Hashemi et al. [32]. To identify the capabilities of the crude oil degradation, 1 mL of isolates cultured in nutrient broth with McFarland Standard 0.5 was inoculated into 50 mL of a mineral salt medium using 250 mL baffled shake flasks. Afterwards, 1% (v/v) of the crude oil (obtained from the Gachsaran oil field, Iran) was added to each flask as the sole carbon and energy source. The modified mineral salt medium contained 0.5 g/L KH2PO4; 1 g/L NH4Cl; 0.2 g/L MgSO4 · 7H2O; 0.01 g/L FeSO4 · 7H2O; 0.01 g/L CaCl2 · 2H2O; and 1mL of trace element solution containing the following: 0.5 g/L Na2EDTA; 3 g/L MnSO4 · H2O; 0.1 g/L CaCl2 · 2H2O; 1 g/L NaCl; 0.1 g/L ZnSO4 · 7H2O; 0.1 g/L FeSO4 · 7H2O; 0.01 g/L CuSO4 · 5H2O; 0.01 g/L AlK(SO4)2 · 12H2O; 0.01 g/L boric acid; 0.005 g/L Na2SeO4; and 0.003 g/L NiCl2 · 6H2O [33,34]. All flasks were incubated at 35 °C and 150 rpm for one week using an aerated shaking system (BR 300L, TAITEC Corporation, Nishikata, Japan). Each flask was examined daily so that the two-phase state of the medium and crude oil layer disappeared and the crude oil layer homogenized (or dispersed) with the medium. To observe the emulsion, a drop of the medium was observed under a light microscope (Zeiss, Oberkochen, Germany). Cultivations were carried out at least in biological duplicates. To identify biosurfactant-producing isolates, cell-free fermentation broth (centrifugation at 5000 rpm and 4 °C for 10 min) was used for several preliminary screening methods (Supplementary Material S1) [35,36]. All screening tests were performed in triplicates.




2.3. Measurement of Surface Tension


A volume of 1 mL of a pre-culture using McFarland Standard 0.5 was inoculated into 50 mL of the mineral salt medium with 10 g/L sucrose in a 250 mL baffled shake flask and was incubated at 37 °C and 150 rpm. After reaching the exponential growth phase, cell-free supernatant (centrifugation at 9000 rpm for 15 min) was applied to preliminary screening approaches such as oil spreading assay and drop collapse assay, and the surface tension of the cell-free supernatant was measured using a tensiometer with the pendant drop method (Jikan CAG-20, Jikan, Ljubljana, Slovenia).




2.4. 16S rRNA Sequence Analysis


Bacterial DNA was extracted using the modified SET (sucrose, EDTA, Tris-HCl) buffer method [37]. The quality and concentration of DNA were determined using agarose gel electrophoresis and a Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA). For the PCR approach, Q5® High-Fidelity DNA polymerase (New England Biolabs GmbH, Frankfurt, Germany) and primers 5′-GAGTTTGATCCTGGCTCAG-3′ and 5′-GGTTACCTTGTTACGACT-3′ (Eurofins Genomics, Ebersberg, Germany) were used with a PEQSTAR Thermal Cycler (VWR International GmbH, Darmstadt, Germany). The purification was performed with a QIA quick PCR kit (QIAGEN AB, Kista, Stockholm, Sweden). Sequencing was conducted as described in the GATC Service manual of Eurofins Genomics Sequencing GmbH (Konstanz, Germany). Sequence alignment was performed with reference sequences from the National Center for Biotechnology Information (NCBI) (Bethesda MD) GenBank using the Basic Local Alignment Search Tool (BLAST) algorithm. The FASTA format of sequences was uploaded to the NCBI database to record the strains. Fresh cultures of the strains were deposited in the DSMZ (German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany).




2.5. Quantitative Lipopeptide Analysis


A 2 mL cell-free supernatant was mixed with 1 mL butanol (95% v/v) for 1 min, followed by 5 min centrifugation at 3000 rpm for phase separation. The extraction was repeated 3 times, and the collected phases were evaporated at 60 °C and 10 mbar for 2 h and 20 min (RVC2-25 Cdplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). The remaining residues were dissolved in 2 mL of methanol [8] and quantified by high-performance thin-layer chromatography (HPTLC) measurements [38]. The extracted lipopeptides were analyzed by HPTLC (CAMAG, Muttenz, Switzerland) using standards of surfactin, iturin A (Sigma–Aldrich, Seelze, Germany), and fengycin (Lesquin, France) as previously described [38]. An HPTLC plate (silica gel 60) was developed with 2 mobile phases comprised of chloroform/methanol/water at 65/25/4 (v/v/v) and butanol/ethanol/0.1% acetic acid at 1/4/1 (v/v/v).




2.6. Quantification of Glucose Consumption during Cultivation


Glucose concentrations were measured by HPTLC. In brief, 100 μL of the cell-free supernatant was diluted at 1:80 in distilled water. The plate (Silica gel 60 F254) was developed with acetonitrile/H2O (85:15) (v/v), and derivatization was performed using DPA reagent (1.2 g of diphenylamine and 1.2 g of aniline dissolved in 100 mL of methanol and 10 mL of 85% phosphoric acid) followed by incubation at 120 °C for 15 min on a TLC plate heater (CAMAG plate heater, CAMAG Chemie-Erzeugnisse & Adsorptionstechnik AG & Co. GmbH, Berlin, Germany) [39].




2.7. Cultivation Conditions for Lipopeptide Production


For the first pre-culture, LB medium containing 5 g/L tryptone, 10 g/L NaCl, and 10 g/L yeast extract was used. In the second pre-culture and main cultures, the bacterial strains were cultivated in a modified mineral salt medium (MSM) containing (mol/L) 4.0 × 10−6 Na2EDTA · 2H2O; 7.0 × 10−6 CaCl2; 4.0 × 10−6 FeSO4 · 7H2O; 1.0 × 10−6 MnSO4 · H2O; 0.03 KH2PO4; 0.04 Na2HPO4 · 2H2O; 0.05 (NH4)2SO4; 8.0 × 10−4 MgSO4 · 7 H2O; and 8 (and 40) g/L glucose (pH 7, filtered sterilized) [40]. Initially, 15 μL of a glycerol stock was inoculated in 15 mL of LB medium in 100 mL baffled shake flasks and incubated overnight at 37 °C and 120 rpm in a shaker incubator (Innova 44®R, Eppendorf AG, Hamburg, Germany). Exponentially growing cells with McFarland Standard 0.5 (10%) were used to inoculate 80 mL of MSM in 500 mL baffled flask as the second pre-culture and incubated at the same conditions. After 10 to 14 h, exponentially growing cells were inoculated into the main cultures with an initial OD600 of 0.1 in 50 mL of MSM in 500 mL baffled shake flasks. For defined hydrocarbon degradation, 1% (v/v) hexadecane (Sigma-Aldrich, St. Louis, MO, USA) was added to 1000 mL shake flasks containing 100 mL of MSM after inoculation, mixed well, and incubated at 37 °C and 120 rpm. For further hydrophobicity approaches, a diluted suspension (1:2.5) of polystyrene beads (LB30, Sigma-Aldrich Chemie GmbH, St. Louis, MO, USA) in different amounts of 1, 5, and 10% (v/v) was added to the MSM before inoculation, mixed well, and incubated at 37 °C and 120 rpm. Sampling was performed in intervals of 3 h to determine the OD600 using a spectrophotometer (Biochrom WPA CO8000, Biochrom Ltf., Cambridge, UK), LPs concentration, and glucose using HPTLC measurement. All cultivations were carried out in biological duplicates. For the proteome studies of the hydrophobicity approaches, samples (5 mL) were taken at the late exponential growth phase compared to control cultivations without polystyrene beads. The cell pellet obtained by centrifugation was subjected to mass spectrometric analyses. These cultivations were carried out in biological triplicates.




2.8. Liquid Chromatography-Electrospray Ionization Tandem Mass Spectrometry (LC-ESI-MS/MS)


Lipopeptides analyzed by HPTLC were also subjected to LC-ESI-MS/MS analysis. The LC-ESI-MS/MS analysis of lipopeptides was performed on a 1290 UHPLC system (Agilent, Waldbronn, Germany) coupled to a Q-Exactive Plus Orbitrap mass spectrometer equipped with a heated electrospray ionization (HESI) source (Thermo Fisher Scientific, Bremen, Germany). Lipopeptide separation was achieved using an ACQUITY CSH C18 column (1.7 μm, 2.1 μm × 150 mm, Waters, Eschborn, Germany). The column temperature was maintained at 40 °C. 10 µL of each sample was injected. Mobile phase A was 0.2% formic acid in water, and mobile phase B was 0.2% formic acid in acetonitrile. A constant flow rate of 0.3 mL/min was used, and the gradient elution was performed as follows: 40–70% B from 0 to 12 min, 70–95% B from 12 to 20 min, isocratic at 95% B from 20 to 24 min, the system was returned to initial conditions from 95% B to 40% B from 24 to 26 min. The HESI source was operated in positive ion mode, with both a spray voltage of 4.20 kV and an ion transfer capillary temperature of 360 °C. The sweep gas and auxiliary pressure rates were set to 60 and 20, respectively. The S-Lens RF level was 50%, and the auxiliary gas heater temperature was 150 °C. The Q-Exactive Plus mass spectrometer was calibrated externally in positive ion mode using the manufacturers calibration solutions (Pierce/Thermo Fisher Scientific, Waltham, MA, USA). Mass spectra were acquired within the mass range of 500 to 1600 m/z at a resolution of 70,000 FWHM using an Automatic Gain Control (AGC) target of 1.0 × 106 of and 100 ms maximum ion injection time. Data-dependent MS/MS spectra in a mass range of 50 to 1600 m/z were generated for the five most abundant precursor ions with a resolution of 17,500 FWHM using an AGC target of 3.0 × 106, 100 ms maximum ion injection time, and a stepped collision energy of 15, 30, and 45. Xcalibur™ software version 4.3.73.11 (Thermo Fisher Scientific, San Jose, CA, USA) was used for data acquisition and data analysis. Assignments of individual lipopeptides were based on the precise m/z value of the precursor ion, manual inspection of corresponding MS/MS spectra, and comparison with MS/MS spectra from available standard lipopeptide mixtures of surfactin, fengycin, and iturin (Sigma-Aldrich, Darmstadt, Germany) and the literature [41,42,43,44].




2.9. Extraction of Hexadecane and Calculation of Biodegradation Efficiency


In order to analyze the biodegradation efficiency of hydrocarbons with long carbon chains, the strains were inoculated in 10 mL of MSM containing 8 g/L glucose and 1% (v/v) hexadecane in 100 mL baffled shake flasks (as described in the subsection on shake flask cultivation conditions) and cultivated for 5 days. The remaining n-alkanes were extracted from 10 mL cultures with 10 mL of n-hexane before and after incubation. The suspensions were shaken at 180 rpm for 30 min and were left overnight to be separated into two different phases. The upper phase was taken and reached the final volume of 10 mL with n-hexane. A quantitative measurement of the remaining hexadecane was performed by gas chromatography-mass spectrometry (GC-MS/MS). An abiotic culture was studied as a negative control [45,46]. Cultivations were carried out in biological duplicates.



The conditions for GC-MS/MS were as follows: Agilent 7890B; Autosampler: Agilent 7693A; MS: Agilent 7000D mass spectrometer triple-quadrupole; gas chromatograph: column: Agilent HP-5MS UI, 30 m × 250 µm × 0.25 µm; oven: 80 °C (1 min)–15 °C/min–280 °C (5 min); injector: 250 °C; injection volume: 1 µL; pulsed split, split ratio: 100: 1; transfer line: 270 °C; flow: 1 mL/min; carrier gas: helium; mass spectrometer source: EI, 270 °C, 70 eV; quadrupole: 150 °C; MS1-Scan: m/z 35–350; and software: MassHunter Workstation (Agilent, version 10, 2019). The area (m/z 71) obtained from gas chromatography related to after the incubation period was divided by the area before incubation to calculate biodegradation efficiency.




2.10. Calculation of Yield and Productivity


The yield of product per biomass (YP/X) and specific productivity (qP/X) were determined using the following Equations (1) and (2) to study the ability of each strain to produce lipopeptides [47]. In detail, Pmax represents the maximum product concentration (g/L) reached in the cultivation process, while XPmax is the biomass achieved at the time point of maximum product formation. Accordingly, the specific productivity qP/X describes the productivity of biomass of the whole process (Δt), taking the maximum CDW (cell dry weight) and product concentration in consideration.


    Y   P / X   =     P   X   |   P = P m a x    



(1)






    q   P / X   o v e r a l l   =     P   m a x       X   P m a x   · Δ t    



(2)








2.11. Sample Preparation for Mass Spectrometric Proteome Determination


Cell pellets were lysed in 4% (w/v) SDS and 100 mM Tris-HCl (pH 8.5) for 5 min at 95 °C. Lysates were cleared by centrifugation at 20,000 rpm, and protein concentrations of the supernatants were adjusted to 1 µg/µL with 4% (w/v) SDS and 100 mM Tris-HCl (pH 8.5). Lysates were reduced and alkylated in 10 mM tris(2-carboxyethyl)phosphine and 40 mM chloroacetamide for 20 min at 60 °C in the dark. Subsequently, 20 µL of the cleared lysate was used for protein extraction by Single-Pot Solid-Phase-enhanced Sample Preparation (SP3; 1:1 Mixture of SpeedBeads™ magnetic carboxylate modified particles 50mg/mL; Cytiva; CAT No: 45152105050250 and 65152105050250) [48]. Proteins were bound to the magnetic beads by adding ethanol to a final concentration of 80%. Bead-bound proteins were washed twice with 80% ethanol in 50 mM Tris-HCl (pH 8.5) and digested on the beads using 0.2% sodium deoxycholate and 50 mM ammonium bicarbonate in a protease-to-protein ratio of 1:100 trypsin (Roche) and 1:200 LysC (Walko), respectively (20 h, 37 °C, 800 rpm). Formic acid (FA) and acetonitrile (ACN) were added to the samples to a final concentration of 0.5% and 96%, respectively. Samples were washed on a magnetic rack three times with 98% ACN and 0.05% FA. Peptides were eluted from the beads in water and lyophilized. Peptides were solubilized in 0.1% trifluoroacetic acid (TFA) prior to LC-MS/MS analysis.




2.12. LC-MS/MS Analysis


NanoLC-ESI-MS/MS experiments were performed on an Ultimate 3000 nano-RSLC (Thermo Fisher Scientific) coupled to an Exploris 480 mass spectrometer (Thermo Fisher Scientific) using a Nanospray-Flex ion source (Thermo Fisher Scientific). Peptides were concentrated and desalted on a µPAC trapping column (Thermo Fisher Scientific) and separated on a 50 cm μPAC C18 microchip nano-LC column (Thermo Fisher Scientific) operated at a constant temperature of 40 °C. Peptides were separated using a gradient with the following profile: 2–8% solvent B for 3 min, 8–20% solvent B for 27 min, 20–35% solvent B for 8 min, 35–95% solvent B for 3 min, isocratic 96% solvent B for 4 min, 96–2% for 5 min, and isocratic 2% solvent B for 10 min. The solvents used were 0.1% FA (solvent A) and 0.1% FA in ACN/H2O (80/20, v/v, solvent B). Flow gradients from 700 nL/min to 300 nl/min within the first 3 min and from 300 nL/min to 700 nl/min between 45 min and 50 min in the gradient were applied. MS spectra (m/z = 300–1500) were detected in the Orbitrap at a resolution of 60,000 (m/z = 200). The maximum injection time (MIT) for the MS spectra was set to 50 ms, and the automatic gain control (AGC) value was set to 3 × 106. The internal calibration of the Orbitrap analyzer was performed using lock-mass ions from ambient air as described in Olsen et al. [49]. The MS was operating in data-dependent mode, selecting the top 20 highest abundant peptide precursor signals for fragmentation (HCD, normalized collision energy of 30). For MS/MS analysis, only undetermined charge states and charge states from 2 to 5 were considered. The monoisotopic precursor selection was set to peptides, and the minimum intensity threshold was set to 1 × 105. MS/MS scans were performed in the Orbitrap with a resolution of 150,000, while isolation width was set to 1.6 Da. The AGC target was set to 7.5 × 104, the max injection time was set to 40 ms, and the first mass was set to 120 m/z. Dynamic exclusion was set to 60 s with a tolerance of 10 ppm.




2.13. MS Data Analysis and Protein Quantification


The samples were analyzed using MaxQuant [50] version 2.0.1.0. Protein identification in MaxQuant was performed using the integrated database search [51]. MS/MS spectra were searched against the Bacillus subtilis (strain 168) protein sequence database downloaded from UniProt [52]. Mass tolerances of 4.5 ppm (parts per million) for MS spectra and 20 ppm for MS/MS spectra were used. Trypsin was specified as an enzyme, and two missed cleavages were allowed. The carbamidomethylation of cysteine was set as a fixed modification, and protein N-terminal acetylation and methionine oxidation were allowed as variable modifications. The “match between runs” feature of MaxQuant was enabled with a match time window of 0.7 min and an alignment time window of 20 min. The peptide false discovery rate (FDR) and protein FDR thresholds were set to 0.01. Protein quantification in MaxQuant was performed by label-free quantification (LFQ) with the LFQ min. ratio count set to one. Two-sample Welch’s t-tests were performed using Perseus version 1.6.14.0 [53]. Matches to contaminants (e.g., keratins and trypsin) and reverse databases identified by MaxQuant were excluded from further analysis. First, normalized LFQ values were log2-transformed. Data sets were filtered for at least 3 valid values in at least one group of replicates. The remaining missing values were imputed in R (https://www.r-project.org, version 3.6.2, accessed on 16 June 2020) using the QRILC (Quantile Regression Imputation of Left-Censored data) function in the imputeLCMD package with a tune sigma value of one. Significant changes in protein abundance were analyzed by Welch’s t-test (two-sided, S0 = 0.5) and corrected for multiple hypothesis testing using permutation-based FDR statistics (FDR = 0.01, 250 permutations). The mass spectrometry proteomics data will be deposited into the ProteomeXchange Consortium via PRIDE [54].





3. Results


3.1. Characterization of the Crude-Oil-Degrading and Biosurfactant-Producing Strains Isolated from Crude-Oil-Exposed Environments


Out of the 29 isolates obtained from various soil and wastewater samples contaminated with crude oil, one particular isolate named P7, derived from wastewater samples, demonstrated positive outcomes across all screening methods (Supplementary Materials S1 and S2). The isolate P7 was characterized as a Gram-positive, spore-forming strain capable of crude oil degradation as the sole carbon and energy source. Based on 16S rRNA analysis, strain P7 with gene bank accession number of ON652357 could be specified as Bacillus subtilis. Together with another strain isolated from soil contaminated with crude oil, previously introduced as B. subtilis ZH1 [32] with the gene bank accession number ON678054, both strains showed similar positive screening results in initial cultivations using mineral salt medium containing 1% (v/v) crude oil as the sole carbon and energy source. Accordingly, crude oil hydrophobic droplets were dispersed into the medium due to the bioproduction of bioactive substances produced by strains P7 and ZH1 which stabilized the emulsion. The direct measurement of the surface tension confirmed that the culture supernatant of both B. subtilis ZH1 and P7 was able to decrease surface tension by 26.5 and 27 mN/m, respectively. The DSMZ (German Collection of Microorganisms and Cell Cultures GmbH) IDs for Bacillus subtilis P7 and ZH1 are 11744 and 11741, respectively.




3.2. Lipopeptide Production by B. subtilis Strains ZH1 and P7


The B. subtilis strains ZH1 and P7 were cultivated in defined mineral salt medium to allow for the quantitative measurement of lipopeptide bioproduction. In addition, B. subtilis DSM10T was used as a control wild-type strain, which was previously characterized as a surfactin-producing strain [55,56]. Using quantitative HPTLC measurement and mass spectrometric determination, the lipopeptides surfactin and fengycin were detected for both strains, ZH1 and P7, using corresponding lipopeptide standards as previously described [8], while no representative of the iturin family could be identified. To discern more information about the lipopeptide production capabilities of the isolated B. subtilis strains ZH1 and P7, their bioproduction was compared to that of the wild-type control strain B. subtilis DSM10T. In more detail, B. subtilis ZH1, P7, and DSM10T produced a maximum of 1.052, 0.817, and 0.355 g/L surfactin, respectively, during the exponential growth phase (15 h) and 15.72, 10.553 and 27.71 mg/L fengycin, respectively, with 8 g/L glucose as the sole carbon source (Figure 1).




3.3. Comparative Mass Spectrometric Analyses of Lipopeptide Variants Produced by B. subtilis Isolates ZH1 and P7


To analyze the production of surfactin and fengycin variants in the cultivation process in more detail, lipopeptide samples obtained from cultivations of B. subtilis strains ZH1 and P7, and the control strain DSM10T were taken after 15 h of cultivation and analyzed by liquid chromatography-electrospray mass spectrometry (LC-ESI-MS/MS). The relative abundance of lipopeptide variants was calculated using their corresponding peak areas. Overall, the three strains showed similar chromatographic profiles (Supplementary Material S3), including surfactin and fengycin lipopeptides, while bacillomycin D/iturin lipopeptides were absent.



Surfactin variants with a C12–C18 fatty acid chain were detected at the retention times from 9 to 17 min, as well as corresponding m/z values from m/z = 994.64 to 1064.72. Surfactin variants with amino acid substitutions like [Val2] or [Val7] were quantified separately if they could be identified unambiguously by MS2 spectra. Surfactin C15 was the most abundant version in DSM10T and ZH1 (33.03% and 31.01%), while surfactin C14 was the most abundant version in P7 (22.27%). The percentage proportion of the individual surfactin variants in the three strains is shown in Figure 2.



Fengycin lipopeptides were detected at retention times from 3 to 12 min, with corresponding m/z values from m/z = 1408.88 to 1537.87. Slight variations were observed in the distributions of some fengycin variants, as well as variations in saturated and unsaturated fatty acid chains within the fengycin lipopeptides (the ratio of unsaturated to saturated fatty acid was 18.77: 81.22%; 25.9: 74.09%; and 28.77: 71.22% in DSM10T, P7, and ZH1). Nevertheless, no striking differences comparing the different strains could be detected. In more detail, fengycin B1 C17 with an saturated fatty acid chain exhibited the highest abundance in DSM10T (36.70%), P7 (32.09%), and ZH1 (29.21%). Conversely, fengycin B1 C16, with an unsaturated fatty acid chain was the least abundant in DSM10T (12.25%), P7 (14.19%), and ZH1 (17.86%) (Figure 2).




3.4. Degradation of Hexadecane as a Hydrophobic Substrate by B. subtilis Strains ZH1 and P7


Since B. subtilis strains ZH1 and P7 were isolated from crude-oil-exposed environments, the capability of degrading hydrophobic substrates is reasonable. To verify this assumption, cultivation in defined mineral salt medium using glucose (8 g/L) as a carbon source was combined with the supplementation of hexadecane (1% v/v) as a defined hydrocarbon.



In more detail, a higher biomass formation could be detected for the strains ZH1 (+26%) and P7 (+33%) in cultivations with hexadecane supplementation, showing a diauxic growth behavior after about 15 h of cultivation in comparison to the control cultivations without hexadecane (Supplementary Material S4). In contrast, no additional biomass formation could be detected for the control strain DSM10T (Table 1). Accordingly, the improved biomass formation of the strains ZH1 and P7 might be due to the strain-specific degradation of hexadecane and its corresponding use as an alternative carbon and energy source after glucose depletion. To verify this hypothesis, hexadecane was extracted by n-hexane before and after 5 days of incubation and analyzed by gas chromatography. The determined hydrocarbon content showed that both B. subtilis strains ZH1 and P7 were able to degrade parts of the initial 1% (v/v) hexadecane after 5 days of incubation, while no decrease in hexadecane could be detected after cultivation with the B. subtilis control strain DSM10T (Figure 3). Specifically, the chromatographic analysis showed several detectable peaks after cultivation with strains ZH1 and P7, while only a single peak was detectable in the abiotic control cultivation, indicating the presence of degradation products (Supplementary Material S5). The corresponding hexadecane degradation efficiencies were calculated to be 34.03, 39.89, and 4.53% for the B. subtilis strains ZH1 and P7, and the control strain DSM10T. Interestingly, with respect to the lipopeptide bioproduction, a decrease in surfactin productivity of 33% and 44% was detected for ZH1 and P7, respectively, compared to the control cultivations, while the DSM10T control strain showed comparable surfactin production (Table 1).



Interestingly, in contrast to surfactin, an improved fengycin productivity was determined with 60%, 5%, and 12% higher specific productivity in the hexadecane-supplemented approach compared to the control cultivation (Table 1). The contrary effects of hexadecane supplementation on surfactin and fengycin bioproduction confirm the different molecular regulatory control mechanisms involved in the expression of the surfactin- and fengycin-forming non-ribosomal peptide synthetases in B. subtilis [8,56].




3.5. Effect of Hydrophobic Environment on Surfactin Production


Since the supplementation of hexadecane as a hydrophobic carbon source influenced the lipopeptide production, another external factor for increasing the hydrophobicity in the cultivation medium was introduced. Therefore, polystyrene beads (size, 3 μm diameter) were added at 1, 5, and 10% (v/v) to the cultivation medium. The strain ZH1 was used to study the effects on microbial lipopeptide bioproduction, as this strain showed high surfactin productivity in previous cultivation approaches.



In detail, the more polystyrene beads used, the higher the biomass formation observed (Figure 4). With respect to the surfactin production, the strain ZH1 produced 712.67 mg/L (53.12 mg/L associated with 1% polystyrene bead and 659.55 mg/L present in the cultivation broth) after 45 h of cultivation, while the control process resulted in a maximum of 1052.23 mg/L surfactin after 15 h of cultivation. Although higher total quantities of surfactin were detected when higher bead amounts were used, the specific productivity was reduced due to the additionally improved cell growth (Table 2). Overall, the surfactin concentrations detected in all polystyrene-bead-supplemented cultivations (1, 5, and 10% (v/v)) were still less compared to the control cultivation without the addition of polystyrene beads.



Similarly, the fengycin concentrations detected in all polystyrene-bead-supplemented cultivations were less compared to the control without polystyrene beads. In detail, an overall maximum of 13.11 mg/L fengycin was detected in 10% polystyrene-bead-supplemented cultivations after 42 h (Table 2).




3.6. Proteomic Adaptation to Polystyrene-Bead-Mediated Hydrophobic Environment


To provide a more comprehensive understanding of cellular adaptation to hydrophobic environments stimulated by polystyrene beads, mass spectrometric-based proteome analyses were employed. To obtain vision of the cell’s adaptation to hydrophobicity, the B. subtilis strain ZH1 was used as the target organism. Samples were taken at the late exponential phase (time period of the highest surfactin production) using the mineral salt medium with 8 g/L glucose and 1% (v/v) polystyrene beads since higher surfactin-specific productivity was observed compared to 5 and 10% bead supplementation.



Finally, 138 proteins were found with significantly altered abundances, of which 64 proteins showing higher and 74 proteins showing reduced abundances were measured in the presence of the polystyrene beads (Figure 5A). An additional classification of the identified proteins (each protein identified with a significantly altered abundance was associated with one classification) was summarized in a Treemap created by using the Java-Portlet “Voronoi-Treemap-Portlet” provided by the Quantitative Biology Center in Tübingen (Raffeiner, M. et al., available online: https://github.com/qbicsoftware/voronoi-treemap-portlet (accessed on 12 December 2023). Information on protein functions and classifications were taken from the Subtiwiki database (Figure 5B) [57].



In more detail, several proteins associated with cell envelope, exponential lifestyle and electron transfer/ATP synthesis were determined with a reduced abundance in the polystyrene-bead-supplemented culture samples, confirming the observation of the delayed and overall reduced cell growth of B. subtilis ZH1 strain in mineral salt medium supplemented with 1% polystyrene beads. Furthermore, proteins for Bacillus mobility were found with reduced dominance compared to the control cultivation, suggesting a decreased cell mobilization, which might be the result of cell bead interactions. Interestingly, these permanent interactions seem to have a positive effect on the stress physiology of the cells regarding oxidative stress response (SigB-Spx regulon) as various proteins were identified based on the significantly reduced abundance described during cellular stress management against oxidative stress. This also indicates the induction of general stress during the control cultivation using the already established chemically defined mineral salt medium. On the other hand, the stimulation of the LiaRS and CssRS two-component systems show the cell-wall-associated stress induction probably stimulated by contact between cells and polystyrene beads. Another aspect identified in the proteomic analyses is the reduced effect of CcpA-dependent catabolite repression, resulting in improved protein abundance for fatty acid degradation (β-oxidation) and the stimulation of alternative carbon source utilization within the Bacillus phosphotransferase system.



For an overview of the most affected proteins identified in the mass spectrometric proteome analyses between the polystyrene-bead-supplemented cultivation and control approach, Table 3 summarizes the 20 proteins with the strongest positive or negative change in their abundance.





4. Discussion


Since hydrocarbon-contaminated environments are promising for the isolation of biosurfactant-producing microorganisms [36], samples from crude-oil-contaminated wastewater and soil were taken from the Gachsaran oil fields located in southwest Iran. During screening for crude-oil-degrading and biosurfactant-producing microorganisms, the strains ZH1 and P7 were isolated. These strains were able to emulsify crude oil during cultivation using mineral salt medium and crude oil as the sole carbon and energy source. Here, hydrophobic crude oil droplets were dispersed, indicating the bioproduction of surface active substances by the strains ZH1 and P7. Similar observations were made by Ismail et al. [58] for different crude-oil-degrading bacteria, while Calvo et al. [59] showed the stabilized emulsion of crude oil in water in a Bacillus pumilus culture. These observations make biosurfactant-producing microorganisms, such as ZH1 and P7, attractive for the remediation of soil and water contaminated with crude oil and its derivatives as shown by Gentili et al. [60] and Bachmann et al. [61] using hydrocarbon-degrading bacteria in the bioremediation of contaminated sites.



In further 16S rRNA sequencing, the strains ZH1 and P7 were determined as Bacillus subtilis. In other studies, Bacillus subtilis A1 from a crude oil reservoir (India), Bacillus subtilis CN2 from creosote-contaminated soil (South Africa), the Bacillus subtilis strain DM2 from crude oil-contaminated soil (China), and Bacillus subtilis MJ01 isolated from crude oil-contaminated soil (Iran) showed the decomposition of hydrocarbons [62,63,64,65].



Since the production of biosurfactants was already described for Bacillus subtilis, the isolated strains ZH1 and P7 were used for the analysis of lipopeptide bioproduction. In subsequent HPTLC measurements, the production of surfactin and fengycin could be confirmed with the highest surfactin titer of 1.05 and 0.81 g/L for ZH1 and P7. In comparison, the well-established surfactin-producing B. subtilis wild-type strain DSM10T produced between 0.7 and 1.1 g/L surfactin under different conditions [40,66].



Since the B. subtilis strains were isolated from crude-oil-contaminated environments, their capability in the degradation of hydrocarbons was investigated. Therefore, hexadecane as a component of petroleum was used. The capacity for hexadecane degradation is a characteristic of representatives of many classes of bacteria, both aerobic and anaerobic [67,68]. Although strains ZH1 and P7 were not able to degrade 1–5% hexadecane as the only carbon and energy source in the cultivation medium, a combinatory cultivation process of glucose (8 g/L) and 1% (v/v) of hexadecane allowed for the biomass formation of the strains. After glucose depletion, enhanced biomass was observed for strains ZH1 and P7 with a diauxic growth behavior by consuming parts of the supplemented hexadecane, although the control wild-type strain DSM10T was not able to degrade any hexadecane after 5 days of incubation (Figure 3). Interestingly, although a higher biomass was reached for the isolated strains ZH1 and P7, less surfactin was produced, resulting in decreased specific surfactin productivities. In similar studies, such as the study by Cooper et al. [69], the addition of hexadecane increased the biomass, and it inhibited the production of surfactin by Bacillus subtilis, and the study by Kim et al. [70] showed that in the case of Bacillus subtilis, C9 hexadecane inhibited lipopeptide production when either was applied as the sole carbon source or in combination with glucose. Surprisingly, in contrast to surfactin production, an improved bioproduction of fengycin was detected in cultivations with hexadecane. This observation indicates that the intracellular molecular regulatory adaptation processes have different outcomes for lipopeptide production, confirming the previously described studies showing contrary production adaptations for surfactin and fengycin in B. subtilis [55].



Since both the yield and specific productivity of surfactin were higher for B. subtilis strain ZH1 in comparison to strain P7, the effect of hydrophobicity on the production of surfactin as the main biosurfactant was studied using strain ZH1. For this, polystyrene beads were used for the provision of a higher area of hydrophobicity around the cells cultivated in a mineral salt medium. Comparably to the hexadecane supplementation approach, a lower amount of surfactin was produced compared to the control cultivation. This observation is contrary to popular opinion, as it was previously reported that the productivity of biosurfactants could be significantly enhanced by supplementing the culture medium with hydrophilic and/or hydrophobic inducers, such as vegetable oils [26]. Furthermore, it was observed that the specific surfactin production was further reduced by a higher addition of polystyrene beads (Table 2). Interestingly, other studies described that palmitic acid as a hydrophobic inducer led to the highest yield of surfactin by Bacillus subtilis ATCC 6633 [26], while olive oil was applied as an effective inducer to increase biosurfactant production [27,29] and animal fat was successfully utilized for improving biosurfactant production [71]. Although stimulatory effects on biosurfactant production are described in these previous studies, the addition of oils and fatty acids might affect the metabolic pathways of the respective production strains without having an immediate effect on the basis of hydrophobicity. Accordingly, the supplementation of polystyrene beads excludes those unfavorable side effects and makes the outcome more reliable.



To address the intracellular proteome adaptation during the cultivation of B. subtilis ZH1 with polystyrene beads compared to the control process, mass spectrometric measurements were performed. In this way, several proteins with significantly altered abundance could be detected (Figure 5). Interestingly, several proteins regulated by the alternative sigma factor SigB and involved in the redox stress response were identified with a reduced abundance compared to the control cultivation, indicating the stimulation of a basal stress level due to the use of the mineral salt medium, which seems to be compensated by the addition of polystyrene beads. Conversely, this suggests that improved surfactin production is associated with a certain intracellular basal stress level, which would confirm the results of other studies [72]. On the other hand, the induction of the LiaRS and CssRS two-component systems could be detected, indicating that surface stress induced cellular stress adaptations, which might be the result of interactions between cells and beads.



Furthermore, proteins associated with flagella-mediated mobility were found with reduced abundance, suggesting that the supplementation of polystyrene beads in an improved interaction might stimulate biofilm formation over time, which could have stimulatory effects on surfactin production after a longer cultivation time . Since surfactin production is especially associated with biofilm formation, large amounts of surfaces for cell attachment could be a promising tool for future bioprocess adaptation [73].



In addition, alterations in the proteome suggest the deregulation of CcpA-dependent catabolite repression, which affects different proteins involved in alternative carbon source utilization and fatty acid degradation. However, whether the molecular restructuring of CcpA-mediated catabolite repression has a direct influence on surfactin production needs to be demonstrated in subsequent studies, taking into account the construction of corresponding mutant strains.



In future studies, combinatorial approaches using both substrates and non-metabolizable particles with different hydrophobicity and different microbes producing biosurfactants need to be used to clarify a potentially fundamental mechanism for explaining the overall effects of hydrophobicity on the production of biosurfactants and other bioactive metabolites and their isoform adaptation.



In addition to the development of stimulating conditions for the highest possible production of biosurfactants, the identification of powerful wild-type strains is an important part of the research, which has led to several screening approaches for potent production strains and their physiological characterization, including OMICS approaches [74,75,76]. In particular, the B. subtilis strain ZH1 showed in this study demonstrated the great potential of wild-type strains for the production of biosurfactants as representatives of bioactive metabolites. Nevertheless, more ecological sites are available for the identification of novel strains with promising gene clusters encoding for bioactive metabolites, such as the rhizosphere, which makes them interesting for application as biopesticides [77,78].




5. Conclusions


This study investigated the correlation between hydrophobicity and biosurfactant production in B. subtilis strains ZH1 and P7, isolated from hydrophobic environments. Under hydrophobic conditions, the strains produced less surfactin in response to hexadecane but more fengycin. The reduction in surfactin levels was contrary to popular opinion which suggests that hydrophobic inducers could significantly stimulate biosurfactant productivity. Additionally, the model strain ZH1 showed reduced surfactin and fengycin production in a hydrophobic environment stimulated by polystyrene beads. Analyzing bead effects on the proteome revealed multiple outcomes, with noticeable changes in proteins associated with cell-bead interactions including cell envelope, mobility, oxidative stress response, cell wall stress, β-oxidation, and carbon source utilization. The addition of beads reduced the basal stress level induced in the mineral salt medium, which could lead to lower surfactin and fengycin productivity compared to the control culture. The activation of LiaRS and CssRS two-component systems indicated cellular adaptation to surface stress. By applying polystyrene beads, which eliminated hydrophobic inducer side effects, we could show that hydrophobicity alone shows no stimulatory effect on surfactin and fengycin production.
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Figure 1. Lipopeptide production in B. subtilis isolates ZH1 and P7. The Bacillus subtilis strains ZH1 (A), P7 (B), and DSM10T (C) were cultivated in mineral salt medium with 8 g/L glucose. Optical density (OD600) (black crosses), glucose concentration (red diamonds), and amounts of fengycin (blue squares) as well as surfactin (green dots) were measured. The cultivations were performed in biological duplicates. 
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Figure 2. Distribution of surfactin and fengycin variants. The bar plots illustrate the ratios of surfactin (A) and fengycin variants (B) produced by B. subtilis strains DSM10T, P7, and ZH1 in batch shake flask cultivations using mineral salt medium with 8 g/L glucose. In cases of no chromatographic separation of surfactin variants with the same m/z values, both variants were listed. Surfactin Cx: main variants summarized, including Leu/Ile substitutions at different positions. [Val2]: Valin position 2; [Val7]: Valin position 7; [Ala4]: Alanine position 4; [AME5]: Aspartate position 5, aspartic acid 4-methyl ester. Fengycin variants: sFA, saturated fatty acid; usFA, unsaturated fatty acid. 
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Figure 3. Hexadecane degradation by crude-oil-degrading B. subtilis strains ZH1 and P7. Gas chromatography results show the peak area (m/z 71) of the extracted total hydrocarbon content before and after incubation period of 5 days in shake flask cultivation using the B. subtilis strains ZH1, P7, and DSM10T, and an abiotic control. Cultivations were carried out in biological duplicates. 
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Figure 4. Effects of polystyrene bead supplementation on lipopeptide production. Shake flask cultivations of B. subtilis strain ZH1 in defined mineral salt medium with 8 g/L glucose supplemented with 1% (A), 5% (B), and 10% (v/v) polystyrene beads (C). Optical density (OD600) (black crosses), glucose amount (red diamonds), and surfactin (green dots) as well as fengycin concentration (blue squares) were determined. All cultivations were performed in biological duplicates. 
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Figure 5. Changes in protein abundances due to the polystyrene-bead-mediated hydrophobic environment. (A) Differences between protein abundances in cultivations using chemically defined mineral salt medium supplemented with 1% (v/v) polystyrene beads compared to the control cultivation process without beads. Non-significant proteins (marked in grey) (p-value ≤ 1.4) are below the p-value range, while significantly reduced proteins (log2-fold change ≤ −2) are highlighted in blue, and induced proteins (log2-fold change ≥ 2) are shown in red. (B) Classification of proteins with significantly altered abundances due to cultivation with 1% (v/v) polystyrene-bead-mediated hydrophobicity according to information from the Subtiwiki database. The range of red and blue colors are proteins that increased and decreased in abundance based on log2-fold change, while the size of each subunit is based on the occurrence of each protein in the dataset. The original protein list including the identification of proteins for different categories was filtered out manually. 
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Table 1. Effect of hexadecane supplementation (1% v/v) on cell growth and lipopeptide production in shake flask cultivation using the defined mineral salt medium with 8 g/L glucose.
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Control

	
Hexadecane Supplementation






	
Surfactin

	
Strains

	
ZH1

	
P7

	
DSM10T

	
ZH1

	
P7

	
DSM10T




	
Max. concentration (g/L)

	
1.05 ± 0.02

	
0.81 ± 0.13

	
0.36 ± 0.00

	
0.89 ± 0.02

	
0.68 ± 0.01

	
0.33 ± 0.01




	
time [h]

	
15

	
15

	
15

	
15

	
17

	
12




	
Biomass (CDW) (g)

	
1.95 ± 0.03

	
2.19 ± 0.33

	
2.4 ± 0.01

	
2.46 ± 0.18

	
2.91 ± 0.15

	
2.44 ± 0.15




	
Specific productivity (g/gh)

	
0.036

	
0.025

	
0.010

	
0.024

	
0.014

	
0.011




	
Fengycin

	
Max. concentration (mg/L)

	
15.73 ± 1.26

	
10.55 ± 1.4

	
27.72 ± 2.45

	
21.65 ± 1.43

	
11.41 ± 1.56

	
30 ± 1.62




	
time (h)

	
19

	
22

	
36

	
15

	
17

	
36




	
Biomass (CDW) (g)

	
2.27 ± 0.13

	
2.19 ± 0.18

	
1.25 ± 0.05

	
2.46 ± 0.18

	
2.91 ± 0.15

	
1.2 ± 0.07




	
Specific productivity (mg/gh)

	
0.365

	
0.219

	
0.617

	
0.587

	
0.231

	
0.694











 





Table 2. Effect of polystyrene bead supplementation on surfactin and fengycin production.
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Surfactin

	
Fengycin




	
Polystyrene Beads (%)

	
Max. Concentration (g/L)

	
Biomass (CDW) (g)

	
Time (h)

	
Specific Productivity

(g/gh)

	
Max. Concentration

(mg/L)

	
Biomass

(CDW) (g)

	
Time (h)

	
Specific

Productivity

(mg/gh)






	
1

	
0.71 ± 0.00

	
1.27 ± 0.00

	
45

	
0.0125

	
10.18 ± 2.45

	
1.27 ± 0.00

	
45

	
0.1781




	
5

	
0.93 ± 0.00

	
2.27 ± 0.08

	
45

	
0.0091

	
7.90 ± 2.97

	
2.05 ± 0.08

	
48

	
0.0802




	
10

	
1.01 ± 0.00

	
3.89 ± 0.00

	
48

	
0.0054

	
13.11 ± 1.69

	
3.20 ± 0.00

	
42

	
0.0975




	
Control

	
1.05 ± 0.02

	
1.95 ± 0.03

	
15

	
0.3600

	
15.72 ± 1.26

	
2.25 ± 0.45

	
19

	
0.3677











 





Table 3. Significantly changed proteins in abundance due to the supplementation of polystyrene beads. The 20 most positively and negatively influenced proteins are listed.
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Gene Name

	
Log2-fold Change

	
Regulons

	
Functions

	
Categories






	
Positively affected proteins




	
mdxE

	
7.91

	
MdxR

	
Maltodextrin utilization

	
Uptake of carbon sources,

utilization of starch/maltodextrin




	
yqjP

	
7.66

	
-

	
Similar to metallohydrolase

	
Proteins of unknown function




	
acoB

	
5.92

	
CcpA, SigL, AcoR, Fnr

	
Acetoin utilization

	
Utilization of acetoin




	
tilS

	
5.67

	
SigM, SigF, HprT, TilS

	
tRNA modification, control of ftsH expression

	
tRNA modification and maturation




	
ribE

	
5.44

	
FMN-box

	
Riboflavin biosynthesis

	
Biosynthesis/acquisition of riboflavin/FAD




	
mtlA

	
5.36

	
MtlR

	
Mannitol uptake and phosphorylation, control of MtlR activity

	
Sugar-specific PTS proteins,

utilization of mannitol




	
glvA

	
5.28

	
CcpA, GlvR

	
Maltose utilization

	
Utilization of maltose




	
yflK

	
4.93

	
-

	
Similar to hydroxylaminopurine resistance protein

	
Detoxification reactions




	
kbl

	
4.89

	
-

	
Threonine utilization

	
Utilization of threonine/glycine




	
cotJA

	
4.68

	
SpoIIID, SigE

	
Polypeptide composition of the spore coat

	
Spore coat proteins




	
yjkB

	
4.54

	
-

	
Similar to amino acid ABC transporter

	
-




	
yabR

	
4.51

	
SigE, SigM, SigW, SigD, SigX

	
Unknown

	
-




	
yhjG

	
4.48

	
-

	
Similar to monooxygenase

	
-




	
lcfA

	
4.34

	
CcpA, FadR

	
Fatty acid degradation

	
Utilization of fatty acids




	
mntC

	
4.27

	
MntR

	
Manganese uptake

	
Trace metal homeostasis






	
rghR

	
4.16

	
RghR

	
Regulation of sporulation initiation

	
Sporulation, phosphorelay




	
bbmA

	
4.09

	
MdxR

	
Starch and maltodextrin utilization

	
Utilization of starch/maltodextrin




	
malP

	
4.03

	
CcpA, GlvR

	
Maltose uptake and phosphorylation

	
Sugar-specific PTS proteins,

utilization of maltose




	
ispA

	
4.01

	
CodY

	
Protein degradation

	
Utilization of proteins




	
ykvR

	
4.00

	
LexA

	
Unknown

	
-




	
Negatively affected proteins




	
lipA

	
−7.00

	
-

	
Lipoyl synthase

	
Synthesis of lipoic acid




	
gsiB

	
−6.87

	
SigB, SigI

	
Response to water deficits

	
General stress protein




	
spoVM

	
−6.61

	
SpoIIID, SigE

	
Initiation of spore coat assembly

	
Spore coat proteins




	
yqeI

	
−6.59

	
-

	
Similar to RNA-binding protein, putatively involved in ribosome assembly

	
Translation




	
ydbP

	
−6.14

	
-

	
Similar to thioredoxin

	
-




	
yuxO

	
−6.01

	
-

	
Similar to thioesterase

	
-




	
spoIIAA

	
−5.85

	
SigF, Spo0A, AbrB, SigG, SinR, SigH

	
Control of SigF activity

	
Sporulation proteins




	
cspD

	
−5.67

	
-

	
RNA chaperone

	
Transcription elongation/termination

RNA chaperones




	
yurT (glxB)

	
−5.53

	
-

	
Detoxification of methylglyoxal

	
Resistance against oxidative and electrophile stress




	
ytpP

	
−5.44

	
Spx

	
Cleavage of CoA moieties from modified proteins

	
Protein modification




	
yhfF

	
−5.15

	
-

	
Unknown

	
-




	
ykuS

	
−5.00

	
-

	
Unknown

	
-




	
nin

	
−5.00

	
ComK

	
Genetic transformation, DNA uptake

	
Genetic competence




	
trxA

	
−5.00

	
CtsR, SigB, Spx

	
Protection of proteins against oxidative damage

	
Resistance against oxidative and electrophile stress






	
yraH

	
−4.68

	
-

	
Unknown

	
-




	
yhaN (sbcE)

	
−4.67

	
LexA

	
DNA double-strand break repair and competence

	
DNA repair/recombination




	
flgL

	
−4.61

	
SigD, ComK, DegU, ScoC

	
Motility and chemotaxis

	
Flagellar proteins,

swarming




	
yolI (bdbA)

	
−4.59

	
AbrB, YvrHb, Rok, DnaA, Abh

	
Oxidative folding of proteins

	
Chaperones/protein folding






	
fliH

	
−4.42

	
CodY, SigD, DegU, Spo0A, SwrA

	
Movement and chemotaxis

	
Flagellar proteins,

swarming




	
crh

	
−4.33

	
CcpA

	
Control of carbon flux

	
Control of transcription factor
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