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Editorial on the Research Topic 
Biosurfactants: New Insights in Their Biosynthesis, Production and Applications

PRESENTATION
The surface-active properties of all the chemically diverse molecules that are defined as surfactants are essential for a wide variety of industrial applications, such as soaps and detergents, food products, cosmetics, agriculture, oil recovery and bioremediation. A small share of the surfactant market is comprised of biosurfactants (surfactants produced by different organisms, but we will focus on those produced by microorganisms), even though they have clear advantages over chemically synthesized surfactants in terms of their biodegradability, low toxicity and sustainability. This is mainly due to the lower production cost of chemically-produced surfactants and to important technical challenges in the large-scale production of biosurfactants, such as foaming during the fermentation process that are difficult to manage and cause biomass loss from the bioreactor. The aim of this Research Topic “Biosurfactants: New Insights in Their Synthesis, Production and Applications” is to present an overview of different perspective and the latest research innovations coming from diverse scientific disciplines that address these fascinating molecules through a multidisciplinary approach. Thus, it comprises different approaches on the synthesis (including metabolic engineering strategies), production (fermentation and downstream processing) and applications of several types of biosurfactants. This Research Topic includes 2 in-depth reviews, 4 minireviews and 15 original research articles, presenting a wide panorama of the state-of-the-art in the rapidly growing field of biosurfactants research.
NEWS IN BIOSURFACTANTS RESEARCH
Surfactants are chemically diverse compounds that can reduce interfacial and superficial tensions. These characteristics make them amenable to a wide range of industrial applications ranging from oil-recovery, to agriculture, as active ingredients of soaps and detergents, and in the cosmetics, textiles and food industries, among others. Most of the surfactants currently commercialized are partly or fully chemically synthesized and produced at a very low cost, but some are toxic and recalcitrant compounds. An extreme example of this is represented by fluorinated surfactants, a subgroup of polyfluoroalkyl substances (PFAS), which were introduced in the 1940s and are very effective surfactants. Because of their inert properties, they were originally considered safe and were widely used. Today, however, they are considered as persistent organic pollutants that need to be replaced with environmentally friendly alternatives.
Biosurfactants such as those produced by microorganisms, like bacteria and yeasts, represent an eco-friendly alternative (Soberón-Chavez and Maier, 2010). However, they currently still only represent a small share of the market, mainly because of challenges in their large-scale production and their associated high costs (Henkel et al., 2017). Applications of biosurfactants have been reported in a wide range of fields. For example they have been proposed to be useful in drug delivery and other biomedical applications (Ceresa et al., 2021), as well as in the oil-industry where large quantities are needed (for example see the work by Nikolova and Gutierrez in this Research Topic).
The biosurfactants research field has grown rapidly since the first publication that used the term « biosurfactant» in 1979; in 2020 344 articles were published and by August of this year there were already nearly 300 publications documented in PubMed (Figure 1). The aim of this research topic was to contribute to this fascinating, multidisciplinary research area including different approaches on the synthesis (including metabolic engineering strategies), production (fermentation and downstream processing) and applications of different types of biosurfactants, in order to present a wide panorama of the state-of-the-art in the field. This objective was fulfilled with the publication of 21 articles that include 2 reviews, 4 minireviews and 15 original research papers. One of the original research papers by Kubicki et al. presents a novel method to quantify different biosurfactants that will be very helpful for the proper detection of these molecules, which is one of the problems that have been identified in the process for the rigorous characterization of biosurfactants and the microorganism that produce them (Twigg et al., 2021).
[image: Figure 1]FIGURE 1 | Number of articles reported in PubMed by year on the topic “biosurfactants”.
Even though there are several chemical types of biosurfactants (Nikolova and Gutierrez) research has focused mainly on the study of glycolipids and lipopeptides. The case of lipopeptides produced by various Bacillus spp. is systematically reviewed in this Research Topic by Théatre et al. who present the synthesis by non-ribosomal peptide synthetases of the diverse peptides that can be part of these remarkably diverse molecules and how there are 15 lipid isomers that can be linked to these peptides giving rise to a wide range of surfactin-like lipopeptides. Furthermore, this review presents different approaches to produce novel lipopeptide derivatives with diverse physicochemical properties, using synthetic biology, metabolic modeling, and engineering; and finally addresses production processes optimization to increase the productivity of this type of biosurfactants.
In addition, this Research Topic contains two original research articles addressing the case of lipopeptide biosurfactants production with a different focus. Hoffman et al. study the production of surfactin by Bacillus subtilis under anaerobic conditions to circumvent the problem of foam production during fermentation. While Biniarz et al. report the development of a bioprocess to produce cyclic lipopeptides pseudofactins (PFs) from Pseudomonas fluorescens BD5 cultures that can be used for the efficient production and purification of other lipopeptides of Pseudomonas and Bacillus origin.
In the case of glycolipids, rhamnolipids that are naturally produced by the opportunistic pathogen Pseudomonas aeruginosa and by some Burkholderia species (Toribio et al., 2010; Dubeau et al., 2009) are one of the biosurfactants that have been more widely studied (Nitschke et al., 2005). In this Research Topic the regulation of rhamnolipids production by the non-pathogenic species Burkholderia thailandensis E264 is addressed by Martinez et al. who show that its production is negatively regulated by the transcriptional regulator ScmR, while the production of polyhydroxyalkanoates (PHA) is positively regulated by this protein. The understanding of the genetic regulation of rhamnolipid production in this bacterial species is key for the development of strains with enhanced production of this biosurfactant that will be suitable for its industrial scale production.
One of the problems for the large-scale production of rhamnolipids using P. aeruginosa which has the highest production, is that this bacterium is an opportunistic pathogen (Soberón-Chávez et al., 2021). An alternative strategy to circumvent this problem is the heterologous production of this glycolipidic biosurfactant in a surrogate host such as non-pathogenic Pseudomonas putida (Wittgens et al., 2011; Beuker et al., 2016). Several of the articles in this Research Topic address different aspects of rhamnolipids production in P. putida. Bator et al., Corrigendum, Tiso et al. and Blesken et al. present different strategies to genetically modify P. putida strain KT2440 in order to develop a bioprocess with advantages for rhamnolipids production. In the article by Bator et al. a derivative with enhanced ability to grow using ethanol (a solvent that reduces foam production during fermentation) was selected by experimental evolution, this strain has an increased rhamnolipid production in a fed-batch ethanol fermentation and less foam was produced. Tiso et al. developed expression cassettes for stable integration of the rhamnolipid biosynthesis genes into the chromosome under inducible promoters; in addition, they constructed a strain that redirects carbon flow towards rhamnolipids production by deleting genes involved in flagella and PHA synthesis; rhamnolipids production by this genetically modified P. putida KT2440 derivative was improved by using a fermentation process in which the foam produced was recycled. The article by Blesken et al. reports the fractionation of foam to separate rhamnolipids and cells from the culture medium; mutants with deletion of genes encoding hydrophobic membrane proteins were constructed to reduce the partitioning of cells to the gas-liquid interphase and it was shown that the biomass enrichment in the foam of a non-motile derivative that does not produce a flagellum is reduced by 46% compared to the reference strain.
Wittgens and Rosenau review the different challenges and opportunities presented by the heterologous production of rhamnolipids, not only in P. putida, but also in other bacteria or even in Saccharomyces cerevisiae.
Glycolipids produced by yeasts, such as sophorolipids, are produced in relative high yields and are now commercially available. However, there are other glycolipids produced by yeasts and fungi that have important potential applications, but the conditions for their production are still not well defined. In this Research Topic two original articles address this issue; Beck and Zibek describe a defined mineral culture medium for the growth of fungi belonging to the Ustilaginaceae family, and the subsequent use of rapeseed oil for the production of the biosurfactant mannosylerythritol lipid (MEL), while Oraby et al. addressed the production of cellobiose lipid (CL) biosurfactant by the same family of fungi in culture media with different carbon/nitrogen ratio and carbon sources, achieving the production of 17.6 g/L of CL in 1 L bioreactor, producing MEL as a biproduct.
Even though a few microorganisms are well known by their ability to produce biosurfactants, there remains a large diversity of microorganisms to be explored for their ability to produce new molecules. The evaluation of novel biosurfactant producers is address from different points of view in this Research Topic. For example, a minireview by Biniarz et al. presents the potential use as biosurfactant producers of the marine bacteria belonging to the genus Planococcus and highlight the importance of exploring marine microorganisms for bioactive molecules that have a potential for industrial use. Subsanguan et al. in an original research article used the immobilized lactic acid bacteria Weissella cibaria to produce a glycolipid biosurfactant that has a great potential for its application in products, such as food-grade emulsifiers and cosmetics, among others. Another original research article by Galdino Ribeiro et al. report a novel biosurfactant produced by a traditional food-used microorganism, Saccharomyces cerevisiae. They provide evidence for the use of this biosurfactant produced by S. cerevisiae URM 6670 as a substitute for egg yolk in the elaboration of cookies. Aráujo et al. analyzed the effect of using mineral medium with petroleum in the culture enrichment of bacteria that are potential biosurfactants producers (evaluated by the presence of genes related to their production) using a production water sample from a Brazilian oil reservoir comparing this medium with the enrichment using yeast extract peptone dextrose (YPD)-rich medium; they concluded that the diversity of the microorganisms enriched is diminished when mineral oil with petroleum is used (predominating Brevibacillus genus members), but the metagenomic analysis revealed an increased presence of genes related to biosurfactant production under these selective conditions. Brevibacillus is a spore-forming Gram-positive bacterium with high agroecology significance as a potential plant growth-promoting rhizobacterium, biocontrol agent against plant diseases, and is effective in soil bioremediation to remove toxic heavy metals from soils, water, and the atmosphere (Ray et al., 2020).
Among the many applications of biosurfactants, this Research Topic contains articles that address three main areas:
• Nikolova and Gutierrez present a general overview of the different types of microbially-produced biosurfactants and their applications and present the current state of research trends in the use of biosurfactants by the Oil and Gas industry for enhancing oil recovery from exhausted oil fields and as dispersants for combatting oil spills.
• Mulligan presents a minireview addressing the sustainable use of biosurfactants in the remediation of contaminated soils, highlighting the importance of biosurfactant selection which should be based on the properties of the pollutant, treatment capacity, costs, and regulatory requirements; when possible it is advisable to use renewable or waste substrates for biosurfactant production, ideally in situ, and to develop a recovery processes for reuse of these compounds. Related to this application of biosurfactants is the original research article by Zhu et al. that refers to the use of a lipopeptide biosurfactant produced by B. subtilis N3-1P cultivated in a medium containing fish-waste produced peptone as a dispersant of oil spills, and highlight that it is a cost-efficient process. Arpornpong et al. also addressed the use of biosurfactants in the treatment of soil pollution by total petroleum hydrocarbons (TPHs) which are a major pollutant; this study reports the use of a washing technology prior to bioremediation with a mixture of microorganisms (Marinobacter salsuginis RK5, Microbacterium saccharophilum RK15 and Gordonia amicalis JC11); the washing fluid used contained a mixture of chemical surfactants with the culture broth of a B. subtilis strain that produced a lipopeptide; the washing step considerably reduced TPH concentrations and after the bioremediation step with the addition of a fertilizer an efficient process of in situ cleaning of soil was reported.
• Crouzet et al. present a minireview addressing the role of lipopeptide and rhamnolipid biosurfactants as plant protection agents, since these tensio-active compounds have a direct antimicrobial activity against plant pathogens, and also provide information on how rhamnolipids and lipopeptides stimulate the plant immune system thus contributing to plant resistance to phytopathogens. The original research article by Chopra et al. study the case of a P. aeruginosa strain RTE4 a potential plant promoting rhizobacteria which was isolated from the rhizosphere of a tea plant, showing that it produces di-rhamnolipid (a rhamnolipid molecule with two rhamnose moieties) that possess antifungal activity.
In summary, this Research Topic represents a diverse overview but also provides some detailed insights into current biosurfactants research, even not being exhaustive. Therefore, the readers will acquire a wide view of the state of the art in this promising biotechnological area.
AUTHOR CONTRIBUTIONS
GS-C, RH and ED were editors of the Research Topic “Biosurfactants: New Insights in their Biosynthesis, Production and Applications.” GS-C wrote the first draft of the editorial, RH and ED reviewed, corrected and approved the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Beuker, J., Barth, T., Steier, A., Wittgens, A., Rosenau, F., Henkel, M., et al. (2016). High Titer Heterologous Rhamnolipid Production. AMB Expr. 6, 124. doi:10.1186/s13568-016-0298-5
 Ceresa, C., Fracchia, L., Fedeli, E., Porta, C., and Banat, I. M. (2021). Recent Advances in Biomedical, Therapeutic and Pharmaceutical Applications of Microbial Surfactants. Pharmaceutics 13, 466. doi:10.3390/pharmaceutics13040466
 Dubeau, D., Déziel, E., Woods, D. E., and Lépine, F. (2009). Burkholderia thailandensis Harbors Two Identical Rhl Gene Clusters Responsible for the Biosynthesis of Rhamnolipids. BMC Microbiol. 9, 263. doi:10.1186/1471-2180-9-263
 Henkel, M., Geissler, M., Weggenmann, F., and Hausmann, R. (2017). Production of Microbial Biosurfactants: Status Quo of Rhamnolipid and Surfactin towards Large-Scale Production. Biotechnol. J. 12, 1600561. doi:10.1002/biot.201600561
 Nitschke, M., Costa, S. G. V. A. O., and Contiero, J. (2005). Rhamnolipid Surfactants: an Update on the General Aspects of These Remarkable Biomolecules. Biotechnol. Prog. 21, 1593–1600. doi:10.1021/bp050239p
 Ray, S., Patel, N., and Amin, D. (2020). “Brevibacillus,” in Beneficial Microbes in Agro-Ecology ed . Editors N. Amaresan, M. Senthil Kumar, K. Annapurna, K. Kumar, and A. Sankaranarayanan ( Academic Press), 149–167.
 Soberón-Chávez, G., González-Valdez, A., Soto-Aceves, M. P., and Cocotl-Yañez, M. (2021). Rhamnolipids Produced by Pseudomonas: from Molecular Genetics to the Market. Microb. Biotechnol (Mbt) 14 (1), 136–146. doi:10.1016/b978-0-12-823414-3.00009-5
 Soberón-Chávez, G., and Maier, R. M. (2010). “Biosurfactants: A General Overview,” in Biosurfactants: A General Overview. Biosurfactants: From Genes to Applications ed . Editor G. Soberón-Chávez ( Microbiology Monographs-Springer), 20, 1–11. doi:10.1007/978-3-642-14490-5_1
 Toribio, J., Escalante, A. E., and Soberón-Chávez, G. (2010).Production of Rhamnolipids in Bacteria Other Than Pseudomonas aeruginosa. Eur. J Lipid Sci Technol 112: 1082–1087. doi:10.1002/ejlt.200900256
 Twigg, M. S., Baccile, N., Banat, I. M., Déziel, E., Marchant, R., Roelants, S., et al. (2021). Microbial Biosurfactant Research: Time to Improve the Rigour in the Reporting of Synthesis, Functional Characterization and Process Development. Microb. Biotechnol. 14 (1), 147–170. doi:10.1111/1751-7915.13704
 Wittgens, A., Tiso, T., Arndt, T. T., Wenk, P., Hemmerich, J., Müller, C., et al. (2011). Growth Independent Rhamnolipid Production from Glucose Using the Non-pathogenic Pseudomonas Putida KT2440. Microb. Cel Fact 10, 80. doi:10.1186/1475-2859-10-80
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Soberón-Chávez, Hausmann and Déziel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	 
	ORIGINAL RESEARCH
published: 07 May 2020
doi: 10.3389/fbioe.2020.00434





[image: image]

Potential Food Application of a Biosurfactant Produced by Saccharomyces cerevisiae URM 6670

Beatriz Galdino Ribeiro1, Jenyffer M. Campos Guerra2 and Leonie Asfora Sarubbo3,4*

1Northeast Biotechnology Network, Federal Rural University of Pernambuco, Recife, Brazil

2Department of Chemical Engineering, Federal University of Pernambuco, Recife, Brazil

3Center of Sciences and Technology, Catholic University of Pernambuco, Recife, Brazil

4Advanced Institute of Technology and Innovation, Recife, Brazil

Edited by:
Rudolf Hausmann, University of Hohenheim, Germany

Reviewed by:
George Seghal Kiran, Pondicherry University, India
Sanket J. Joshi, Sultan Qaboos University, Oman
Pattanathu K. S. M. Rahman, University of Portsmouth, United Kingdom

*Correspondence: Leonie Asfora Sarubbo, leonie.sarubbo@unicap.br

Specialty section: This article was submitted to Industrial Biotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 26 January 2020
Accepted: 15 April 2020
Published: 07 May 2020

Citation: Ribeiro BG, Guerra JMC and Sarubbo LA (2020) Potential Food Application of a Biosurfactant Produced by Saccharomyces cerevisiae URM 6670. Front. Bioeng. Biotechnol. 8:434. doi: 10.3389/fbioe.2020.00434

Biosurfactants have aroused considerable interest due to the possibility of acquiring useful products that are tolerant to processing techniques used in industries. Some yeasts synthesize biosurfactants that offer antioxidant activity and thermal resistance and have no risk of toxicity or pathogenicity, demonstrating potential use in food formulations. The aim of the present study was to assess the use of a biosurfactant produced by Saccharomyces cerevisiae URM 6670 to replace egg yolk in a cookie formulation. The yeast was grown in a medium containing 1% waste soybean oil and 1% corn steep liquor. The biosurfactant was isolated using a novel method and was structurally characterized using FT-IR, NMR, and GC/FID. Thermal stability was determined using thermogravimetry (TG)/differential scanning calorimetry (DSC) and antioxidant activity was investigated using three methods. Cytotoxicity tests were performed using the MTT assay with mouse fibroblast and macrophage lines. In the final step, the biosurfactant was incorporated into the formulation of a cookie dough replacing egg yolk. The physical properties and texture profile were analyzed before and after baking. The surface and interfacial tensions of the culture medium after the production process were 26.64 ± 0.06 and 9.12 ± 0.04 mN/m, respectively, and the biosurfactant concentration was 5.84 ± 0.17 g/L after isolation. In the structural characterization by NMR and FT-IR, the biosurfactant from S. cerevisiae exhibited a glycolipid structure, with the fatty acid profile revealing a high percentage of linoleic acid (50.58%). The thermal analysis demonstrated stability at the industrial application temperature, with the negligible loss of mass at temperatures of up to 200°C. The biosurfactant was non-toxic to the fibroblast and macrophage cell lines, with cell inhibition less than 15%. The incorporation of the biosurfactant into the cookie dough did not alter the physical or physicochemical properties of the product after baking. In the analysis of the texture profile before baking, the substitution of egg yolk with the biosurfactant did not alter the properties of firmness, cohesiveness, or elasticity compared to the standard formulation. Therefore, the biosurfactant produced by S. cerevisiae URM 6670 has potential applications in the food industry as a replacement for egg yolk.
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INTRODUCTION

Biosurfactants are molecules of biological origin (e.g., microorganisms) capable of reducing the surface and interfacial tensions. The surfactant activity of these natural compounds is due to the existence of both hydrophilic and hydrophobic moieties in the molecular structure (Rane et al., 2017; López-Prieto et al., 2019). Biosurfactants have aroused considerable interest in recent decades due to their advantageous properties over synthetic surfactants, such as high selectivity and biodegradability, stability in a range of environmental conditions (temperature, pH, and salinity), and low toxicity, favoring their application in the recovery of hydrophobic compounds and as emulsifiers in the pharmaceutical, cosmetic, and food industries (Garg and Priyanka, 2018; Felix et al., 2018).

To make the production of biosurfactants economically feasible, it is important to lower the cost of the fermentation media, which account for about 50% of the final cost of the product (Jimoh and Lin, 2020; Lima et al., 2017; Santos et al., 2016). For such, media incorporating agro-industrial waste products have been proposed as substrates to improve the viability of the large-scale production of biosurfactants and make these natural products more competitive (Lima et al., 2020; Sarubbo et al., 2015).

In the food industry, biosurfactants can be used for the cleaning and/or treatment of contact surfaces, acting as antimicrobial and anti-biofilm agents, and can also be incorporated directly into formulations as an additive or ingredient (Nitschke and Silva, 2018; Khanna and Pattnaik, 2019). The use of biosurfactants as food additives is in line with the growing consumer interest in natural, organic, vegan foods, requiring the development of biomolecules with technological properties capable of reducing or even eliminating the use of synthetic surfactants (Jahan et al., 2020).

The emulsification capacity is another a very attractive property of these biomolecules for food products. The terms “biosurfactants” and “bioemulsifiers” are often used interchangeably. However, those that reduce surface tension at the air–water interface are called biosurfactants and those that lead to emulsification are called bioemulsifiers. Biosurfactants very often have emulsifying capacity, but bioemulsifiers do not necessarily reduce surface tension (Mujumdar et al., 2019; Tao et al., 2019).

The incorporation of biosurfactants has been explored in several formulations, leading to the need for the identification of novel surfactant compounds produced by different microorganisms grown with waste products to reduce costs (Akbari et al., 2018; Salek and Euston, 2019). Among the different types of biosurfactants explored, lipopeptides and glycolipids stand out due to their desirable properties for application in the food industry, such as antibacterial and anti-adhesive activity against a variety of species (Pseudomonas aeruginosa, Escherichia coli, Bacillus subtilis, and Staphylococcus aureus) (de Freitas Ferreira et al., 2018; Gaur et al., 2019), antioxidant activity (Zouari et al., 2016b; Jamshidi-Aidji et al., 2019), and low cytotoxicity (Balan et al., 2019). Biosurfactants are also effective at solubilizing vegetable oils, stabilizing fats during cooking processes, and improving the organoleptic properties of bread. Biomolecules can be used in ice cream formulations (Pessôa et al., 2019), muffins (as an ingredient to replace baking powder and eggs; Kiran et al., 2017), cookies (for the replacement of synthetic additives; Zouari et al., 2016a) and salad dressings (as an emulsifier; Campos et al., 2019). In farinaceous foods, the use of emulsifiers of microbial origin emerged to reduce the use of currently marketed emulsifiers and improve the rheology of the products (Kieliszek et al., 2017).

The aim of present study was to assess the use of a biosurfactant produced by Saccharomyces cerevisiae URM 6670 grown with waste soybean oil and corn steep liquor to replace egg yolk in a cookie formulation.



MATERIALS AND METHODS


Materials

All chemical reagents were of analytical grade. Waste soybean oil came from restaurants in the city of Recife (Brazil) and was used without any further processing. Corn steep liquor was obtained from Corn Products do Brasil (Cabo de Santo, Brazil). The ingredients for the food formulation were obtained from supermarkets in the same city.



Microorganism

The yeast S. cerevisiae URM 6670 was obtained from the culture collection of the Department of Antibiotics of the Federal University of Pernambuco (Brazil) and kept in a yeast mold agar (YMA) medium containing yeast extract (0.3%), D-glucose (1%), peptone (0.5%) and agar (2%), pH 7.0. The growth medium, yeast mold broth (YMB), had the same composition, excluding agar. Transfers were made to fresh agar slants each month to maintain viability. For preparation of the inoculum, the yeast was grown on the solid medium at 27°C for 48–72 h. A loopful of the cream colored young culture in the YMA medium was then transferred to flasks containing 50 mL of YMB, followed by incubation at 28°C for 24 h with shaking at 200 rpm.



Production and Isolation of Biosurfactant

To produce the biosurfactant, 2% (v/v) inoculum (108 cells/mL) were added to a medium containing (w/v) 1.0% of waste soybean oil and 1.0% of corn steep liquor (pH 6.8) in distilled water. The medium was incubated at 28°C under 150 rpm for 120 h (Selvakumar et al., 2016). The non-centrifuged culture medium, i.e., whole broth obtained after cultivation, was used for the extraction of the biosurfactant. After fermentation, the biosurfactant was isolated using ethyl acetate solvent twice at a 1:4 (v/v) ratio with the non-centrifuged medium. After phase separation, the organic phase was centrifuged (2600 g for 20 min) and filtered. The residual aqueous phase in the organic phase was removed again with the addition of saturated sodium chloride (NaCl) and anhydrous magnesium sulfate (MgSO4) and the organic phase was dried at 50°C (Ribeiro et al., 2019).



Determination of Surface and Interfacial Tension

Changes in surface tension were determined in the cell-free broth obtained by centrifuging the cultures at 35000 rpm for 20 min. Surface tension was determined using a Sigma 700 Tensiometer (KSV Instruments Ltd., Finland) at room temperature. Tensiometers determine the surface tension with the aid of an optimally wettable ring suspended from a precision scale. With this method, the liquid is raised until contact with the surface is registered. The sample is then lowered again so that the film produced beneath the liquid is stretched for the determination of maximum force, which is used to calculate surface tension. The interfacial tension was measured in the same way in relation to n-hexadecane (Silva et al., 2014).



Characterization of Biosurfactant


Nuclear Magnetic Resonance Spectroscopy

NMR experiments were performed with a VNMRS400 spectrometer (Varian, Palo Alto, CA, United States) operating at 400.0 and 100.0 MHz for the 1H and 13C nucleus, respectively. The biosurfactant was dissolved in CD3OD. The residual signal of the solvent (δH 3.31 ppm) and the signal of the methyl group (δC 49.0 ppm) were used as reference for the chemical shift to 1H and 13C-NMR spectra, respectively. To assess microbial action, the organic phase of the samples was extracted with CDCl3 and the residual signal of the solvent (δH 7.26 ppm) was used as reference. Spectra were determined with a PFG 5 mm probe, pulse of RF equivalent at 45°, an acquisition time of 3.2 s, delay of 1.0 s and 64 repetitions.



Fourier Transform Infrared Spectroscopy

The biosurfactant extract was also characterized by Fourier transform infrared spectroscopy (FTIR, 400 Perkin Elmer). The signals were collected from 400 to 4000 wavenumbers with a resolution of 4 cm–1.



Determination of Fatty Acid Composition

For determination of the fatty acid profile, the biosurfactant was submitted to the esterification process. For such, a 25-mg sample of surfactant was subjected to reaction with 0.5 mL of a potassium hydroxide solution (KOH) in methanol at 0.5 mol/L under agitation in vortex tube shaker for 2 min. Hexane was then added for the separation of the polar molecule esters and the mixture was subjected to agitation and subsequent centrifugation (4500 rpm for 6 min). For the analysis, the organic phase was collected and filtered through a polytetrafluoroethylene membrane with a porosity of 0.22 μm, followed by analysis in the gas chromatograph with a flame ionization detector (GC/FID; Agilent Technologies 7890A). The analyses were carried out in a gas chromatograph equipped with a DB-5ms capillary column (30 m in length × 250 μm diameter × 0.25 μm). The carrier gas was helium at a flow rate of 1 mL/min. The injector and detector (FID) temperature was 300°C. The oven temperature was increased to 150°C at 1°C/min, held for 4 min, increased to 280°C at 4°C/min, and held for 5 min. The identification of fatty acids was performed using an external standard (FAME SupelcoTM mix C4-C24, Bellefonte, PA, United States) and the percentage composition was calculated based on the normalization of peak areas.



Thermal Analysis of Biosurfactant

Thermal analysis of the isolated biosurfactant was performed by differential scanning calorimetry (DSC) and thermogravimetry (TG) in a simultaneous thermal analyser (STA 449 F3, NETZSCH) using 50 mg of sample. For such, a nitrogen atmosphere was used (50.0 mL/min flow) in successive heating/cooling/heating steps at a rate of 10°C/min, with the temperature ranging from 40 to 400°C, as described by Han et al. (2015).



Antioxidant Activity of Biosurfactant


Total Antioxidant Capacity

The total antioxidant capacity (TAC) of the isolated biosurfactant was determined by adding 1.0 mL of a 600 mM sulfuric acid, sodium phosphate and 4 mM ammonium molybdate solution to 0.1 mL of biosurfactant solution at different concentrations (1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 mg/mL). The solutions were then placed in a 90°C water bath for 90 min. After cooling, 200 μL of each solution were transferred to a microplate (96 wells) and absorbance was measured in an Elisa plate reader (BioTek) at 695 nm, with the TAC of the biosurfactants expressed in relation to the standard of ascorbic acid (1000 μg/mL), the reference antioxidant activity of which was considered equal to 100% (Prieto et al., 1999).



Evaluation of the Sequestering Activity of 2,2-Diphenyl-1-Picrylhydrazyl Radical

The evaluation of the antioxidant activity of the biosurfactant by the free radical scavenging method was measured by means of hydrogen donation using the stable radical 2,2-Diphenyl-1-Picrylhydrazyl (DPPH; Brand-Williams et al., 1995). A stock solution of methanolic DPPH (200 μM) was further diluted in methanol to reach UV–VIS absorbance between 0.6 and 0.7 at 517 nm, obtaining the DPPH working solution. Solutions of the biosurfactant (40 μL) at different concentrations (1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 mg/mL) were mixed with DPPH solution (250 μL). After 30 min of incubation in the dark, the absorbances were read at the same wavelength mentioned above. The measurements were carried out in triplicate and the inhibition activities were calculated based on the percentage of DPPH eliminated. The percentage of inhibition (I%) was calculated using the following equation: I% = [(Abs0 - Abs1)/Abs0] × 100, in which Abs0 is the control absorbance and Abs1 is absorbance in the presence of the biosurfactant. A standard solution of the synthetic antioxidant Trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid) at a concentration of 10–200 μM was used for the calibration curve.



Sequestration of Superoxide Ion

To determine the sequestration of superoxide ion, 50 μL of the biosurfactant solution (1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 mg/mL) diluted in phosphate buffer 150 mmol/L, 200 μL of 65 mmol/L methionine solution, 200 μL of 0.50 mmol/L EDTA solution, 200 μL of 0.375 mmol/L nitrotetrazolium blue chloride (NBT) solution, and 200 μL of 0.50 mmol/L riboflavin solution were transferred to the same tube. The same procedure was performed for the control, in which phosphate buffer was used rather than the biosurfactant solution. The tubes were exposed to fluorescent light for 15 min with light dissipation using aluminum foil. Next, a 200-μL aliquot from each tube was transferred to a 96-well microplate to be read at 560 nm. The photochemical reduction inhibition capacity of NBT was calculated using the following equation:%I = [(Abs0 - Abs1)/Abs0 - AbsBLANK] × 100, in which AbsBLANK corresponds to the same composition as the control without exposure to fluorescent light (Dasgupta, 2004).



Evaluation of the Cytotoxic Potential of the Biosurfactant (MTT Assay)

The cytotoxic effect of the biosurfactant was assessed using the 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2-H-tetrazolium bromide (MTT) test (Alley et al., 1988; Mosmann, 1983). For such, the L929 (mice fibroblast) and RAW 264.7 (mice macrophage) cell lines were obtained from the Rio de Janeiro cell bank (Rio de Janeiro, Brazil) and kept in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% of an antibiotic solution (penicillin and streptomycin). The cells were kept at 37°C in a moist atmosphere enriched with 5% CO2. The L929 and RAW 264.7 cells (105 cells/mL) were placed in 96-well plates containing DMEM medium and incubated for 24 h. Next, 10 μL of the biosurfactant solutions were added to the wells at a final concentration of 200 mg/L. Phosphate buffer (pH 7.4) at 150 mmol/L was used as the positive control and DMEM was the negative control. After 72 h of incubation, 25 μL of MTT (5 mg/mL) were added, followed by three more hours of incubation. The culture medium with the MTT was then aspirated and 100 μL of DMSO were added to each well. Absorbance was read in a microplate reader at a wavelength of 560 nm. The experiments were conducted in quadruplicate and the percentage of inhibition was calculated using GraphPad Prism version 7.0. An intensity scale was used for the determination of toxicity. Samples with inhibitory activity between 95 and 100% were considered toxic; those with inhibitory activity between 70 and 90% were considered moderately toxic and those with inhibitory activity less than 50% were considered non-toxic (Rodrigues et al., 2014).



Study of Food Application of Biosurfactant

The biosurfactant was tested in a standard cookie formulation adapted from Zouari et al. (2016a; Table 1). The isolated biosurfactant was used in this formulation to partially (50%) and completely (100%) replace pasteurized egg yolk, generating two different types of dough (Formulations A and B) for the analysis of the physical and physicochemical properties.


TABLE 1. Composition of cookie dough formulations.

[image: Table 1]The dough was prepared using a modification of the method described by Zouari et al. (2016a). The ingredients were mixed in a blender (Arno Ciranda) for 7 min, followed by rolling and cutting into circular pieces measuring 50 mm in diameter. The pieces were baked for 5 min at 150°C, followed by an increase in temperature to 180°C for a further 15 min, with subsequent cooling, weighing, packaging, and storage at room temperature for 24 h.



Properties and Energy Value of Cookies

The physical properties of the baked cookies (weight, diameter, thickness, and spreading factor) were analyzed as described by Noor-Aziah et al. (2012) and Zoulias et al. (2002). An analytical scale with a precision of 0.001 g (BEL Engineering) was used to determine the weight. To measure the diameter, four samples were selected at random and the total diameter was measured using digital calipers (Mtx). All four cookies were then rotated 90° and the new diameter was measured. The final diameter was expressed as the sum of the average of the two measurements of all cookies divided by four. Thickness was determined by stacking four cookies, measuring the total thickness and dividing by four. The scattering factor was obtained by dividing diameter by thickness.

The physicochemical properties of the cookies were determined based on the AOAC (2002). The moisture content was determined using the gravimetric method, considering the loss of weight of the samples submitted to heating in an oven at 105°C until reaching a constant weight. The total protein concentration was calculated using the Kjeldahl method, based on the acid digestion of organic matter followed by distillation, with nitrogen subsequently dosed by titration; the nitrogen value was then multiplied by a factor of 6.25. The gravimetric method was used for the determination of the fixed mineral residue (ash) based on the determination of the weight loss of the samples submitted to incineration at 550°C. The Bligh and Dyer (1959) cold extraction method was employed to quantify the lipid fraction, using a mixture of chloroform, methanol, and water. The energy value was determined by the sum of the carbohydrate, lipid, and protein values multiplied by 4, 9, and 4, respectively (Pires et al., 2017).



Texture Profile Analysis

Before baking, the cookie dough was submitted to texture profile analysis (TPA) and the determination of firmness (resistance to breakage), cohesiveness and elasticity. The texture of the cookies after baking was evaluated using the compression test to determine firmness. For both tests, we used a Brookfield CT3 texture analyzer equipped with a 245 N load cell. The samples before and after cooking were compressed to 50% of their original height at a constant speed of 1 mm/s using a polymethyl methacrylate plate (width: 60 mm). For the TPA, a second compression was performed after an interval of 5 s, with firmness defined as the force at 50% of the sample height during the first compression. Cohesion was defined as the ratio between the compression work in the second compression cycle and the compression work in the first cycle. Elasticity was calculated using the relative height of the remaining sample when the initial force was recorded during the second compression (Zouari et al., 2016a).



Statistical Analysis

The data were submitted to statistical analysis using the one-way procedure in Statistica® (version 7.0), followed by a linear one-way analysis of variance (ANOVA). All triplicate results were expressed as mean ± standard deviation. Differences were examined using Tukey’s post hoc test, with a significance level of 95%.



RESULTS


Biosurfactant Production

The prospect of producing yeast-based biosurfactants depends largely on identifying cheap, abundant raw materials. In this respect, waste streams constitute a potential source of substrates, which would offset the cost of waste treatment by the production of valuable co-products. Such nutrient sources can often be obtained with little or no cost (Borah et al., 2019). The biosurfactant produced by the yeast S. cerevisiae in a low-cost medium formulated with waste soybean oil and corn steep liquor was able to reduce the surface tension of the culture medium from 57.75 ± 0.20 to 26.64 ± 0.06 mN/m, with an interfacial tension against n-hexadecane of 9.12 ± 0.04 mN/m. Moreover, using ethyl acetate as the extraction solvent at a proportion of 1:4 (v/v) with the non-centrifuged medium, it was possible to isolate the biosurfactant with a yield of 5.84 ± 0.17 g/L.



NMR and FT-IR Analysis

The infrared and NMR spectra of the isolated biosurfactant are displayed in Figures 1, 2, respectively. Figure 1 shows possible carbonyl groups (C=O) and single carbon bonds (C–C) corresponding to the respective stretches between 1500 and 2000 cm–1 as well as between 2700 and 3000 cm–1. Carbon double bonding (C=C) was also found in the region of approximately 1465 cm–1, as described by Nogueira et al. (2020) for the bioemulsifier from Stenotrophomonas maltophilia UCP 1601. A small stretching region was found in the 3000–3500 cm–1 range, indicating the presence of hydroxyl (OH) groups in the molecule. A considerable stretch was found at 1165 cm–1, indicating the existence of an ester group in the compound.


[image: image]

FIGURE 1. Infrared spectrum of biosurfactant produced by S. cerevisiae in medium supplemented with 1.0% waste soybean oil and 1.0% corn steep liquor.



[image: image]

FIGURE 2. 1H-NMR (above) and 13C-NMR (below) registered in deuterated chloroform of biosurfactant produced by S. cerevisiae in medium supplemented with 1.0% waste soybean oil and 1.0% corn steep liquor.


The 1H-NMR spectrum in Figure 2 shows the presence of methyl groups corresponding to signals between 0.7 and 0.9 ppm and a non-polar region of the molecule between 1.1 and 1.7 ppm. Bonds were also found between hydrogen and unsaturated carbon (1.8–2.1 ppm) as well as hydrogen and carbon neighbors to the unsaturated carbon (2.1–2.4 ppm). In addition to these signals, the presence of unsaturated carbon-bonded hydrogen was found between 5 and 5.5 ppm and a signal was found between 3.8 and 4.4 ppm, indicating the presence of a hydrogen neighbor to the oxygen of the ester-bonded molecule (Santos et al., 2017; Soares da Silva et al., 2017). This signal was confirmed in the carbon spectrum, which showed a characteristic signal of the ester group in a region less than 180 ppm (170–180 ppm). Thus, we can infer that the biosurfactant produced by S. cerevisiae was characterized as a glycolipid with ester linkages between fatty acids and carbohydrates in its structure.



Fatty Acid Profile of Biosurfactant

Table 2 displays the composition of the fatty acids (Table 2) in the biosurfactant. Eight fatty acids were found in different proportions, with the absence of lauric, myristic, and eicoseinoic acid. The predominant fatty acids were linoleic acid (50.58 ± 0.25%) and oleic acid (28.79 ± 0.79%), with 18 carbons in their structures (Figure 3). Therefore, the biosurfactant has potential application in food formulations due to its nutritional value demonstrated by the high percentages of 18-carbon unsaturated fatty acids (oleic and linoleic acid) in its lipid portion (Burdge, 2019).


TABLE 2. Fatty acid profile of biosurfactant produced by S. cerevisiae in medium supplemented with 1.0% waste soybean oil and 1.0% corn steep liquor.
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FIGURE 3. Chromatogram of fatty acid profile of biosurfactant produced by S. cerevisiae in medium supplemented with 1.0% waste soybean oil and 1.0% corn steep liquor.




DSC and TG of Biosurfactant

The thermograms of the biosurfactant produced by S. cerevisiae are displayed in Figure 4. The biosurfactant exhibited considerable thermal stability for its application in this work, with the loss of only 0.05% of its mass at a temperature of 102°C, 0.37% at 180.28°C and 0.43% at 200°C (blue curve). A significant decrease in mass was only found beginning at 250°C through to the final temperature (400°C), with mass loss in the range of 15.75%. As thermal degradation occurs when there is mass loss of approximately 5% (Kourmentza et al., 2018), the biosurfactant undergoes this type of degradation beginning at 330°C. The results of the DSC analysis showed an exothermic peak with a crystallization temperature (TC) of 102.78°C (onset temperature of 40.28°C) and an endothermic fusion peak of 187.78°C (onset temperature soon after the exothermic peak).
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FIGURE 4. TGA and DSC of biosurfactant produced by S. cerevisiae in medium supplemented with 1.0% waste soybean oil and 1.0% corn steep liquor.


Therefore, if the biosurfactant is submitted to a baking process at a temperature of 180°C, it will not undergo a significant loss of mass, remaining stable and adequate for this application.



Antioxidant Activity of Biosurfactant

Table 3 displays the percentage results of antioxidant activity measured by the sequestering of the DPPH and SOD organic radicals and the reduction in the phosphomolybdenum complex, visualized by the change in color of the solutions.


TABLE 3. Percentage of total antioxidant capacity (% TAC), DPPH radical sequestration (% I), and superoxide ion sequestration (% I) of different concentrations of biosurfactant from S. cerevisiae.

[image: Table 3]According to the CAT assay, the biosurfactant has satisfactory antioxidant capacity, evidenced by the reduction of the phosphomolybdenum complex VI to V at a concentration of 5000 μg/mL. This reduction is remarkable, as evidenced by the color change from yellow to green, which was intensified with the increase in the biosurfactant concentration (Prieto et al., 1999). At lower concentrations (1250 μg/mL), the biosurfactant exhibited only 30% activity compared to a standard ascorbic acid solution (1000 μg/mL). In contrast, antioxidant activity greater than 200% was also found when using a concentration of 20000 μg/mL, indicating a linear relationship with the increase in the concentration of the biosurfactant.

Thus, the biosurfactant is a potential antioxidant at concentrations above 5000 μg/mL and can be applied in food formulations, as ascorbic acid is a recognized and highly used reducing agent.

In the DPPH assay, we evaluated the ability of the biosurfactant and two standards (Trolox and BHT) to prevent the oxidation of the DPPH radical by reducing it to hydrazine and consequently promoting a color change from purple to yellow, with a corresponding reduction in absorbance (Turnes et al., 2014). Analysing the results displayed in Table 3, considering a concentration of 1 mg/mL of the standards, the biosurfactant did not exhibit considerable antioxidant activity at concentrations below 20 mg/mL using the DPPH radical reduction method, with a maximum value 13.09 ± 0.62% compared to 88.84 ± 0.25% for Trolox and 83.37 ± 0.59% for BHT.

In the superoxide ion (O2–) sequestration assay, the biosurfactant exhibited a considerable inhibition percentage (greater than 42.64 ± 0.62%) at concentrations above 10000 μg/mL, evidenced by the visual color change from blue to yellow using the riboflavin-light-NBT system.



Cytotoxic Potential of Biosurfactant

Biosurfactants are natural compounds that offer biocompatibility and low toxicity, making them strong candidates for the development of food products. However, there is a need to evaluate the toxicity of these biomolecules before proposing their application in food formulations.

In the cytotoxicity assay, the biosurfactant presented an inhibition rate of 14.78 and 9.90% for the non-cancerous strains RAW 264.7 and L929, respectively, when applied at a concentration of 200 μg/mL. In comparison, phosphate buffer (pH 7.4) presented an inhibition rate of 20.30 and 12.95% for RAW 264.7 and L929, respectively. According to Gomes Silva et al. (2017), inhibition rates of 1–20% indicate an absence of inhibitory activity. Therefore, the biosurfactant has no cytotoxic potential regarding the strains studied.



Biosurfactant in Cookie Formulation

Figure 5 shows samples of cookies made from the standard formulation (4% egg yolk) and the partial (Formulation A – 2% egg yolk and 2% biosurfactant) and total (Formulation B – 4% biosurfactant) replacement of egg yolk with the biosurfactant before and after baking.
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FIGURE 5. Cookies before and after baking. (A) standard formulation (4% egg yolk); (B) Formulation A (2% egg yolk and 2% biosurfactant); and (C) Formulation B (4% biosurfactant).


The mean results of the physical properties of the cookies (weight, diameter, thickness, and spreading factor) are shown in Table 4. The substitution of egg yolk with the biosurfactant had no significant effect, as all properties in the two formulations with different proportions of the biosurfactant were similar to those found with the standard formulation. Diameter was the only exception, which increased with the substitution in both formulations.


TABLE 4. Physical properties of cookies after baking for the Standard Formulation (4% egg yolk), Formulation A (2% egg yolk and 2% biosurfactant), and Formulation B (4% biosurfactant).

[image: Table 4]Regarding the physicochemical composition of the dough (Table 5), the moisture content changed significantly with both partial (Formulation A) and total (Formulation B) substitution. The protein content was also influenced by both substitutions, as lower values were found with the decrease in the egg yolk concentration. This can be attributed to the low concentration or absence of protein in the biosurfactant. On the other hand, the lipid content increased significantly with the increase in the biosurfactant concentration, proportionally influencing the energy value of the cookies.


TABLE 5. Physicochemical composition and energy value of cookies prepared with the Standard Formulation (4% egg yolk), Formulation A (2% egg yolk and 2% biosurfactant), and Formulation B (4% biosurfactant).

[image: Table 5]In the TPA (Table 6), the partial (Formulation A) and the total (Formulation B) substitution of the yolk by the biosurfactant caused no significant change in the majority of variables analyzed. The only exception was firmness before baking with Formulation B (total substitution), which decreased considerably from 63.57 ± 2.84 N to 44.47 ± 6.40 N. This may have been due to the increased lipid concentration in the formulation with the addition of biosurfactant and removal of egg yolk.


TABLE 6. Texture profile analysis of dough before and after baking for the Standard Formulation (4% egg yolk), Formulaftion A (2% egg yolk and 2% biosurfactant), and Formulation B (4% biosurfactant).

[image: Table 6]Overall, we can state that the partial and total replacement of egg yolk with the biosurfactant produced by S. cerevisiae did not negatively influence the characteristics of the final product, as the substituted formulations achieved similar results to the standard formulation. In addition, a simple evaluation of the aroma, taste, color, and texture revealed no significant differences between the formulations containing the biosurfactant and the standard formulation, with the latter exhibited a slightly darker color and greater firmness. To confirm these observations, future studies involving a complete sensory analysis will be conducted with trained tasters.



DISCUSSION

The characterization techniques employed in this study demonstrated that the isolated biosurfactant is a glycolipid that has a glycosidic bond between a sugar and the hydrophobic portion of the molecule as well as considerable potential for exploration and application (Salek and Euston, 2019). Other authors have reported the production of glycolipids by yeasts. In a study with 27 yeasts, Marcelino et al. (2019) reported the production of sophorolipids (type of glycolipid) in media with xylose and sugarcane bagasse, finding Cutaneotrichosporon mucoides UFMG-CM-Y6148 to be the best producer. Cultivating Rhodotorula babjevae Y-SL7 in a medium supplemented with various carbon sources, Guerfali et al. (2019) also found the production of glycolipids (determined by FT-IR analysis) with high emulsification indices and low toxicity. According to the authors, glycolipids are promising molecules for application in both the food and pharmaceutical industries, constituting a potential option for sustainable development in these sectors that may replace the synthetic compounds currently employed.

In a food application, it is preferable for the ingredients added to a formulation to have aggregate nutritional value, which makes the final product more attractive to consumers. This nutritional value is linked to the percentage of polyunsaturated fatty acids (PUFAs), i.e., the n-6 PUFA series [linolenic acid (LA)] and n-3 series [mainly alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)]. A greater occurrence of 18-carbon acids in the structure of ingredients increases the nutritional value, as these components are essential to the human organism (Burdge, 2019; Gramlich et al., 2019). As shown in Table 2, almost 80% of the fatty acids in the biosurfactant are PUFAs, with linoleic acid (C18: 2) accounting for the highest proportion (exceeding 50%). The benefits of ingesting these fatty acids in the diet for the prevention of cardiovascular disease are well described in the literature. Epidemiological studies also indicate that linoleic acid is associated with lower levels of plasma low-density lipoprotein cholesterol (LDL-C) and reduced liver fat and is inversely associated with the incidence of type 2 diabetes (Marangoni et al., 2020). Thus, the composition of the biosurfactant studied herein favors its use in food applications, as it is predominantly composed of linoleic and oleic acid, both of which have 18 carbons in the hydrophobic portion. The predominance of 18-carbon fatty acids in yeast glycolipids has recently been reported. Guerfali et al. (2019) and Souza et al. (2017) found high concentrations of oleic acid in biosurfactants isolated from R. babjevae Y-SL7 and Wickerhamomyces anomalus CCMA 0358, respectively.

The results of the thermal stability test indicate that the biosurfactant produced by S. cerevisiae is advantageous for industrial applications, since the DSC curve showed a relatively high melting peak, with stability in the temperature range tested (40–400°C) (Han et al., 2015). We also determined the change in mass due to thermal degradation using TG. This technique was adequate for the determination of the temperature at which thermal degradation of the biosurfactant occurs, demonstrating that for application in this case (maximum temperature of 180°C for baking cookies), the biosurfactant does not undergo significant mass loss, which would otherwise compromise the formulation.

There are no reports in the literature on the thermal stability of biosurfactants produced by S. cerevisiae. However, using thermal analysis on a biosurfactant produced by the yeast Yarrowia lipolytica MTCC9520, Radha et al. (2019) found mass loss greater than 9% at a temperature of approximately 220°C and 13.73% at a temperature of approximately 337°C. The DSC analysis of this same biosurfactant revealed crystallization and melting temperatures of 112.48 and 116.80°C, respectively, which is lower than the melting temperature found for the biosurfactant produced by S. cerevisiae. In a stability study of a rhamnolipid biosurfactant produced by Burkholderia thailandensis, Kourmentza et al. (2018) found a similar melting temperature (166.40°C). Arumugam and Shereen (2020) report a degradation temperature of 280°C for a rhamnolipid biosurfactant produced by Enterobacter aerogenes.

Antioxidant activity is a desirable property for substances to be incorporated in foods. According to Vecino et al. (2017), most biosurfactants contain a fatty acid chain that can prevent the generation of free radicals, acting as natural antioxidants. Thus, it is necessary to employ methods to determine the best type of action of the compound in question. In the present study, differences were found between the methods used for the determination of the antioxidant activity of the biosurfactant produced by S. cerevisiae, which can be explained by the principles and mechanisms of action specific to each method. Thus, we can infer that the biosurfactant studied presents better action in reducing complexes, as evidenced by the high percentage of total antioxidant capacity (212.70 ± 4.87%) referring to the biosurfactant concentration employed in the partial replacement of egg yolk in the cookies, followed by better action in superoxide ion inhibition by the sequestration mechanism. The presence of this mechanism in the biosurfactant is important, as the superoxide ion is toxic to the human metabolism, since it is produced during cellular respiration and has the ability to inactivate antioxidant enzymes, giving rise to other free radicals (Vadivel and Biesalski, 2011).

Regarding the results of DPPH sequestration, Merghni et al. (2017) obtained inhibition percentages of 74.6 and 77.3% using biosurfactants produced by species of Lactobacillus, which is approximately eight times higher than that obtained in the present investigation. Regarding total antioxidant capacity, a biosurfactant from marine Streptomyces sp. showed 80.475 ± 0.001% activity at a concentration of 200 μg/mL (Ramrajan et al., 2017). Takahashi et al. (2012), on the other hand, found that the mannosylerythritol lipids produced by the yeast Pseudozyma hubeiensis in a medium with soybean oil exhibited 50% DPPH radical scavenging activity at a concentration of 10 mg/mL and sequestration of superoxide ions greater than 50% at a concentration of less than 1 mg/mL. The results regarding the antioxidant activity of the biosurfactant from S. cerevisiae are promising and further tests should be conducted to confirm its antioxidant action and ensure another advantageous property for its application in food formulations.

Regarding the MTT method, the MTT molecule is reduced through mitochondrial succinate dehydrogenase activity when there is considerable cytotoxic potential in cells, resulting in formazan crystals that accumulate inside the cell and absorb light at a wavelength of 560 nm (Mosmann, 1983). In the present study, the MTT results reveal that the biosurfactant has potential food and/or cosmetic applications, as it exhibited no cytotoxicity at the concentration tested (200 μg/mL). However, further tests with other concentrations and other methods are necessary to ensure the safety of the biomolecule. The low toxicity of biological surfactants in relation to synthetic surfactants has previously been reported. Evaluating the cytotoxicity of a biosurfactant produced by Rhodococcus sp. 51T7 against mice 3T6 fibroblasts using this same method, Marques et al. (2009) obtained promising results for more restricted applications. Analyzing a baby hamster kidney cell line (BHK-21), Basit et al. (2018) found 63% cell survival using a concentration of 104 μg/mL of the biosurfactant produced by Bacillus cereus MMC. A biosurfactant produced by Lactobacillus helveticus also exhibited no cytotoxic potential against the mouse fibroblast cell line ATCC L929 at concentrations of up to 25 × 103 μg/mL (Sharma et al., 2014).

In the cookie formulations, the biosurfactant did not compromise the physical or physicochemical properties of the dough after baking, demonstrating that it is a good egg yolk substitute for reducing the amount of animal fat in foods. Despite the significant increase in the lipid content with the total replacement of the yolk, the presence of fatty acids in the hydrophobic structure of the biosurfactant favors this incorporation. Moreover, egg yolk, in addition to containing cholesterol, saturated fats, and triglycerides, can contain potentially toxic substances, such as trace elements and heavy metals, which, at high concentrations, can cause depression, hypertension, gastrointestinal cancer, and Alzheimer’s disease (Stadelman, 2003; Atamalekia et al., 2020). In contrast, a biosurfactant can have beneficial effects against cardiovascular disease, since it contains monounsaturated fat in its structure (Valenzuela et al., 2019). Despite the attractive properties of biosurfactants, the high production costs of these biomolecules remain a technological bottleneck, as is the case with most biotechnological products. On the other hand, the current consumer market is increasingly interested in the use of healthier food ingredients, which drives research and the optimization of processes for producing and extracting these biomolecules in order to make them more competitive as food additives.

Texture influences the intensity and perception of the sensory properties of food and is a determinant of acceptance on the part of consumers (Kiran et al., 2017). Since the biosurfactant had no significant effect on the texture profile of the dough after baking, it can be considered a potential ingredient for the food industry. It is necessary to perform this same test with other formulations to determine whether the biosurfactant can be incorporated without compromising the original texture of the food. Sensory evaluation tests should also be performed with the aim of broadening the applications of this biosurfactant.

Reports in the literature demonstrate that biosurfactants have the potential to improve the stabilization of salad emulsions and the texture profile of different types of flour-based foods, such as muffins and cookies. Biosurfactants can also be used to control consistency and solubilize flavoring oils in bakery products and ice cream. Adding a biosurfactant produced by Bacillus subtilis SPB1 at concentrations above 0.5% to a cookie formulation, Zouari et al. (2016a) found changes in the dough texture profile, with significant reductions in firmness and elasticity (p ≤ 0.05) and greater cohesion. Kiran et al. (2017) incorporated a lipopeptide produced by the marine bacterium Nesterenkonia sp. into a muffin formulation at a concentration of 0.75% and found enhanced smoothness of the end product due to increased elasticity and cohesion as well as decreased firmness. Adding a biosurfactant produced by Candida utilis UFPEDA 1009 at a concentration of 0.7% to different salad dressing formulations containing Guar gum and carboxymethyl cellulose (CMC), Campos et al. (2019) found greater stability and firmness after 30 days of storage, considering the biosurfactant to be a good emulsifier.

Further studies are needed to promote the use of biosurfactants in the food sector, seeking greater economic viability and less waste generation, since replacing only the egg yolk at the concentrations evaluated is not yet economically viable. However, the results showed that the biosurfactant can perform functions similar to those of the ingredients commonly used in food and can even entirely replace egg.



CONCLUSION

The present findings demonstrate that a glycolipid biosurfactant can be produced by the yeast S. cerevisiae grown in a medium with agro-industrial waste products with satisfactory yield using the isolation methodology employed. The biosurfactant is non-toxic, which suggests its safe use, and has considerable antioxidant activity. Its thermostability demonstrates that it can be employed in production systems that use relatively high temperatures. Moreover, the complete replacement of egg yolk by the biosurfactant shows promising results in relation to the physical, physicochemical, and textural properties of cookies. Further studies are needed to make production on the industrial scale economically viable and reduce the concentration used in this type of formulation. Based on the positive results obtained in this initial study, this microbial surfactant has biotechnological potential for the food industry.
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Lactic acid bacteria (LABs) are generally recognized as safe (GRAS), and therefore, LAB biosurfactants are beneficial with negligible negative impacts. This study aims to maintain the biosurfactant producing activity of an LAB strain, Weissella cibaria PN3, by immobilizing the bacterial cells on a commercial porous carrier. For biosurfactant production, 2% soybean oil was used as the carbon source. After 72 h, immobilized cells were reused by replacing production medium. The extracellular and cell-bound biosurfactants were extracted from the resulting cell-free broth and cell pellets, respectively. SEM images of used immobilizing carriers showed increased surface roughness and clogged pores over time. Thus, the immobilizing carriers were washed in PBS buffer (pH 8.0) before reuse. To maintain biosurfactant production activity, immobilized cells were reactivated every three production cycles by incubating the washed immobilizing carriers in LB medium for 48 h. The maximum yields of purified extracellular (1.46 g/L) and cell-bound biosurfactants (1.99 g/L) were achieved in the 4th production cycle. The repeated biosurfactant production of nine cycles were completed within 1 month, while only 2 g of immobilized cells/L were applied. The extracellular and cell-bound biosurfactants had comparable surface tensions (31 – 33 mN/m); however, their CMC values were different (1.6 and 3.2 g/L, respectively). Both biosurfactants had moderate oil displacement efficiency with crude oil samples but formed emulsions well with gasoline, diesel, and lavender, lemongrass and coconut oils. The results suggested that the biosurfactants were relatively hydrophilic. In addition, the mixing of both biosurfactants showed a synergistic effect, as seen from the increased emulsifying activity with palm, soybean and crude oils. The biosurfactants at 10 – 16 mg/mL showed antimicrobial activity toward some bacteria and yeast but not filamentous fungi. The molecular structures of these biosurfactants were characterized by FTIR as different glycolipid congeners. The biosurfactant production process by immobilized Weissella cibaria PN3 cells was relatively cheap given that two types of biosurfactants were simultaneously produced and no new inoculum was required. The acquired glycolipid biosurfactants have high potential to be used separately or as mixed biosurfactants in various products, such as cleaning agents, food-grade emulsifiers and cosmetic products.

Keywords: glycolipids, immobilization, lactic acid bacteria, biosurfactant production, biosurfactant characterization


INTRODUCTION

Surfactants are amphiphilic molecules with a wide range of applications, such as cleaning, wetting, dispersing, emulsifying, and foaming. Surfactants are mainly synthesized from petroleum, leading to growing concerns over their sustainable production as well as their potential toxicity and persistence. The alternative is producing biosurfactants from various microorganisms, especially the genera Pseudomonas, Bacillus, Acinetobacter, Gordonia, and Candida (Mnif and Ghribi, 2016). This study focuses on lactic acid bacteria (LAB), which are generally recognized as safe (GRAS). It is expected that biosurfactants extracted from LABs are beneficial with negligible negative impacts. Moreover, the scale-up of biosurfactant production using GRAS will require simple microbiological practices and instruments. Some LABs such as Lactobacillus brevis, Lactobacillus paracasei, Lactobacillus plantarum, and Lactococcus lactis produce extracellular and cell-bound biosurfactants with different properties simultaneously (Cornea et al., 2016; Souza et al., 2017; Vecino et al., 2017). Thus, the production of two biosurfactants by using an LAB strain will be relatively cost-effective and convenient.

Biosurfactants from LABs have good surface activity, emulsification activity, antimicrobial activities, and antiadhesive activities (Satpute et al., 2016; Vecino et al., 2018). The biosurfactants from LABs have been classified into several groups, such as glycolipopeptide from Lactobacillus pentosus (Vecino et al., 2015), glycolipid from Lactobacillus helveticus MRTL91 (Sharma et al., 2014), glycoprotein from L. plantarum (Madhu and Prapulla, 2014) and lipoprotein from Pediococcus dextrinicus SHU1593 (Ghasemi et al., 2019). The commercial application of LAB biosurfactants is limited by the low biosurfactant yield and inadequate information on their structural composition and functional characteristics (Bustos et al., 2018). The biosurfactant yields from LABs are usually in the range of mg per liter (Sharma et al., 2014, 2015). To increase biosurfactant yields, specific LAB strains are selected and cultivated in an optimized medium. For example, L. pentosus CECT-4023 produced biosurfactant at 1.7 g/L with whey medium as carbon source, which is higher than that from other LABs strains in whey medium (Rodrigues et al., 2006). Lactobacillus delbrueckii N2 produced biosurfactant at 3.03 g/L and 2.77 g/L with molasses and glycerol as the carbon sources, respectively (Mouafo et al., 2018).

Another approach for increasing total biosurfactant yields is to reuse the bacterial biomass in sequential fermentation. Bustos et al. (2018) found that L. pentosus cells can be subjected to 3 fermentation cycles after extracting the cell-bound biosurfactants with phosphate buffered saline. In addition, the rhamnolipid yield of Achromobacter sp. PS1 increased 258% after 5 sequential cycles of a fill-and-draw operation (Joy et al., 2019). To facilitate the reuse of bacterial inoculum and increase cell density, the bacteria may be immobilized on a solid support. For example, polyethylene oxide (PEO)-immobilized Pseudomonas aeruginosa BN10 is quite stable and can be reused in semicontinuous rhamnolipid production for nine cycles (Christovaa et al., 2013). However, there are some disadvantages of cell immobilization over long-term usage, such as cell inactivation during the process, mass transfer limitations, accumulation of toxic metabolites or inhibitor products inside the carrier, and cell leakage due to uncontrolled cell growth in the blocked area (Partovinia and Rasekh, 2018). This study therefore investigated the effect of cell-washing solutions and reactivation processes on immobilized LABs.

This study used Weissella cibaria PN3, a local biosurfactant-producing LAB, as a model strain. The genera Weissella contains heterofermentative LABs that produce lactate, CO2, ethanol, or acetate from glucose, exploiting the phosphoketolase pathway (Hajfarajollah et al., 2018). Weissella cibaria has been shown to have high probiotic potential and produce various novel, non-digestible oligosaccharides and extracellular polysaccharides (Fusco et al., 2015). To improve biosurfactant production efficiency, in this study, this bacterium was immobilized on a commercial porous carrier using a cell attachment approach. After biosurfactant production, the immobilized cells were reused, and the extracellular and cell-bound biosurfactants were extracted from the resulting cell-free broth and cell pellets, respectively. The cell-washing and reactivating processes were investigated and performed to maintain the activity of reused cells. Finally, the biosurfactants were characterized for surface properties, molecular structure and antimicrobial activity. It is expected that the use of immobilized LAB cells will allow for the economical production of two different biosurfactants that can be applied in different products.



MATERIALS AND METHODS


Biosurfactant-Producing Bacteria, Media, Porous Carriers and Chemicals

Weissella cibaria PN3 was isolated from traditional rice sausage in De Man Rogosa, and Sharpe (MRS) broth, which is composed of 10 g/L peptone, 8 g/L meat extract, 4 g/L yeast extract, 20 g/L D(+)-Glucose, 2 g/L K2HPO4, 5 g/L C2H9NaO5, 2.0 g/L C16H17N3O7, 0.2 MgSO4.7H2O and 0.05 g/L MnSO4.H2O. This bacterial strain has been found to be an effective biosurfactant producer with soybean oil as a substrate. It was deposited as MSCU 0840 at the MSCU culture collection in the Department of Microbiology, Faculty of Science, Chulalongkorn University, which is a partnership with the Thailand Bioresource Research Center (TBRC). MRS medium was used to maintain the bacterium under aerobic conditions at room temperature (28–30°C). Although most Weissella bacteria are facultatively anaerobic chemoorganotrophs (Fusco et al., 2015), Papagianni (2012) reported that Weissella paramesenteroides DX produced the highest biomass under fully aerobic conditions. Our previous study also showed that aerobic cultivation enhanced the growth of Weissella cibaria PN3. A commercial sponge form carrier, Aquaporousgel (Nisshinbo Chemical Inc. Tokyo, Japan), was used for bacterial cell immobilization because of its high porosity, hydrophilic nature and stability. Aquaporousgel is composed of >80% polyurethane resin, <10% barium sulfate and <3% polyethylene polypropylene glycol and has an average dimension of 0.7 × 0.7 cm (Supplementary Figure 1). All other chemicals were of analytical grade and purchased from Sigma-Aldrich Co., LLC.



Bacterial Immobilization Process

To prepare bacterial inoculum, bacterial colonies from MRS agar plates were inoculated in Luria-Bertani (LB) medium and cultivated on a rotary shaker at 200 rpm until an OD600 of 1.0 was reached. LB medium was used instead of MRS broth because it is cheaper and contains sufficient nutrients to support bacterial growth. The bacterial cells were immobilized on the surface of the carrier using the attachment method. Briefly, 10% (v/v) bacterial inoculum was added to 100 mL of LB medium containing 1.8% (w/v) porous carrier. The conditions provided good mixing of submerged carriers in the medium (Supplementary Figure 2A). The flasks were incubated under shaking conditions for 2 days, of which the numbers of attached bacteria were the highest at 2.2 × 109 CFU/g immobilized cells (Supplementary Figure 1C). To measure the bacterial number, the immobilizing carrier was cut into small pieces, rehydrated in 0.85% (w/v) NaCl solution and sonicated in an ultrasonicated bath for 2 min to dislodge the cells. The detached bacterial cells were counted by the drop plate technique using 25% (v/v) LB agar. In addition, micrographs of immobilized cells were recorded using a Scanning Electron Microscope and Energy Dispersive X-ray Spectrometer – SEM-EDS (IT500HR) at the Scientific and Technological Research Equipment Centre (STREC), Chulalongkorn University, Thailand.



Biosurfactant Production

The immobilized cells were used for biosurfactant production in batch mode. After the immobilization process, the immobilized medium was replaced with 100 mL of basal medium composed of 5 g/L glucose, 0.1 g/L yeast extract, 10.17 g/L NaNO3, 1 g/L K2HPO4, 0.5 g/L KH2PO4, 0.1 g/L KCl, 5 g/L MgSO4.7H2O, 0.01 g/L CaCl2, 0.06 g/L FeSO4.7H2O, 0.326 g/L MnSO4.H2O and 0.005 (%v/v) trace elements (0.26 g/L H3BO3, 0.5 g/L CuSO4.H2O, 0.5 g/L MnSO4.H2O, 0.06 g/L MoNa2O4.2H2O, and ZnSo4.7H2O). Glucose serves as an inducer for supporting bacterial growth and promoting biosurfactant production (Nurfarahin et al., 2018). Soybean oil at 2% (v/v) was added as a substrate for biosurfactant production following Laorrattanasak et al. (2016). After incubating the immobilized cells for 3 days, the culture medium was poured out of the flask for biosurfactant recovery, while the immobilized cells were maintained inside for another production cycle. New production medium was added, and the cells were incubated as mentioned earlier. In the initial experiment, the immobilized cells were reused for several production cycles without the cell-washing and reactivating processes. The biosurfactant-producing activity of immobilized cells was determined based on crude biosurfactant yields as well as the numbers of bacteria remaining on the immobilizing carriers (immobilized cells) and washed-out bacteria (suspended cells). All experiments were analyzed statistically via two-way ANOVA followed by Tukey’s multiple comparison test (p < 0.05) in GraphPad Prism 8.0.1.



Cell-Washing and Reactivating Processes

During biosurfactant production, the immobilizing carriers might become clogged by residual soybean oil and bacterial metabolites, which could decrease cell growth and biosurfactant yield in the following production cycle. Therefore, the influences of cell washing and reactivation processes were investigated. The immobilized cells were washed after removing the culture medium by adding 100 mL of washing solutions to the flask and shaking at 200 rpm for 10 min. The tested washing solutions included 5–15% (w/v) NaCl (Kebbouche-Gana et al., 2013) and phosphate buffered saline (PBS), pH 8 (10 mM KH2PO4/K2HPO4 with 150 mM NaCl) (Gudina et al., 2015). PBS is a general cell washing solution, while NaCl is an electrolyte that can enhance the detergency of biosurfactant residues on immobilizing carriers during washing. Concentration of NaCl was varied because increase in salinity enhances interaction between surfactant and oil while inhibiting interaction between surfactant and water (Nguyen and Sabatini, 2011). The washed immobilizing carriers were reused for biosurfactant production. The efficiency of the washing solution was determined from the biosurfactant producing activity of reused immobilized cells. When the biosurfactant producing activity of the reused immobilized cells decreased, the cells were reactivated by incubation in LB broth for 48 h. LB broth was selected because it is a rich medium that can rapidly promote bacterial growth and activity.



Biosurfactant Solvent-Extraction Process and Characterization

The biosurfactants were recovered from the culture medium; solubilized extracellular biosurfactant is present in the supernatant and cell-bound biosurfactant is present in the suspended cell fraction. Initially, the culture medium was centrifuged at 8000 rpm for 10 min to separate cell pellets from the supernatant. The cell pellets were washed with 0.85% NaCl, while the supernatant was extracted with 10% (v/v) hexane to remove residual oil. The cell-bound biosurfactant was recovered by resuspending the cell pellets in methanol with shaking for 1 h. Although, most researchers use PBS to obtain cell-bound biosurfactants from cell pellets (Bustos et al., 2018), our preliminary results showed that almost all the biosurfactant in the cell pellet fraction could be extracted with methanol, while PBS (at pH 7.0 and 8.0) and chloroform gave lower yields (Supplementary Figure 3). The hydrophilicity of Weissella cibaria PN3 cell-bound biosurfactant was probably different from that of other LAB biosurfactants.

The cell-bound biosurfactant in methanol was extracted by an acid precipitation and solvent extraction method similar to the extraction method for extracellular biosurfactant in the supernatant. Briefly, the pH of the sample was adjusted to 2.0 with 6 M HCl to reduce the biosurfactant solubility before adding an equal volume of a chloroform and methanol mixture (2:1 v/v), and the solution was incubated in a rotary shaker at 200 rpm for 1 h (Khondee et al., 2015). The organic solvent was separated and evaporated by rotary evaporation. The viscous yellowish product was dissolved in methanol and filtered. The amount of crude biosurfactant was measured by weighing, while the crude biosurfactant yield was calculated as g/L based on the volume of the production medium. In this study, biosurfactant was not extracted from immobilized cells because residual oil and other bacterial metabolites accumulated on the carriers could be co-extracted with the biosurfactant, resulting in a product with high impurities.

Prior to characterization, the extracted biosurfactants were separated from impurities such as proteins and fatty acids following micelle-destabilization and ultrafiltration methods modified from Witek-Krowiak et al. (2011). Crude extracts of extracellular and cell-bound biosurfactants were dissolved in methanol to break up the micelles and diluted to 1.0 and 2.0 g/L, respectively. Concentrations lower than their critical micelle concentrations (CMCs) (Table 1) were selected to prevent the aggregation of biosurfactant molecules. Methanol solution containing biosurfactant monomers was filtered through a 5 kDa MWCO ultrafiltration membrane (Hydrosart Vivaflow200, Sartorius, United Kingdom). The biosurfactant monomers passed through the membrane into the permeate, while impurities were retained in the retentate. Methanol was removed from the permeate by evaporation at 40°C. After purification, biosurfactant weight decreased by 10–20%, while purified extracellular and cell-bound biosurfactant concentrations in PBS (pH 8.0) decreased to 0.8 and 1.9 g/L, respectively. The chemical composition of the purified biosurfactants were analyzed by the colorimetric method following Khondee et al. (2015). Total lipids, proteins and sugars were determined by sulfo-phospho-vanillin, Bradford assay and phenol-sulfuric acid, respectively. The functional groups of the purified biosurfactants were analyzed by Fourier transform infrared (FTIR) spectroscopy in ATR mode (Spectrum, GX, Perkin Elmer) at wavenumbers ranging from 4000 to 400 cm–1 and a resolution of 0.3 cm–1.


TABLE 1. Comparison of the yield and characteristics of biosurfactants from Weissella cibaria PN3 with those from other LAB strains in a single production cycle.
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Biosurfactant Property

As crude biosurfactants are more practical for commercial applications than expensive purified biosurfactants, biosurfactant properties of the crude biosurfactants were determined. Surface tension (ST) of the biosurfactants was measured using a digital tensiometer (Kruss, K10ST, Germany) at 25°C using the plate method. Critical micelle concentration (CMC) was determined from a plot of surface tension versus biosurfactant concentrations (Supplementary Figure 5 and Supplementary Table 1). Other surface activities were determined with various oil samples, including Bongkot light crude oil (BKC), Arab light/Arab extra light blend (ARL/AXL blend), gasoline, diesel, hydrocarbons, essential oils and vegetable oils. The crude oils were obtained from Thai Oil PCL, while other oil samples were purchased from local distributors. The biosurfactant samples were prepared by dissolving crude extract in PBS (pH 8.0) to yield a concentration that is four times the respective CMC (4xCMC). Concentrated biosurfactant solutions were used to ensure that the tested system contains sufficient biosurfactant molecules. To prepare mixed biosurfactants, 4xCMC extracellular and cell-bound biosurfactant solutions were mixed at a ratio of 1:1 (v/v). Sodium dihexyl sulfosuccinate (SDHS), a chemical surfactant, was used as control at a concentration of 0.4 g/L (4xCMC). All tests were conducted in triplicates.

The oil displacement activity was determined following Khondee et al. (2015). Briefly, 10 μL of biosurfactant was dropped onto the surface of the oil layer, which was formed by adding 20 μL of oil sample to 20 mL of distilled water in an 80-mm diameter petri dish. The study investigated the oil displacement activity in distilled water to find the potential application of biosurfactants in freshwater and wastewater. The diameter of the clear zone on the oil surface was measured to calculate the oil displacement efficiency using the following equation:

[image: image]

For emulsion formations, 2 mL each of biosurfactant and oil samples were added into 15 mL glass tubes, which were covered with caps. The glass tubes were shaken with vortexing for 1 min and left without disturbance for 24 h. The percentages of emulsion volume (EV) were calculated by the following equation:

[image: image]

The antimicrobial activities of biosurfactants were determined by measuring the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) on 96-well plates following a modified broth microdilution assay from Elshikh et al. (2016) at the Microbial Technology Service Centre, Department of Microbiology, Chulalongkorn University. The tested microorganisms were Staphylococcus aureus, Escherichia coli, Candida albicans and Aspergillus niger, which represented gram (+) bacteria, gram (−) bacteria, yeast and fungi, respectively.



RESULTS


Initial Production of Biosurfactant by Immobilized Bacteria

In each biosurfactant production cycle, the immobilized Weissella cibaria PN3 cells gradually produced biosurfactants as seen from the changes in the medium color from light yellow to milky white (Supplementary Figures 2B,C). The immobilized cells simultaneously produced an average of 1.25 and 1.44 g/L crude extracellular and cell-bound biosurfactants, respectively (Figure 1A). After biosurfactant production, the color of the porous carrier changed from white to yellow (Supplementary Figure 1). The pH values of the culture medium were reduced from 7 to an average of 6.5 after biosurfactant production, which was probably due to the production of acidic metabolites such as lactic acid (Fusco et al., 2015). During biosurfactant production, bacterial cells were grown from the immobilizing carriers, as the number of suspended cells was 1.8 × 108 CFU/mL, while the number of immobilized cells was unchanged at 7.7 × 108 CFU/g immobilized cells. The immobilized cells could be reused in new production medium without any washing process for at least three cycles. The results indicated that the immobilized bacteria had high biosurfactant producing activity. The crude extracellular and cell-bound biosurfactant yields were not significantly different (p < 0.05) between production cycles (Figure 1A). Nonetheless, there was a decreasing trend of both biosurfactants from cycle 1 to 3. The decrease in the biosurfactant yields was not related to bacterial growth because the numbers of immobilized and suspended cells at the end of each cycle were maintained at approximately 7.3 × 108 CFU/g and 1.6 × 108 CFU/mL, respectively (Figure 1B). The characteristics of immobilizing carriers before and after biosurfactant production were therefore compared using SEM analysis. After immobilization, many cells were attached inside the pores of the carrier, and the surface of the carrier was mostly clean and smooth (Figures 2A,B). However, the immobilizing carriers had clogged pores and increased surface roughness after biosurfactant production in cycle 1. The immobilizing carriers after three production cycles had the thickest biofilm layers (Figures 2C–F), which corresponded with the decreasing trend of biosurfactant yields (Figure 1A).
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FIGURE 1. Crude biosurfactant yields (A) and bacterial cell numbers (B) after each production cycle without washing process in the 3rd production cycle. The biosurfactant yield was based on volume of production medium. The yields of extracellular/cell-bound biosurfactants were compared between production cycles. Error bars represent mean ± standard deviation (n = 3). Two-way ANOVA: Tukey’s Multiple Comparison Test was used for statically analysis. Different letters represent the significant value (P < 0.05).



[image: image]

FIGURE 2. Characteristic of immobilized cells before biosurfactant production (A,B), after the 1st production cycle (C,D) and after the 3rd production cycle (E,F). The 3000X magnified image is shown on the left while the 10000X magnified image is displayed on the right. The immobilized cells from the 1st and 2nd biosurfactant production cycles were reused without washing process.




Effect of Cell-Washing Solution on Biosurfactant Production

NaCl and PBS solutions were compared for cleaning the immobilizing carriers after being used for 1 cycle (i.e., Production cycle 1). The biosurfactant production activity of PBS-washed immobilizing carriers was the same as that of production cycle 1, while the biosurfactant yields of NaCl-washed immobilizing carriers decreased with increasing NaCl concentrations (Figure 3A). In addition, PBS-washed immobilizing carriers had higher biosurfactant yields than NaCl-washed immobilizing carriers (Figure 3A). The ranges of crude extracellular and cell-bound biosurfactant yields after the PBS cell-washing process from 2 cycles were 1.22–1.62 and 1.21–1.54 g/L, respectively (Figures 3A,B). Therefore, washing immobilized cells with PBS did not influence biosurfactant yield. The cell numbers on immobilizing carriers washed with PBS and 5% NaCl were 2.8 × 109 and 2.3 × 109 CFU/g immobilized cells, respectively, which were similar to those of the unwashed carriers (Figure 1B). On the other hand, 10 and 15% NaCl solutions decreased the cell numbers to 2.4 × 107 and 6.5 × 107 CFU/g immobilized cells, respectively (Figures 3C,D), which corresponded with the decreasing biosurfactant yields (Figures 3A,B). The PBS washing solution contained negligible bacterial cells but had biosurfactant in the range of 0.05 to 0.09 g/L, whereas 5–15% (w/v) NaCl washing solution contained 0.02–0.03 g/L biosurfactant. The concentrations of biosurfactant in all washing solutions were quite low, so they were discarded. In addition to washing the biosurfactant residues from the immobilizing carriers, PBS solutions also cleaned biofilm matrices. The SEM images of PBS-washed immobilizing carriers showed distinct bacterial cells on the surface (Figures 5A,B) with less biofilm than the unwashed carrier (Figures 2C,D). Therefore, PBS, pH 8.0, was selected as the solution in the cell washing process to remove metabolites covering the carrier in each production cycle.
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FIGURE 3. Comparison of extracellular biosurfactant yield (A) and cell-bound biosurfactant yield (B) observed with different washing solutions after the 1st production cycle. The immobilized cells were washed with either sodium chloride (NaCl) solution at 5, 10, and 15% or phosphate buffer saline (PBS) solution, pH 8.0 before reused in the 2nd production cycle. The numbers of suspended (C) and immobilized cells (D) were monitored after each production cycle. The biosurfactant yield was based on volume of production medium. The yields of extracellular/cell-bound biosurfactants were compared between production cycles. Error bars represent mean ± standard deviation (n = 3). Two-way ANOVA: Sidak’s Multiple Comparison Test was used for statically analysis. Different letters represent the significant value (P < 0.05).




Effect of Washing and Reactivation Processes on Long-Term Biosurfactant Production

When the PBS-washed immobilizing carriers were reused for several production cycles (i.e., Productions cycle 2 and 3), the crude biosurfactant yields tended to decrease compared to the new immobilized bacteria (i.e., Production cycle 1) (Figure 4). This study therefore investigated cell reactivation by adding LB medium to the washed immobilizing carriers at every three production cycles. After reactivation, the yields of crude extracellular and cell-bound biosurfactants were significantly increased (p < 0.05), and the highest yields were found in the 4th cycle at 1.82 and 2.15 g/L, respectively (Figure 4A). The numbers of immobilized and suspended cells after cell reactivation were 1.7 × 108 CFU/g and 1.3 × 108 CFU/mL, respectively, which were not significantly different (p < 0.05) from those of the previous cycles (Figure 4B). However, the SEM images of the reactivated immobilizing carriers in the 4th cycle showed more bacterial cells on the carrier surface (Figures 5E,F) than that of the washed immobilizing carriers (Figures 5C,D). Therefore, the reactivation process probably allowed the bacteria to be more active but not enough for growth. The immobilizing carriers showed only few bacterial cells on the surface after using in cycle 6th (Figures 5G,H). After the second round of reactivation, there were less bacterial cells on immobilizing carriers in cycle 7th (Figures 5I,J) than those in cycle 4th.
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FIGURE 4. Crude biosurfactant yields (A) and bacterial cell numbers (B) after each production cycle with washing and reactivation processes. The immobilized cells were washed with PBS at pH 8.0 before reused in the next cycle. Before the 4th and 7th production, the washed immobilized bacteria were reactivated with Luria-Bertani (LB) for 48 h. The biosurfactant yield was based on volume of production medium. The yields of extracellular/cell-bound biosurfactants were compared between production cycles. Error bars represent mean ± standard deviation (n = 3). Two-way ANOVA: Tukey’s Multiple Comparison Test was used for statically analysis. Different letters represent the significant value (P < 0.05).
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FIGURE 5. Characteristic of immobilized cells after washing and reactivation processes. There were washed immobilized cells from the 1st production cycle (A,B), 3rd production cycle (C,D), 4th production cycle after cell reactivation (E,F), 6th production cycle (G,H), 7th production cycle after cell activation (I,J) and 9th production cycle (K,L). The 3000X magnified image is shown on the left while the 7000X magnified image is displayed on the right.


In the 7th to 9th production cycles, the yields of crude extracellular and cell-bound biosurfactants were significantly decreased from the previous cycles (p < 0.05) to 0.85 and 0.81 g/L, respectively (Figure 4A). The results corresponded with the significantly decreased numbers of immobilized and suspended cells to 1.4 × 107 CFU/g immobilized cells and 1.2 × 107 CFU/mL, respectively (Figure 4B). The SEM images of immobilizing carriers in the 9th cycle also showed varied clean surfaces without any biofilm residues, and most bacterial cells were inside the pores and might have low access to nutrients (Figures 5K,L). Consequently, the immobilizing carriers should not be reused after nine cycles. The total yields of crude extracellular and cell-bound biosurfactants from these nine production cycles were 11.86 and 12.81 g/L, respectively. All experiments were carried out in a 1-month period, and the immobilizing carrier was applied at only 2 g immobilized cells/L accumulated production medium. The results indicated that the cell washing and reactivation processes were necessary for long-term biosurfactant production. The washing solutions cleaned the carrier surface, allowing interactions between bacterial cells, nutrients and oxygen. The reactivation of cells in LB medium should be performed when the washed immobilizing carriers are repeatedly used in several cycles or the production yield significantly decreases.



Properties of Extracellular and Cell-Bound Biosurfactants

Crude extracellular and cell-bound biosurfactants obtained from every cycle were combined before analysis (Supplementary Figure 4). In addition, a mixture of extracellular and cell-bound biosurfactants at a 1:1 ratio was examined to simulate the activity of both biosurfactants during bacterial growth. The surface activities of extracellular and cell-bound biosurfactants are shown in Table 1 and Supplementary Figure 5. The extracellular and cell-bound biosurfactants had comparable surface tensions (31 – 33 mN/m); however, their CMC values were different (1.6 and 3.2 g/L, respectively; Table 1).

The capabilities of crude biosurfactants to emulsify petroleum oils, hydrocarbons, essential oils and vegetable oils were investigated as emulsion volume (EV) %. The highest EV (>70%) was found from extracellular biosurfactants with lavender, followed by gasoline, lemongrass, diesel oil, and coconut oil (Table 2). Extracellular and cell-bound biosurfactants did not form emulsions when mixed individually with palm and soybean oils, while mixture of both biosurfactants had an EV of 40% with palm and soybean oil. In the case of petroleum oils, mixed biosurfactants had slightly increased emulsifying activity compared to single biosurfactants. Consequently, there was a synergistic effect between extracellular and cell-bound biosurfactants for emulsifying certain oil types. It is thus possible to apply single or mixed biosurfactants as bioemulsifiers for various vegetable oils and essential oils used in food and cosmetic products.


TABLE 2. Oil displacement and emulsifying activities of crude extracellular, cell-bound, mixed biosurfactants (4xCMC), and synthetic surfactant (SDHS) on various oils.

[image: Table 2]The emulsifying activities of all biosurfactant samples were comparable to that of the model synthetic surfactant, SDHS (Table 2). Similar to the emulsifying activity, the oil displacement activity of the extracellular biosurfactants was usually higher than those of the cell-bound and mixed biosurfactants, of which >80% oil displacement activities were from octane, decane, hexadecane and soybean oil (Table 2). The mixed biosurfactants showed a competitive effect on oil displacement activity, as seen from the decreased % oil displacement when compared to a single biosurfactant. Nonetheless, the biosurfactants had comparable oil displacement activities with SDHS, of which they could displace every tested oil sample except gasoline, diesel, hexane, orange oil and coconut oil, which were similar to SDHS. All biosurfactants had moderate oil displacement activity ranges of 23 – 68% with both BKC and ARL/AXL blend crude oil, and they should be formulated with other surfactants before use as oil dispersants.

The antimicrobial activity of crude biosurfactants derived from Weissella cibaria PN3 was determined by using Staphylococcus aureus, Escherichia coli, Candida albicans and Aspergillus niger (Table 3). The results showed that both biosurfactants showed antimicrobial activity toward some bacteria and yeast but not filamentous fungi. The extracellular biosurfactant had slightly lower antimicrobial activity than the cell-bound biosurfactant. The lowest concentration of cell-bound biosurfactant for killing S. aureus and C. albicans was 4.5x CMC (14.4 g/L), whereas extracellular biosurfactant had an MBC of 6.7x CMC (10.7 g/L) for S. aureus and C. albicans and 10x CMC (16.0 g/L) for E. coli.


TABLE 3. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of crude extracellular and cell-bound biosurfactants on various microorganisms.

[image: Table 3]


Characterization of Extracellular and Cell-Bound Biosurfactants

Both the extracellular and cell-bound biosurfactants were multicomponent molecules constituted by different concentrations of lipids, sugars and proteins. The lipid:sugar:protein ratios of purified extracellular and cell-bound biosurfactants were 48:31:10 and 50:39:2, respectively (Table 1). The FTIR spectra of purified extracellular and cell-bound biosurfactants revealed the composition of the polysaccharide and lipid fractions (Figure 6). The predominant adsorption bands in the FTIR spectrum of extracellular biosurfactant were observed at 2924 cm–1, 2854 cm–1 (CH stretching of CH2 CH3), 1722 cm–1 (C = O stretching of carboxyl group), 1462 cm–1 (C = H stretching), 1268 cm–1 (C-O stretching) and 730 cm–1 (C-H stretching), while the main adsorption bands of cell-bound biosurfactant were found at 3294 cm–1 (OH group), 1632 cm–1 (C = O stretching of carboxyl group) and 730 cm–1 (C-H stretching). The functional group and fingerprint regions from different LAB strains were compared (Sharma and Saharan, 2014; Antoniou et al., 2015; Sharma et al., 2015), and the results revealed that the extracellular and cell-bound biosurfactants were glycolipid biosurfactants with lipid hydrophobic chains and sugar hydrophilic parts. However, these biosurfactants are different glycolipid congeners. The FTIR spectra of crude biosurfactants (Supplementary Figure 6) confirm that ultrafiltration increases the purity of both extracellular and cell-bound biosurfactants.
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FIGURE 6. FTIR spectra of purified extracellular (A) and cell-bound biosurfactants (B) from Weissella cibaria PN3.




DISCUSSION

This is the first experiment to use an immobilization technique to maintain the biosurfactant producing activity of an LAB strain. Immobilized Weissella cibaria PN3 cells simultaneously produced extracellular and cell-bound biosurfactants at an almost 1:1 ratio, and their crude biosurfactant yields were in the range of 1.25 – 2.15 g/L when soybean oil was used as a substrate. The purification of crude biosurfactants was carried out by ultrafiltration and the maximum yields of purified extracellular and cell-bound biosurfactants were 1.46 and 1.99 g/L, respectively (Table 1). In a single production cycle, the purified biosurfactant yields were comparable to those of other efficient LAB strains, such as L. pentosus CECT-4023 (Rodrigues et al., 2006) and L. delbrueckii N2 (Mouafo et al., 2018); however, total biosurfactant yields from W. cibaria PN3 (3.45 g/L) were the highest (Table 1). These results highlight the benefits of using LABs for simultaneous production of two biosurfactant types.

The immobilizing carriers were reused in new biosurfactant production cycles to reduce the cost of new inoculum preparation. However, the biosurfactant yields tended to decrease after three production cycles, which was probably due to changes in cell activity as well as biofilm formation on the carrier surface. This situation limited the interactions between media, oxygen and immobilized cells and led to the inhibition of biosurfactant production. To clean the immobilizing carriers, PBS, pH 8.0, was found to successfully remove biosurfactant residues and biofilm but not the attached cells. Residual soybean oil could be removed from the carrier surface by the reaction between alkali compounds in PBS and organic components in soybean oil to produce soap (Kurnia et al., 2020). However, cell toxicity was observed at high NaCl concentrations probably due to the detergency effect of NaCl-biosurfactant complexes (Nguyen and Sabatini, 2011) and/or the osmotic and specific ion effects of NaCl (Yan et al., 2015).

To further maintain biosurfactant producing activity, cell reactivation by adding fresh LB medium to the washed immobilizing carriers was investigated. The immobilized cells produced higher yields of extracellular and cell-bound biosurfactants in the following cycle. However, the bacterial numbers remained the same, which suggested that the reactivation process promoted biosurfactant production by activating cells and their enzymes for the subsequent cycle. Similarly, Suttinun et al. (2010) reported that the inoculation of Rhodococcus sp. L4-immobilized cumin seeds in fresh MS medium for 12–24 h after TCE degradation could reactivate the immobilized cells, which produced new enzymes involved in TCE degradation. Although, the yield of biosurfactants between washed and unwashed carriers was not significantly different. The results suggested that cell washing process provided available spaces for nutrient transfer to the cells during reactivation process. This study showed that immobilized cells could be reused for long-term biosurfactant production, which could reduce the cost and operation time for new inoculum preparation and biosurfactant production. Nonetheless, immobilized Weissella cibaria PN3 cells should not be used for more than nine production cycles due to the decreasing biosurfactant yields and cell numbers. Similarly, Christovaa et al. (2013) found that polyethylene oxide (PEO)-immobilized Pseudomonas aeruginosa strain BN10 produced a rhamnolipid yield of 4.6 g/L per cycle until the 6th production cycle, and the yields decreased afterward. To improve the biosurfactant production process, it is possible to inoculate fresh bacterial cells during the reactivation step, which could increase the numbers of immobilized cells on the carrier.

In the 1-month period, nine biosurfactant production cycles could be carried out with an overall crude biosurfactant yield of 24.67 g/L (mixture of extracellular and cell-bound biosurfactants). The overall biosurfactant yields observed in this study are considerably higher than those in other repeated biosurfactant production studies using free cells. For example, Joy et al. (2019) reported a maximum overall rhamnolipid production of 19.35 g/L from Achromobacter sp. PS1 after five cycles of sequential fill and draw approach during 18-day period, and Bustos et al. (2018) showed that Lactobacillus pentosus biomass produced had an overall biosurfactant production of only 2.7 g/L after three cycles during a 45-h period. It is possible to apply immobilized Weissella cibaria PN3 cells in a scale-up system for long-term biosurfactant production. Moreover, biosurfactant production using complex agro-industrial wastes instead of high-cost medium components via solid state fermentation or submerged fermentation (Mnif and Ghribi, 2016) can further reduce biosurfactant production cost.

The extracellular and cell-bound biosurfactants were able to reduce surface tension comparable to other LAB biosurfactants and had similar CMC values (Table 1). For example, Sharma et al. (2014) showed that L. helveticus MRTL 91 reduced surface tension to 39.5 mN/m with a CMC of 2.5 g/L, while Ferreira et al. (2017) reported that extracellular biosurfactant from L. paracasei reduced surface tension to 25 mN/m with a CMC of 1.35 g/L. Cell-bound biosurfactant of L. agilis CCUG31450 reduced surface tension to 42.5 mN/m with a CMC of 7.5 g/L (Gudina et al., 2015), and lipoprotein derived from Pediococcus dextrinicus reduced surface tension to 39.0 mN/m (Ghasemi et al., 2019). Thus, these biosurfactants had good surface activity.

The extracellular and cell-bound biosurfactants had high emulsification activities with lavender and lemongrass oils. The results suggested that the biosurfactants were relatively hydrophilic because they interacted better with small molecular weight oils with hydrophilic structures. For petroleum oils, biosurfactants produced better emulsions with gasoline and diesel oil than BKC and ARL/AXL blend crude oil. This is because engine oils contain detergents, dispersants, friction modifiers, viscosity modifiers, anti-freeze agents, antioxidants, and others (Glos et al., 2014), which promote emulsification. Similarly, biosurfactant from L. paracasei performed 70 and 62.5% of EV with almond and essential oils, respectively (Ferreira et al., 2017), while L. pentosus biosurfactant gave 100% of EV with rosemary oil (Rodriguez-Lopez et al., 2018). Satpute et al. (2019) reported that L. acidophilus biosurfactant gave the highest EV value of 65% with n-decane followed by xylene (46%) and other hydrocarbons. Interestingly, the mixture of extracellular and cell-bound biosurfactants could emulsify palm, soybean and BKC crude oil, whereas a single biosurfactant did not. The results indicated that a synergistic effect occurred between these biosurfactants. Similarly, mixed rhamnolipid showed different emulsifying activities with liquid paraffin, kerosene and n-hexane when compared to mono-RLs and di-RLs (Zhou et al., 2019). The synergistic effect of mixed surfactants has been found to reduce surface tension and mixed micelle formation (Kumari et al., 2018).

The oil displacement efficiency of extracellular and cell-bound biosurfactants for BKC and ARL/AXL blend crude oils in this study was lower than that in the study of Khondee et al. (2015), who reported that lipopeptides from Bacillus sp. GY19 showed 100% oil displacement efficiency with diesel oil, followed by 76–84% of ARL/AXL blend crude oil. In addition, Rongsayamanont et al. (2017) reported that mixing lipopeptides with SDHS increased the efficiency of lipopeptides and showed 100% oil displacement efficiency with BKC and >90% oil displacement efficiency with an ARL/AXL blend. The low oil displacement efficiency of biosurfactants from Weissella cibaria PN3 could be due to the lower hydrophobicity than lipopeptides. To improve the oil displacement activity, the biosurfactants should be mixed with another hydrophobic biosurfactant to achieve a hydrophilic-lipophilic balance. In contrast to the emulsifying activity, the mixed biosurfactants did not show synergistic effects with oil displacement activity. This is because the mechanisms of oil displacement and emulsion formation are different. Oil displacement occurs when the interfacial tension between the water and oil phases is sufficiently reduced and overcomes the capillary force, which is related to interfacial tension between the aqueous and oil phases and not emulsion formation (De Almeida et al., 2016).

Biosurfactants from Weissella cibaria PN3 at concentrations ranging from 10 to 16 mg/mL showed antimicrobial activity toward some bacteria and yeast but not filamentous fungi. The antimicrobial activities of these biosurfactants were comparable to those of other LAB strains, especially their cell-bound biosurfactants. For example, L. plantarum CFR 2194 cell-bound biosurfactant at 25 mg/mL inhibited the growth of Staphylococcus aureus F772 (Madhu and Prapulla, 2014); L. pentosus cell-bound biosurfactant at 50 mg/mL had significant antimicrobial activity against Pseudomonas aeruginosa, Streptococcus agalactiae, Staphylococcus aureus, Escherichia coli, Streptococcus pyogenes, and Candida albicans (Vecino et al., 2018); and cell-bound biosurfactants of Pediococcus acidilactici and L. plantarum showed antimicrobial activity against S. aureus CMCC 26003 at >100 mg/mL (Yan et al., 2019). In this study, the cell-bound biosurfactant had higher antimicrobial activity than the extracellular biosurfactant. Biosurfactants from LAB strains also show antiadhesive and antibiofilm properties (Madhu and Prapulla, 2014; Gudina et al., 2015; Hajfarajollah et al., 2018; Yan et al., 2019); thus, it is interesting to explore these biosurfactants further.

Only a few studies have investigated the characteristics of biosurfactants from LAB. Biosurfactants from various LAB were found to be glycolipids (Sharma et al., 2014), glycoproteins (Madhu and Prapulla, 2014; Gudina et al., 2015), and lipoproteins (Ghasemi et al., 2019). The different biosurfactant characteristics depend on the variability of biosurfactant metabolism by the bacterial strain and carbon source used (Mouafo et al., 2018). Based on chemical composition, the biosurfactants from Weissella cibaria PN3 using soybean oil as substrate were glycolipids, and the different FTIR chromatograms indicated that the extracellular and cell-bound glycolipid congeners were different. The hydrophilic heads of the extracellular and cell-bound biosurfactants should be further investigated via nuclear magnetic resonance (NMR) spectroscopy to confirm biosurfactant types.



CONCLUSION

Immobilized Weissella cibaria PN3 cells could be reused for up to nine cycles of glycolipid biosurfactant production. This biosurfactant production process is relatively cheap given that two types of biosurfactants were produced simultaneously and no new bacterial inoculum was required. The extracellular and cell-bound biosurfactants showed different surface activities, oil displacement, emulsifying activities and antimicrobial activities. Thus, they might be applied separately or as a mixture in various products, such as cleaning agents, food-grade emulsions and cosmetics. The optimization of production medium and utilization of agricultural wastes as substrate should be explored to further reduce production cost. Further, this biosurfactant production process using immobilized cells could be applied to other LAB strains.
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There is a growing acceptance worldwide for the application of dispersants as a marine oil spill response strategy. The development of more effective dispersants with less toxicity and higher biodegradability would be a step forward in improving public acceptance and regulatory approvals for their use. By applying advances in environmental biotechnology, a bio-dispersant agent with a lipopeptide biosurfactant produced by Bacillus subtilis N3-1P as the key component was formulated in this study. The economic feasibility of producing biosurfactant (a high-added-value bioproduct) from fish waste-based peptone as a nutrient substrate was evaluated. Protein hydrolyzate was prepared from cod liver and head wastes obtained from fish processing facilities. Hydrolysis conditions (i.e., time, temperature, pH and enzyme to substrate level) for preparing protein hydrolyzates were optimized by response surface methodology using a factorial design. The critical micelle dilution (CMD) value for biosurfactant produced from the fish liver and head waste generated peptones was 54.72 and 47.59 CMD, respectively. Biosurfactant product generated by fish liver peptone had a low critical micelle concentration of 0.18 g L–1 and could reduce the surface tension of distilled water to 27.9 mN/m. Structure characterization proved that the generated biosurfactant product belongs to the lipopeptide class. An alternative to the key surfactant dioctyl sulfosuccinate sodium (DOSS) used in Corexit 9500 has been proposed based on a binary mixture of lipopeptides and DOSS that exhibited synergistic effects. Using the standard baffled flask test, a high dispersion efficiency of 76.8% for Alaska North Slope oil was achieved at a biodispersant composition of 80/20 (v/v) of lipopeptides/DOSS. The results show that fish waste can be utilized to produce a more effective, environmentally acceptable and cost-efficient biodispersant that can be applied to oil spills in the marine environment.

Keywords: lipopeptide biosurfactant, bio-dispersant, biotechnology, oil spill response, waste management


INTRODUCTION

Dispersants have been widely used as a response option to combat oil spills in the marine environment. They are believed to be the most effective way to accelerate the biodegradation of oil at sea (Rongsayamanont et al., 2017). The chemical surfactant in a dispersant facilitates the breakup of oil slicks into small oil droplets, which then are rapidly diluted within the water column to low concentrations (below toxicity threshold limits) that can be readily biodegraded. Dispersant application could prevent shoreline contamination from large oil slicks. This option is appealing when other response options are unavailable due to weather conditions or hard to access locations (e.g., ice covered regions, deep water environments) (Lewis and Prince, 2018).

Following the Deepwater Horizon oil spill incident, over 2.1 million gallons of the chemical dispersant Corexit 9500 was applied at the surface from ships and aircraft, and at the point source of the release by sub-surface injection (Kujawinski et al., 2011). Dioctyl sodium sulfosuccinate (DOSS), one of the key surfactants used in Corexit 9500, was extensively used as a “biomarker” for tracking the transportation and fate of Corexit 9500 owing to its conservative properties and slow biodegradation rate (Dasgupta et al., 2018). This environmental persistence, and knowledge that dispersants increased the bioavailability of the residual oil raised public concerns over the potential environmental impacts associated with dispersant use (Frometa et al., 2017). Strict governmental legislations and growing ecological awareness are thus calling for the development of dispersants of low toxicity and high efficiency. To address this issue, biosurfactant based dispersant formulations have been proposed as a promising alternative to chemical surfactant based products with limited studies in the field (Freitas et al., 2016; Shah et al., 2019).

Biosurfactants are natural surface-active molecules produced by microorganisms during their growth (Zhu et al., 2019). Like the chemical equivalents, they can reduce surface and interfacial tensions, but with lower toxicity and higher biodegradability (Hsu and Nacu, 2003). They also have other desirable features, such as high specificity and strong effectiveness at extreme temperature, salinity and pH conditions (Pacwa-Plociniczak et al., 2011). Lipopeptides, originally identified as secondary metabolites produced by Bacillus subtilis, are one group of the most effective biosurfactants reported to date (Chen et al., 2017). An ecotoxicological risk assessment confirmed that lipopeptides have lower toxicity compared to synthetic surfactants, such as sodium dodecyl sulfate (SDS), alcohol ethoxysulphates (AES) and Triton X-100, on various organisms (Santos et al., 2018). Nevertheless, only a few lipopeptides are commercialized due to their high production costs. Around 10–30% of the total biosurfactant production cost arises from the raw material, and up to 60% of the cost was due to the purification process (Mukherjee et al., 2006). To decrease the cost and facilitate biosurfactant based biotechnology development, efforts have thus been devoted to the identification of suitable organic waste materials that can be used for their production.

The seafood industry is of key importance to Canada. Up to 30–80% of the fish body weight is discarded as solid wastes by industrial fish processing operations, posing significant environmental and health problems (Deepika and Manuel, 2014). On the other hand, enzymatic hydrolysis of fish waste can generate peptones that are rich in nutrient and hydrocarbon content (Kristinsson and Rasco, 2000). These peptones are ideal for use as nutrient additives for microbial growth (Vázquez et al., 2008; Safari et al., 2012). Attempts to explore the use of fish peptones as nutrient additives for microbial growth have been reported (Vázquez et al., 2008; Safari et al., 2012). Biosurfactant production with fish waste peptones exhibits great potential in production cost reduction yet limited exploited.

The hydrolysis processes (e.g., the degree of hydrolysis and the composition of peptones) are affected by the composition of the waste material, temperature, hydrolysis time, and the enzyme dose (Bhaskar et al., 2008). Response surface design (RSM) is an experimental based statistical approach to explore the relationships between several factors and assess their effects on one or several desired outputs. RSM has proved to be successful in process optimization (Bhaskar et al., 2008; Gebreluel et al., 2019). The identification and optimization of the waste hydrolysis conditions are important to a cost-competitive biosurfactant production process. Therefore, an in-depth investigation of the optimization of enzymatic hydrolysis with RSM is desired.

In this study, central composite design (CCD), an RSM based methodology was employed to evaluate the multifactor interactions during hydrolysis of fish waste and obtain desired hydrolysis conditions. The generated fish peptones were used as unconventional substrates for biosurfactant production using several Bacillus subtilis strains. The biosurfactant production was evaluated using critical micelle dilution (CMD) and surface tension (ST). The critical micelle concentration (CMC), emulsification activity and stability of the selected biosurfactant product were determined. The biosurfactant product was further characterized using Fourier Transform Infrared (FTIR) spectroscopy and matrix-assisted laser desorption/ionization-time of flight- mass spectrometry (MALDI-TOF-MS). Finally, the generated lipopeptide biosurfactant was used to form a dispersant in a mixture with DOSS and its performance on dispersing Alaska North Slope (ANS) crude oil was evaluated.



MATERIALS AND METHODS


Materials

Samples of cod liver and head wastes were from fish processing plants in Newfoundland and Labrador, Canada. Each sample was minced twice using a food processor at medium speed for 120 s. Fresh cod liver and cod head samples were taken for proximate composition analysis prior to immediate storage at −20°C for subsequent experimentation. The proximate composition of fish peptone was determined as follows: the ash content was determined by AOAC 942.05 (AOAC, 2005) and the crude protein was measured by AOAC 2001.11 (AOAC, 2005), with results illustrated in Supplementary Table S1.

Alcalase® 2.4L (endoproteinase from Bacillus licheniformis) (Sigma-Aldrich, Canada) was selected as the hydrolysis enzyme. DOSS (C20H37NaO7S), an anionic surfactant due to the charged oxygen atom at the head of the surfactant (Steffy et al., 2011), used as the co-surfactant for dispersant formation was purchased from Sigma-Aldrich. The molecular weight of DOSS is 444.56 g/mol. ANS crude blends from ExxonMobil was used for evaluation of dispersant effectiveness.



Optimization of Enzymatic Hydrolysis

To generate fish peptone for biosurfactant production, enzyme hydrolysis was performed. The hydrolysis conditions were optimized by employing the RSM with CCD. Four independent variables [i.e., temperature (A, °C), hydrolysis time (B, h), enzyme doze (C, %v/w) and different fish wastes (D)] were examined. The final response was defined as the degree of hydrolysis (DH). All the experimental runs were separated into three blocks to waive the effects of testing facility. The parameters, levels and sequences of experimental treatments are summarized in Table 1.


TABLE 1. Central composite design of fish waste hydrolysis.

[image: Table 1]The experimental procedures for enzymatic hydrolysis are illustrated in Figure 1. For each experimental run, 50 g of waste sample was added into a 125 mL Erlenmeyer flask and mixed with equal volumes (50 mL) of distilled water (1:1 w/v). The flask was then heated in a water bath at 90°C for 10 min to deactivate any endogenous enzymes in the fish wastes. Then, Alcalase was added to the flask with designed enzyme dose. The enzyme hydrolysis of this experimental run was performed at the given hydrolysis temperature and time (Table 1). When this run was terminated, the Alcalase in the flask was desaturated by heating at 95°C in a water bath for 10 min. The mixture in the flask was then centrifuged at 6,000 rpm for 20 min. The supernatant was collected for the DH measurement.
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FIGURE 1. Flow chart of the enzyme hydrolysis process.


The DH was estimated using the trichloroacetic acid (TCA) method (Hoyle and Merritt, 1994). Generally, a 50 mL hydrolyzate sample was mixed with 50 mL 20% TCA to generate a 10% TCA solution. This solution was centrifuged at 10,000 rpm to separate the TCA-soluble and TCA-insoluble hydrolyzates. The supernatants with 10% TCA soluble hydrolyzates were analyzed for nitrogen by the macro-Kjeldahl method (AOAC, 2005). The DH was calculated as:
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Based on the results of system optimization, the desired set of hydrolysis condition was adopted to produce fish liver (FL) and fish head (FH) peptones. The total carbon content, total organic carbon content and total nitrogen content were determined by Shimadzu Total Organic Carbon/Total Nitrogen analyzer (Model: TOC-VCPH).



Biosurfactant Producing Microorganisms

Two types of fish peptones generated in section “Optimization of Enzymatic Hydrolysis” were evaluated as a nutrient substrate for biosurfactant production. The biosurfactant producers used in this study were screened from oil-contaminated seawater samples in the Atlantic Ocean by the Northern Region Persistent Organic Pollution Control (NRPOP) laboratory (Cai et al., 2014). Among the screened Bacillus strains, Bacillus subtilis N3-1P, N3-4P, and N2-6P were identified as promising and economic lipopeptide producers (Cai et al., 2014). The commercialized lipopeptide production strain Bacillus subtilis 21332 was also selected in this research for performance comparison.

The preparation of the seed culture followed the method described by Zhu et al. (2016). The inoculation broth was prepared by autoclaving (121°C for 20 min) a mixture comprised of 8.0 g of BD DifcoTM Nutrient Broth 23400 (Fisher Scientific Company, Ottawa, Canada) and 3.5 g of NaCl in 1 L of distilled water. For each inoculum, a loopful of the selected Bacillus subtilis strain colony was transferred into a 125 mL Erlenmeyer flask containing 50 ml inoculum broth. The flask was incubated in a rotatory shaker at 200 rpm under 30°C. After 24 h, the Bacillus strain in this flask was used as inoculum at the 2% (v/v) level.



Biosurfactant Production Using Fish Peptones


Biosurfactant Production

To evaluate the feasibility of fish waste based peptones as a biosurfactant production medium, we tested three different fermentation scenarios: (1) fish waste based peptone as a carbon source; (2) fish waste based peptone as a nitrogen source, and (3) fish waste based peptone as a comprehensive substrate. The conventional biosurfactant production medium for selected Bacillus strains was collected from the previous study (Zhu et al., 2016). This medium was comprised of carbon and nitrogen sources, the supplemented mineral salts, and trace elements. Glycerol (10 g L–1) and NH4SO4 (10 g L–1) were used as the carbon and nitrogen sources, respectively. The composition of the supplemented mineral salts was (g L–1): NaCl (15); FeSO4⋅7H2O (2.8 × 10–4); KH2PO4 (3.4); K2HPO4⋅3H2O (4.4) and MgSO4⋅7H2O (1.02). The composition of the trace element solution was as follows (g L–1): ZnSO4 (0.29); CaCl2 (0.24); CuSO4 (0.25); and MnSO4 (0.17). The trace element solution was sterilized separately and then applied at 0.5 ml L–1 of distilled water.


Carbon substitution medium

Each of the fish peptones (i.e., FH and FL peptones) was evaluated as the carbon source for biosurfactant production. Glycerol (10 g L–1) used as the carbon source in the conventional medium was replaced by the FH or FL peptones, at a concentration of 10 g L–1. The composition of the supplemented mineral salts and trace elements remains the same as the conventional biosurfactant production medium.



Nitrogen substitution medium

Each of the fish peptones (i.e., FH and FL peptones) was evaluated as the nitrogen source for biosurfactant production. NH4SO4 (10 g L–1) used as the nitrogen source in the conventional medium was replaced by the FH or FL peptones, at a concentration of 10 g L–1. The composition of the supplemented mineral salts and trace elements remains the same as the conventional biosurfactant production medium.



Alternative comprehensive medium

Each of the fish peptones (i.e., FH and FL peptones) was evaluated as a comprehensive biosurfactant production medium for further cost reduction. Bacillus strains (i.e., Bacillus subtilis N3-1P and Bacillus subtilis 21332) that can use fish peptones as carbon and nitrogen sources were selected in this study. This comprehensive medium contains one fish peptone and key supplement minerals. Each of FH and FL peptones was added into distilled water at a series of concentrations (g L–1): 10, 20, 30, 40, and 60. Key supplement minerals were added as follows (g L–1): FeSO4⋅7H2O (2.8 × 10–4) and MnSO4 (0.17).



Biosurfactant production

Three types of fish waste based mediums were prepared separately for biosurfactant production. The conventional biosurfactant production medium was used as a control. Fifteen milliliters of each culture medium was added into a 50 mL Erlenmeyer flask. Each selected Bacillus strain inoculum was inoculated into the flask at a ratio of 2% (v/v) and incubated in a shaking incubator (200 rpm) at 30°C for 7 days. After incubation, the culture broth was centrifuged at 6,000 g for 15 min. The cell-free broth was then collected. Biosurfactant production was evaluated with ST, emulsification index (EI24) and CMD values. All experimental runs were performed in triplicate.



Production Evaluation


Surface tension

Surface tension was measured by the ring method using a Du Nouy Tensiometer (CSC Scientific). Fifteen-milliliter liquid was subjected to the determination of ST in a petri dish. To ensure the reliability of tested results, the average of three independent measurements was taken.



Critical micelle dilution

Critical micelle dilution indicates the concentration of biosurfactants in the medium. It corresponds to the dilution of this medium required to reach its CMC (Shavandi et al., 2011). CMD was determined following the method described by Cai et al. (2017). In general, each cell-free culture broth was diluted with distilled water at different ratios and subjected to ST measurement. The dilution process stopped when the ST exceeded 40 mN/m, and the dilution ratio was recorded as the CMD for this culture broth. All the measurements were performed in triplicate.



EI24

The EI24 of a culture broth was determined by the addition of 2 mL culture aliquot to 2 mL hexadecane and vortexed for 2 min to create an optimum emulsion. Each test was performed in triplicate.

[image: image]

By repeating the reading after 24 h, an indication of the stability of the emulsions is obtained. EI24 = 0% indicates no emulsification and El24 = l00% means 100% emulsification.



Characterization of Generated Biosurfactants

To reduce the biosurfactant production cost, the Bacillus strain generated in the laboratory that can grow in a comprehensive medium with the highest CMD value was selected for product characterization. Bacillus subtilis N3-1P led to the highest biosurfactant production (in terms of CMD) in FH and FL based comprehensive medium and thus was selected for further biosurfactant production and characterization. Two biosurfactant products were purified with organic solvents and then subjected to the characterization of physical-chemical properties, including their STs, CMC values and stabilities. The chemical structures of two biosurfactant products were determined by FTIR and MODI-TOF-MS.


Biosurfactant Purification and CMC Determination

Bacillus subtilis N3-1P was inoculated separately into 30 g L–1 FL based comprehensive medium and 30 g L–1 FH based comprehensive medium following the method described in section “Biosurfactant Production.” After incubation, each culture broth was centrifuged at 12,000 × g for 10 min. The cell-free supernatant was then adjusted to pH 2.0 with HCl and stored overnight at 4°C. The sediment was then harvested by centrifuging at 12,000 × g for 10 min. The acidified biosurfactant pellet was dissolved again into 100 mL distilled water. Sodium hydroxide was added to adjust the pH value to 7. The biosurfactant product was recovered with organic solvent extraction. An equal volume of chloroform-methanol solution (2:1 v/v) was used to extract the target biosurfactant products. The bottom layer with the target biosurfactant product was collected, and the organic solvent was removed by rotary evaporation.

CMC is defined as the surfactant concentration necessary to initiate micelle formation. The CMCs of two biosurfactant products were determined. To achieve the CMC value of one biosurfactant product, the ST was plotted as a function of biosurfactant concentration. In this plot, two straight lines were then extrapolated from the concentration-dependent and concentration-independent sections and intersected (Supplementary Figure S1). A tangent to this plot was constructed from this intersection point A. The intersection point B of the tangent and the plot was the CMC value of this biosurfactant product (Sheppard and Mulligan, 1987; de Oliveira et al., 2013). The lowest ST of each biosurfactant product was recorded to reflect the surface tension reduction ability.



Stability Analysis

The stability of two generated biosurfactant products was evaluated as changes in the surface activities in response to environmental factors (i.e., salinity, pH, and temperature). For each biosurfactant product, a stock solution was prepared at a biosurfactant concentration of 1 CMC. To investigate the stability of biosurfactant at various salinities, NaCl was added into the stock solution to achieve the desired salinity (i.e., 1, 2, 3, and 4%). The pH effect was determined by adjusting the pH value (2, 4, 6, 8, 10, and 12) of the stock solution using 1 N NaOH or 1 N HCl. The heat stability of this biosurfactant product was evaluated by incubated each stock solution at the desired temperature (i.e., 0, 25, 50, 75, and 100°C) for 120 min. Fifteen milliliters of each biosurfactant solution at a designed environmental condition were collected and subjected to ST test.



Composition Analysis

The composition of two biosurfactant products was analyzed using the thin layer chromatography (TLC) analysis. Each biosurfactant product was dissolved in 1 mL of methanol and analyzed on TLC silica gel plates (Sigma Aldrich). The developing solvent used for the chromatography was chloroform: methanol: acetic acid (60:25:5, v/v). The spots on a TLC plate were visualized with standard spray reagent as follows:

(1) The amino acid content could be visualized as a dark purple color when sprayed with ninhydrin reagent and then heated at 105°C for 5 min.

(2) The sugar content on the plate could be spotted as a dark orange or brown color when sprayed with phenol-sulfochromic acid and heated at 105°C for 5 min.

(3) The plate was inserted into an iodine chamber for the characterization of lipid-containing spots (purple color).



Structural Analysis


FTIR Spectroscopy

A purified biosurfactant product was directly characterized by FTIR-attenuated total reflection (FTIR-ATR) spectroscopy (Bruker Tensor). The spectral measurement was performed in the transmittance mode. IR was traced over the range of 400–4000 cm–1. All data were corrected for the background spectrum.



MALDI-TOF-MS

The chemical structure of each FL or FH based biosurfactant product was examined by a SCIEX MALDI TOF/TOF System. Each purified biosurfactant product was dissolved into 10 mL distilled water and then passed through a 0.2 μm filter before the test. For mass spectrometric analysis of the isolated lipopeptide biosurfactant, a 2 μL portion of biosurfactant solution was mixed with an equal volume of matrix medium [a saturated solution of α-cyano-4-hydroxycinnamic acid in 50% aqueous acetonitrile containing 0.1% (v/v) trifluoroacetic acid]. The positive-ion detection and reflector mode were used. The acceleration and reflector voltages were 20 and 23.4 kV, respectively, in the pulsed ion extraction mode. Postsource decay mass spectra was obtained with the same sample to increase tolerance to contamination and specificity of the analysis.



Biodispersant Generation and Performance Evaluation


Lipopeptide and DOSS Based Biodispersants

The lipopeptide product was used as a substitution to chemical surfactant DOSS. The FL based lipopeptide product had a lower CMC value (0.18 g L–1) than the FH based lipopeptide and thus was selected for biodispersant preparation. The dispersant generation process was modified from the methodology developed by Shah et al. (2019). Synthetic seawater was prepared by adding 3.5 g sea salt into 100 mL distilled water. The biosurfactant stock solution (solution A) was prepared at a concentration of 20 CMC (3.6 g L–1), and the DOSS surfactant solution was directly used as stock solution B. A series of co-surfactants were prepared by mixing stock solution A and B at a ratio of 0:10; 2:8; 4:6; 6:4; 8:2; and 10:0 (v/v). Polyethylene glycol 400 (PEG 400) was selected as the solvent for biodispersant preparation given its low toxicity and a good performance in previous biodispersant synthesis studies (Zhang et al., 2018). Each emulsion was prepared by adding ANS crude oil (0.1 mL) to synthetic seawater (1 mL) and then mixed well with 0.1 mL of a co-surfactant solution. Finally, 0.2 mL PEG 400 was added as a solvent. The changes in the emulsification process over a period of time (10 and 30 min) were observed visually and recorded with images to evaluate the stability of the emulsion solution.



Interactions Between Lipopeptide and DOSS

The lipopeptide-DOSS interaction in each binary mixture system was evaluated with the system CMC values, as equation (3) indicates (Shah et al., 2019). The molar mass of lipopeptide and DOSS was 1049 g/mol (Rongsayamanont et al., 2017) and 444.56 g/mol, respectively. The CMC value for DOSS is 0.6 mM.

[image: image]

α indicates the mole fraction of lipopeptide.



Evaluation of Biodispersant Effectiveness

Each biodispersant formulated with co-surfactants and solvent was further evaluated for the dispersant effectiveness. The co-surfactants were prepared with biosurfactant stock solution A (20 CMC, 3.6 g L–1) and DOSS solution B at ratios of 0:10; 2:8; 4:6; 6:4; 8:2; and 10:0 (v/v). PEG 400 was selected as the solvent. Each co-surfactant solution was mixed with a solvent at a ratio of 3:7 (v/v) to form a biodispersant. The dispersant effectiveness was evaluated using the baffled flask test (BFT) at a dispersant to oil ratio (DOR) of 1:25 (v/v) under 4 and 25°C (Venosa et al., 2002).

For the BFT test, a volume of 120 mL artificial seawater (Instant Ocean sea salt) was added into a baffled flask. Then, 100 μL of ANS oil was dispensed onto the surface of the seawater. Four microliters of a biodispersant were added into the flask to achieve a DOR of 1:25. The flask was then shaken at 200 rpm on the orbital shaker. After 10 min, the flask was removed from the shaker and stood still for another 10 min. The first 2 mL water sample was discarded from the stopcock at the bottom of the flask. Then, 30 mL of water sample was collected and extracted with 5 mL dichloromethane (DCM) (Sigma-Aldrich, ACS reagent) in a separatory funnel. The extraction process was repeated three times and a total of 15 mL DCM was used for the extraction of dispersed oil in the water sample. The experimental run with 100 μL of ANS oil and 120 mL artificial seawater in a baffled flask was used as control. The experimental run with 120 mL artificial seawater only in the baffled flask was performed as blank. The absorbance of each extract was determined at wavelengths of 340, 370, and 400 nm, respectively, using an ultraviolet spectrophotometer. The area under the absorbance vs. wavelength curve between 340 and 400 nm was calculated by the trapezoidal rule using equation (4) (Venosa et al., 2002). The ratio of the areas of the dispersed oil and total oil added into the system is the dispersant efficiency.
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Statistical Analysis

The statistical software Design-Expert® 8.0.6 was used for experimental design, data analysis and result validation. Design at center points in each factorial block, axial points and axial (star) points were performed in duplicate (as Table 1 illustrates). Each experimental design in biosurfactant production, product characterization and BFT studies were all performed in triplicate. Means and standard errors were calculated for pooled results of each design condition. The statistical analysis were analyzed using OriginPro® 9 software package.



RESULTS AND DISCUSSION


Optimization of Fish Waste Hydrolysis

The influences of hydrolysis time (factor A), enzyme-to-substrate ratio (factor B), temperature (factor C) and waste material (i.e., head and liver) (factor D) on the enzymatic hydrolysis were determined using RSM. Among the four independent variables, the enzyme-to-substrate ratio (B) (p < 0.0001) and hydrolysis temperature (C) (p = 0.0004) had a higher impact on the hydrolysis result. The effect of hydrolysis time (A) (p = 0.0132), though less than factors B and C, was also considered to be significant (p < 0.05). The impact of waste composition on the final DH results was minor (p = 0.6450). The interactions among the different variables were also limited (p > 0.05).

The response surface graphs for DH listed in Figure 2 verified the results of the ANOVA analysis. Alcalase was employed in previous fish hydrolysis studies because of its high enzyme activity. Hydrolyzation can be achieved in a relatively short time under moderate conditions (Benhabiles et al., 2012). In this study, Alcalase was found to possess broad specificity to achieve a high DH. The DH of both waste materials had a positive response to the enzyme-to-substrate ratio. The optimized enzyme-to-substrate ratios were estimated at 2.72% for fish liver and 2.92% for fish head (Table 2). A continuous increase of enzyme dose could further improve the DH of fish waste, however, at a slower rate. The Catla (Catla catla) hydrolysis study conducted by Bhaskar and Mahendrakar (2008) drew the same conclusion. The growth of DH rate slowed down with an increase in Alcalase dose.
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FIGURE 2. Response surface graphs for degree of hydrolysis (DH) as a function of (A) time and enzyme dose; (B) temperature and time; (C) temperature and enzyme dose. Fifty grams of fish waste sample [fish head (FH) or fish liver (FL)] were hydrolyzed separately by Alcalase® 2.4 L following the experimental conditions listed in Table 1. The hydrolysis conditions were optimized by employing the RSM with Central Composite Design.



TABLE 2. Optimization of fish waste hydrolysis.

[image: Table 2]The optimized temperatures were estimated at 52.51 and 54.07°C for FL and FH peptone generation, respectively (Table 2). The DH then gradually reduced as temperature increased. It is believed that the Alcalase slowly becomes thermally denatured above 55°C. This result is in accordance with the conclusion drawn by Ovissipour et al. (2009). Though hydrolysis time had less significance than the enzyme dose and hydrolysis temperature, an increase of this factor, could also contribute to a higher DH, as observed in Figure 2. Similar to an increase of enzyme dosage, the prolonged hydrolysis time could further improve DH, though at a slower increase rate.

Following the optimized enzymatic hydrolysis conditions, the verification results are illustrated in Table 3. The verification indicated a good agreement between the experimental results and the RSM models.


TABLE 3. Characterization of fish waste generated peptones.

[image: Table 3]The characterization of hydrolyzed peptones is listed in Table 3. As observed, the nitrogen content was 98.14 and 128.92 mg g–1 for FH and FL peptones, respectively. These results are comparable to the values found for the widely used commercial peptones (Table 3). Similarly, the C/N ratios for both peptones fell into the range of commercial peptones. FH peptone had a relatively higher C/N ratio than the FL peptone. As observed, both peptones possessed high concentrations of total carbon, total nitrogen and C/N content and thus could be used as good substitutes for traditional biosurfactant production mediums.



Production of Biosurfactants Using Fish Peptones

Figure 3 provides the feasibility of using fish peptones to support bacteria growth and biosurfactant production as carbon and/or nitrogen sources. The performance of fish peptones as a medium substitute was assessed based on the degree of ST reduction and the CMD value of the medium. The production and accumulation of biosurfactants reduced the ST of the culture medium. Previous studies proved that biosurfactants can reduce the ST of distilled water from 72 to 27 mN/m (Pacwa-Plociniczak et al., 2011). Continuous biosurfactant production cannot further reduce the ST of culture medium, however, could led to the formation and accumulation of micelles in the medium. This suggests that the dilution of the micelles could be used to reflect biosurfactant yield. Biosurfactant production mediums with high CMD value could hold promise for industrial lipopeptide production, as they maximize the bacterial performance and minimize the production cost.
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FIGURE 3. Biosurfactant production in terms of surface tension (ST) and critical micellar dilution (CMD) of Bacillus subtilis N2-6P, N3-4P, N3-1P, and 21332 using fish head (FH) and fish liver (FL) peptones as carbon and nitrogen sources. Strains were inoculated at 2% concentration into three types of mineral medium. (1) Control: glycerol (10 g L– 1); NH4SO4 (10 g L– 1) as carbon and nitrogen sources; (2) Fish peptones as carbon sources: glycerol were replaced by FH or FL at 10 g L– 1 [in terms of FH(C) and FL(C)]; and (3) Fish peptones as nitrogen sources: NH4SO4 (10 g L– 1) was replaced by FH or FL at 10 g L– 1 [(in terms of FH(N) and FL(N)]. Strains were incubated at 30°C at 200 rpm for 7 days. Results are expressed as the average ± SD of three independent measurements.


As shown in Figure 3, when using peptones as the nitrogen source for biosurfactant production, ST reduction was observed in all the samples [i.e., FH (N) and FL (N)]. The ST reduction of the substituted nitrogen medium was comparable to that of the control (29.7 mN/m of the culture medium). Bacillus subtilis N3-4P reported a higher ST of the culture medium than the other strains [35.12 and 34.3 mN/m for FH(N) and FL(N), respectively]. FL had a better performance than FH when serving as the nitrogen source. Though all the strains could utilize fish peptones for biosurfactant production, the final yield varied. Bacillus subtilis N3-1P and 21332 had better responses to fish peptones than Bacillus subtilis N2-6P and N3-4P. Bacillus subtilis N3-1P using FL peptone as the nitrogen source had the highest CMD value (20 CMD).

The effect of nitrogen selection on biosurfactant production has been long recognized (Makkar and Cameotra, 2002). Some strains had a better performance with inorganic nitrogen sources (e.g., NH4NO3, NaNO3, etc.). For example, Bacillus subtilis MTCC 1427 preferred to use nitrate ions for biosurfactant production (Das and Mukherjee, 2007). Such preference can be explained by the readily available high nitrogen content in the inorganic nitrogen sources. Conversely, Bacillus subtilis N3-1P and 21332 exhibited preference for organic nitrogen. Organic nitrogen (e.g., yeast extract or protein hydrolyzates) contains nutrients that are key to cell growth and polysaccharides secretion (Nurfarahin et al., 2018) and is believed to be the inducer to stimulate lipopeptide production (Zhu et al., 2016). Lipopeptide synthesis was directly regulated by non-ribosomal peptide synthetases, which can directly incorporate some amino acid to the final lipopeptide product (Schwarzer et al., 2003). Therefore, the hydrolyzed amino acids in FL samples might be more suitable for biosurfactant production. Interestingly, in our study, the cell-free culture mediums were not able to form emulsions as the control medium did (EI24 data not shown). It was assumed that the hydrolyzed medium might inhibit emulsification formation.

On the other hand, those strains had a different response to fish peptones as the carbon source. Biosurfactant production, as reflected by ST reduction, was only observed in Bacillus subtilis N3-1P and Bacillus subtilis 21332 samples (Figure 3). While using FL(C) as the carbon source, the ST of the culture broth reduced to 29.8mN/m and 31.2 mN/m for Bacillus subtilis N3-1P and Bacillus subtilis 21332, respectively. Similarly, the ST of FH(C) based culture medium reduced to 29.6 and 31.2 mN/m for Bacillus subtilis N3-1P and Bacillus subtilis 21332, respectively. Bacillus subtilis N3-1P had the highest biosurfactant production [17.5 CMD and 16.8 CMD for FH(C) and FL(C), respectively] when using fish peptones as the carbon substitute.

Bacillus strains need to consume organic carbon sources for growth and metabolic activities. However, Pepi et al. (2013) reported that the biosurfactant production process was inhibited when using an animal fat substrate as sole carbon source, owing to the high composition of palmitic acid (26.40%) and oleic acid (24.16%). This could help explain the suppression of biosurfactant production by Bacillus subtilis N3-4P and N2-6P in the current study, as those fatty acids have also been widely identified in fish wastes (Khoddami et al., 2009).

Fish waste peptones were further investigated as comprehensive mediums for biosurfactant production using Bacillus subtilis N3-1P and Bacillus subtilis 21332. The results are presented in Figure 4. Both strains shared a similar biosurfactant production trend. Higher biosurfactant production rates were obtained when using FL peptone as the sole medium. The highest biosurfactant yields were 54.72 and 59.33 CMD for Bacillus subtilis N3-1P and Bacillus subtilis 21332, respectively. Using 30 g L–1 FH peptone as the growth medium, the CMD values for biosurfactant produced by Bacillus subtilis N3-1P and Bacillus subtilis 21332 were 47.59 and 49.24 CMD, respectively, These results were much higher compared to the control medium, whose biosurfactant yield was 7.8 and 9.2 CMD for Bacillus subtilis N3-1P and Bacillus subtilis 21332, respectively. When peptone concentrations higher than 30 g L–1, the biosurfactant production was inhibited.
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FIGURE 4. Biosurfactant production (ST and CMD) using fish head (FH) and fish liver (FL) peptones at various concentrations as the comprehensive production medium for (A) Bacillus subtilis N3-1P; (B) Bacillus subtilis 21332. Results are expressed as the average ± SD of three independent measurements.


The medium composition is a key factor affecting the structural diversity and yield of biosurfactants. It is believed that the hydrolysis pretreatment greatly increased the bioavailable carbon and nitrogen concentrations, thus stimulating biosurfactant production by Bacillus subtilis. On the other hand, the different amino acid composition in FH and FL peptones could contribute to the varied biosurfactant yields in the two peptone mediums. For example, higher concentrations of valine and lysine could dramatically increase biosurfactant production, whereas alanine and arginine could inhibit the production process of Bacillus strains (Makkar and Cameotra, 2002). The inhabitation of biosurfactant production at a higher peptone concentration could be explained by the excessive nitrogen in the medium. Reis et al. (2013) believed that insufficient nitrogen facilitates the biosurfactant production process. Under a nitrogen limiting condition, continuous cell growth and dividing are hindered. A microbial metabolism favoring the production of secondary metabolites is then promoted, and the expression of the biosurfactant production gene is stimulated (Nurfarahin et al., 2018).

Al-Wahaibi et al. (2014) determined biosurfactant production by Bacillus subtilis B30, using glucose and molasses as carbon sources. The ST of broth medium increased to 40.84 mN/m after dilution for eight times. Joshi et al. (2013) optimized biosurfactant production by Bacillus licheniformis R2 in bench-scale bioreactors. Their final CMD value of the generated biosurfactant was 100 CMD after incubation for 96 h. Hydrolysis pretreatment for biosurfactant production acquired increasingly attention. Valenzuela-Ávila et al. (2020) adopted pre-hydrolyzed waste frying oil as a carbon source for Bacillus subtilis to produce biosurfactant. After incubation for 120 h, the CMD for culture broth was 1.25 CMD with a final ST of around 40 mN/m. Using the acid hydrolyzate of defatted algal biomass as a sole substrate, the yield of biosurfactant produced by a Bacillus subtilis strain reached 80 CMD (Yun et al., 2020). The results generated in this study indicated that fish waste hydrolyzate could serve as a promising substrate for biosurfactant production.



Characterization of Generated Biosurfactants

The physical-chemical properties of two biosurfactant products generated by Bacillus subtilis N3-1P were determined. The CMC values were 0.18 g L–1 and 0.3 g L–1, respectively, for the crude biosurfactant generated from the FL and FH peptones (Supplementary Figure S2). These values are compatible with the biosurfactant products generated by other Bacillus subtilis strains (Das and Mukherjee, 2007; Barros et al., 2008). The biosurfactant products generated from the FL and FH based peptones could reduce the surface tension of water from 72 to 27.9 mN/m and 27.8 mN/m, respectively. It is widely acknowledged that lipopeptides could reduce the surface tension of distilled water to 27–30 mN/m (Das and Mukherjee, 2007; Mnif and Ghribi, 2015). The TLC analysis revealed that two biosurfactant products primarily consisted of lipid and protein.

The stability of two biosurfactant products generated from fish wastes was assessed under a wide range of environmental conditions (i.e., temperature, salinity, and pH). As Figure 5 illustrates, the surface activities of generated biosurfactants were positively correlated with temperature. The surface tensions remained in a narrow window of 35.2 – 27.3 mN/m from 0°C to 100°C. The results proved that both biosurfactants had Krafft temperatures (also known as the critical micelle temperatures) below 0°C. This Krafft point is closely related to their structure (i.e., hydrophilic and lipophilic groups) and ionic character (Nakama, 2017). The observed thermostable nature of produced biosurfactants is consistent with findings from other studies. For example, biosurfactant products produced by four different Bacilli isolates could be kept stable for 9 days at 80°C (Joshi et al., 2008). Salinity also had a limited effect on the stability of both generated biosurfactants (Figure 5). This behavior may be predictable since high salt concentrations can considerably reduce the size and shape of the micelle, thus affecting the functional properties of a biosurfactant (Al-Bahry et al., 2013).
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FIGURE 5. Stability of biosurfactants generated by Bacillus subtilis N3-1P using fish liver (FL) or fish head (FH) as a comprehensive production medium at various temperatures, salinity and pH conditions in terms of surface tension (ST).


It has also been reported that the structure and size of the micelles in a water-oil system could be affected by environmental pH (Das et al., 2009). Gudiña et al. (2010) reported instability under acidic conditions due to the presence of negatively charged groups at the end of biosurfactant molecules. In this study, the ability of the fish waste generated biosurfactant products to reduce surface tension was inhibited at very low pH levels (i.e., pH = 2) (Figure 5) due to the formation of precipitates. However, the surface tensions of fish waste generated biosurfactants remained almost constant at a pH range from 4 to 12. These results highlight the applicability of the crude biosurfactant produced by Bacillus subtilis N3-1P in a cold marine environment.

The FTIR spectrums were examined to obtain information on the functional groups of two generated biosurfactant products, and the results are illustrated in Figure 6A. The FL and FH based biosurfactants showed an apparent similarity with stretched intense peaks in the region of 500 – 4500 cm–1. The stretching absorption between 1050 – 1150 cm–1 may denote a C-O stretch and could be primary, secondary or tertiary alcohol. The absorbance peaks at 1350 – 1650 cm–1 evidenced the presence of amide groups. Another broad stretched peaks between 2850 and 3050 may be contributed by the -CH3, -CH2 or -CH groups. The presence of a board O-H band (3300 to 2600 cm–1) and the strong C = O stretching (1600-1700 cm–1) evidenced the existence of carboxylic acid groups. The FTIR spectrums suggested that the biosurfactant products were lipopeptides.
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FIGURE 6. Characterization of biosurfactants generated by Bacillus subtilis N3-1P using fish liver (FL) and fish head (FH) as minimum production medium. (A) FTIR analysis; (B) MALDI-TOF analysis.


Figure 6B presents the structure of two generated biosurfactant products analyzed by MALDI-TOF. This result clearly indicates that the two products have a very similar composition. Two groups of lipopeptides, namely surfactin (m/z 1016, 1030, 1044, 1058, and 1060) and iturin (1026, 1043, 1065, 1079), were identified in both fish waste generated biosurfactants.



Formation of Biodispersants for Oil Dispersion

The formation of an oil-in-water emulsion is important for an effective oil dispersion process. Therefore, the emulsion capacity of the biodispersants and their stability were evaluated. As a chemical surfactant of major concern in Corexit 9500, DOSS was gradually replaced with the biosurfactant generated in this study. The ideal CMC values of the lipopeptide-DOSS binary mixture were predicted by the Clint model (Table 4). The addition of lipopeptide rapidly decreased the system CMCs. As Figure 7 indicates, the emulsification ability of co-surfactants was increased with the increase of lipopeptide concentration. At t = 10 min, a homogeneous emulsion was rapidly formed after vortexing. However, most of the oil droplets in the vial rose to the top, forming a clear layer of crude oil above the aqueous phase after 30 min. The 8:2 ratio of co-surfactants left the highest content of oil emulsion in the aqueous phase and thus were expected to have a better performance as a dispersant. The result demonstrated that the emulsion formed by co-surfactants had stronger stability than that of a single surfactant. Such a phenomenon also suggested a synergistic interaction between the generated lipopeptide biosurfactants and DOSS during micelle formation. McClements and Jafari (2018) believed surfactants tend to pack between each other at the water-oil interface. Therefore, during the interaction of DOSS and lipopeptide, the attachment and interaction of the hydrophilic heads of two surfactants could affect the optimum curvature of the interface, and reduce the interfacial tension between two medium (Acosta and Bhakta, 2009). The attraction of two surfactants leads to the decrease of system CMCs, and subsequently enhanced emulsion. The existence of electrolyte (i.e., ions in the seawater) in the solution could further enhance such effects (Zhang et al., 2004; Azum et al., 2014).


TABLE 4. Critical micelle concentrations (CMC) of lipopeptide-DOSS binary mixture.
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FIGURE 7. Visualization of emulsion stability (from left to right, biosurfactant concentration increased from 0 to 100%). A series of co-surfactants was prepared by mixing biosurfactant solution (3.6g L– 1), and DOSS at a ratio of 0:10; 2:8; 4:6; 6:4; 8:2; and 10:0 (v/v). Each emulsion system contains ANS crude oil (0.1 mL), synthetic seawater (1 mL), co-surfactant (0.1 mL) and polyethylene glycol 400 (0.2 mL). Changes in the emulsification process over a period of time (10 and 30 min) were recorded.




Effectiveness of Prepared Biodispersants

New biodispersants were formulated in this study by gradually replacing DOSS with lipopeptide biosurfactants. Figure 8 presents the dispersion efficiency of prepared biodispersants using lipopeptide-DOSS mixtures at various biosurfactant concentrations (i.e., 0, 20, 40, 60, 80, 100%). The highest dispersion effectiveness of the newly developed biodispersant was 60.2 and 76.8% under 4 and 25°C, respectively. Such dispersion efficiencies were achieved using the 8:2 (v/v) ratio of lipopeptide-DOSS as the key surfactant ingredient in the biodispersant. However, when using 100% fish waste-based biosurfactant product as a key surfactant for biodispersant formulation, the oil dispersion efficiency was less than those composed of co-surfactants. Rongsayamanont et al. (2017) also reported a higher dispersant efficiency using pure lipopeptides than the one reported in this study. Fish peptones could affect the composition of crude lipopeptides products and impact their emulsification and oil dispersion abilities accordingly. The improved dispersant effectiveness was due to the synergistic effect co-surfactants as dispersants formulated with co-surfactants had a better performance than single surfactant. Temperature is an important environmental factor that contributed to dispersant effectiveness. Lower temperature (4°C) resulted in reduced dispersant effectiveness of all the newly developed bio-dispersants. This is in accordance with previous studies as dispersant and oil viscosity can be significantly increased by a decrease in water temperature and consequently, can inhibit the dispersant effectiveness (CEDRE, 2016; Zhang et al., 2018).
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FIGURE 8. Effectiveness of ANS oil dispersion (DE) by the newly developed dispersant. A series of co-surfactants was prepared by mixing biosurfactant solution (3.6 g L– 1), and DOSS at a ratio of 0:10; 2:8; 4:6; 6:4; 8:2; and 10:0 (v/v). Each biodispersant was composed of one co-surfactant and PEG 400 at a ratio of 3:7 (v/v). The effectiveness of biodispersant was determined at a dispersant to oil ratio (DOR) of 1:25 (v/v) under 4 and 25°C following the baffled flask test.




Economic Feasibility of Biodispersant Development

Till now, several biosurfactant products have been commercialized, such as rhamnolipids (AGAE Technologies – United States; Jeneil Biosurfactant – United States; BioFuture – Ireland; TensioGreen – United States), sodium surfactin (KANEKA – Japan and SABO – Italy), and sophorolipids (Synthezyme – United States). Their industrial application, particularly in the petroleum and environmental field, has been reviewed (Silva et al., 2014; Akbari et al., 2018). The retail price for commercialized lipopeptides ranges from US$ 10/mg for pure surfactin (98% purity) (Freitas et al., 2016) to US$629.5/kg (Lotioncrafter, 2020).

There are several options to optimize production and thus reduce the production costs of biosurfactants. Given that raw material accounts for 10–30% of the total biosurfactant production cost (Kosaric and Sukan, 2014), exploration of waste/by-products as substrates for biosurfactant production is an attractive and important option to reduce the production cost (De Almeida et al., 2016). In addition to our study on fish wastes, various waste materials, such as olive mill wastes (Ramírez et al., 2016), sisal pulp hydrolysis (Marin et al., 2015) and defatted algal biomass (Yun et al., 2020), have been pre-hydrolyzed for biosurfactant production. Youssef et al. (2007) produced lipopeptide biosurfactant from a petroleum reservoir, with a reported material cost to produce one mol lipopeptides (∼1 kg) of $22.4. Freitas et al. (2016) estimated the production cost of sophorolipids generated by Candida bombicola URM 3718 was around $0.1–0.22/L using sugarcane molasses, corn steep liquor and soy waste as substrate. This cost was much lower than the retail price of sophorolipids, which is $2.5–6.3/kg (Freitas et al., 2016). Biosurfactant productivity could be further improved by the development of effective bioreactors (Zhu et al., 2019), and the design of engineering strains (Banat et al., 2014). In addition, the purification of generated biosurfactant contributes to around 60% of the overall production cost. By using biosurfactant in a crude form, particularly in the environmental field, such purification costs could be avoided.

It is believed that after production optimization, the cost of lipopeptides could be comparable to that of DOSS surfactant (USD$277/kg, Sigma-Aldrich). Therefore, their future application in the environmental and petroleum industry as an environmentally friendly alternative to chemical surfactants could be promising. It is worth mentioning that instead of being sent to landfill where it could impose further costs and environmental pollution (e.g., landfill leachate), the conversion of fish wastes hydrolyzate into high-value biosurfactant products could turn into a new profit stream for fishery industries.



CONCLUSION

This study examined the use of fish waste protein hydrolyzates as a low-cost substrate for microbe growth to biosynthesize high-added-value fermentative products, including biosurfactants. The fish waste based medium achieved a higher biosurfactant yield than the one generated by the conventional medium. Moreover, this study showed that emulsion capacity and stability were important to the effectiveness of dispersants. Lipopeptide biosurfactant generated in this study served as an effective alternative to chemical surfactants. The synergistic effect of co-surfactants (DOSS and biosurfactant) could facilitate emulsion formation and marine oil dispersion. Additional work will be needed to further optimize the waste based production medium and evaluate the biosurfactant production kinetics to facilitate their future larger-scale production. The properties of the prepared biodispersants, such as their stability, biodegradability and ecotoxicity, will also need to be systematically evaluated. This study demonstrated an effective approach for generating environmentally friendly dispersants for marine oil spill response over the range of temperatures encountered in the world’s oceans.
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Tea is an ancient non-alcoholic beverage plantation crop cultivated in the most part of Assam, India. Being a long-term monoculture, tea plants are prone to both biotic and abiotic stresses, and requires massive amounts of chemicals as fertilizers and pesticides to achieve worthy crop productivity. The rhizosphere bacteria with the abilities to produce phytohormone, secreting hydrolytic enzyme, biofilm formation, bio-control activity provides induced systemic resistance to plants against pathogens. Thus, plant growth promoting (PGP) rhizobacteria represents as an alternative candidate to chemical inputs for agriculture sector. Further, deciphering the secondary metabolites, including biosurfactant (BS) allow developing a better understanding of rhizobacterial strains. The acidic nature of tea rhizosphere is predominated by Bacillus followed by Pseudomonas that enhances crop biomass and yield through accelerating uptake of nutrients. In the present study, a strain Pseudomonas aeruginosa RTE4 isolated from tea rhizosphere soil collected from Rosekandy Tea Garden, Cachar, Assam was evaluated for various plant-growth promoting attributes. The strain RTE4 produces indole acetic acid (74.54 μg/ml), hydrolytic enzymes, and solubilize tri-calcium phosphate (46 μg/ml). Bio-control activity of RTE4 was recorded against two foliar fungal pathogens of tea (Corticium invisium and Fusarium solani) and a bacterial plant pathogen (Xanthomonas campestris). The strain RTE4 was positive for BS production in the preliminary screening. Detailed analytical characterization through TLC, FTIR, NMR, and LCMS techniques revealed that the strain RTE4 grown in M9 medium with glucose (2% w/v) produce di-rhamnolipid BS. This BS reduced surface tension of phosphate buffer saline from 71 to 31 mN/m with a critical micelle concentration of 80 mg/L. Purified BS of RTE4 showed minimum inhibitory concentration of 5, 10, and 20 mg/ml against X. campestris, F. solani and C. invisium, respectively. Capability of RTE4 BS to be employed as a biofungicide as compared to Carbendazim – commercially available fungicide is also tested. The strain RTE4 exhibits multiple PGP attributes along with production of di-rhamnolipid BS. This gives a possibility to produce di-rhamnolipid BS from RTE4 in large scale and explore its applications in fields as a biological alternative to chemical fertilizer.
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INTRODUCTION

In India, Assam is one of the largest producers of tea with high export rate of around 53.60 million kg (April–June, 2019) which values nearly 174 million USD (Tea Board of India, Major country wise exports data1).

Tea plants are largely affected with foliar fungal diseases and also some bacterial disease (Plant protection code December 2018, Ver. 10.0 by Tea board of India2). To combat these biotic stress, various chemicals including pesticides are routinely used, which cause serious damage to the plantation soils (Chakraborty et al., 2013). Thus, exploring the potential of native microbes and their secondary metabolites is of utmost importance for these can later replace the harsh chemical fertilizers.

Over the years, there has been depletion in availability of agricultural lands. Additionally, crops in the available lands are exposed to large number of biotic and abiotic stress. In order to manage crop and fight crop diseases pesticides/fertilizers are routinely used. These chemical-based “Protective-Agents” in turn cause huge amount of environmental pollution thereby multiplying challenges in the field of agriculture. Exploring the potential of rhizosphere-associated bacteria as Plant Growth Promoting Rhizobacteria (PGPR) have been worked upon since many years (Adesemoye et al., 2009). PGPR benefits host plants by synthesizing phytohormone, solubilizing minerals in soil, fixing molecular nitrogen, controlling phytopathogens, producing antibiotics for disease suppression and others which has been reviewed by researchers (Ahemad and Kibret, 2014).

Along with their PGP attributes, exploring the potential of bacterial secondary metabolites proves to be beneficial (Singh et al., 2019). One such metabolite is biosurfactant (BS), a natural surfactant derived from microbes/plant origin, referred to as “Green Surfactant.” BS are reported to improve soil quality, involve in PGP activity, and degrade/solubilize pesticides. These green surfactants are also utilized as carbon source by existing soil microbes (Sachdev and Cameotra, 2013). Moreover, because of high biodegradability, stability during harsh conditions, low toxicity and production from renewable sources; these surfactants can be used widely in various industries such as agriculture, food, pharmaceutical, oil and petroleum (Deepika et al., 2016). BSs are divided into five major classes based on chemical structures viz: glycolipids, phospholipids, lipoproteins, polymeric and particulate surfactants (Desai and Banat, 1997). Most extensively studied BS is glycolipids. Rhamnolipid is a type of glycolipid mostly produced by Pseudomonas aeruginosa (Hassan et al., 2016).

Pseudomonas is ubiquitous gram negative, rod shaped motile bacteria largely found in the rhizosphere. They have been documented since many years as plant growth promoters, bioremediation agents and biocontrol agents. Several strains of P. aeruginosa are involved in plant growth promotion (Islam et al., 2018; Uzair et al., 2018) while some strains are known to be opportunistic pathogens (Lyczak et al., 2000). However, Jan et al. (2011) have reviewed that Pseudomonas isolated from close association of plants are beneficial and they exert antagonistic effect only against plant pathogens. Rhamnolipid type BS derived from P. aeruginosa can be employed as bioremediation agent (Rashedi et al., 2005) and even BS produced from Pseudomonas assist in uptake of hydrocarbons. Pseudomonas sp. has been reported to have strong communication with their host plant wherein they display numerous plant growth promoting (PGP) attributes (Santoyo et al., 2012) and represents as one of the most important in conferring biocontrol against pathogenic microbes. Therefore, exploiting traits of PGPR additionally having BS producing ability makes it an efficient player in agriculture fields. Recently, PGP Pseudomonas sp. producing BS was isolated from pesticide contaminated field (Hassen et al., 2018) and from the roots of common reed having hydrocarbon degrading potential (Wu et al., 2018). Thus, from literature it appears that Pseudomonas strains are one of the promising microbial systems which can be exploited for production of surface active agents. Studies have been conducted on BS produced by marine bacteria (Dhasayan et al., 2015; Hamza et al., 2017; Tripathi et al., 2018), bacteria from oil contaminated soil (Ebadi et al., 2018; Soltanighias et al., 2019), heavy metal contaminated soil (Sheng et al., 2008), rhizospheric bacteria of black pepper (Tran et al., 2008) and from variety of crop plants (Goswami and Deka, 2019). After an in-depth literature survey, we came to a conclusion that there is no single report on BS producing-PGP tea rhizobacteria. This encouraged us to explore the BS producing abilities of rhizobacterium Pseudomonas aeruginosa RTE4 isolated from tea rhizosphere of Rosekandy Tea garden located in Cachar district of Assam. In the current research work, we are assessing traits like PGP, antimicrobial, biofungicide and detailed physico-chemical characterization of BS produced by RTE4 is incorporated.



MATERIALS AND METHODS


Isolation of Rhizobacterium RTE4

Soil samples were collected from a depth of 5–20 cm from Tea rhizosphere of Rosekandy Tea estate located at 24.69°N, 92.71°E situated in Cachar district of Assam, India. Soil samples collection was carried out during July 2018 (early monsoon) where considerable humidity encourages growth of various microorganisms in tea rhizosphere (see text footnote 2). The soil samples collected in sterile polythene bags were carried to the laboratory and stored at 4°C for further use. Isolation of bacterium RTE4 was carried out on Luria Bertani (LB) agar at 30°C for 24 h (Chopra et al., 2020).



Identification of Rhizobacterium RTE4

Preliminary Characterization of RTE4 was carried out through colony morphology. Genomic DNA extraction was carried out using FavorPrepTM Blood Genomic DNA Extraction Mini kit (FAVORGEN- Europe). The 16S rRNA gene was amplified using universal primers (27F:5′-AGAGTTTGATCCTGGCTCAG-3′ and 1492R:5′TACGGCTACCTTGTTACGACTT-3 ′) according to the methods described by Gulati et al. (2008), and the amplified product was directly sequenced using the ABI PRISM Big Dye Terminator v3.1 Cycle Sequencing kit on a 3730xl Genetic Analyzer (Applied BioSystems). Further, phylogenetic analysis was carried out using CLUSTAL X2 (Thompson et al., 1997). The best fit model test was carried out and phylogenetic tree was constructed using Neighbor-Joining (NJ) tree. Bootstrap analysis with 1,000 replicates was performed using MEGA7 software (Kumar et al., 2016). The culture RTE4 was deposited at National Centre for Microbial Resource (NCMR), Pune, Maharashtra, India under the general deposit with Accession no MCC 3945. The 16S rRNA gene sequence obtained was submitted to NCBI GenBank Data base with accession number-MK530435.



Assessing RTE4 for Plant Growth Promoting and Antifungal Traits

Quantitative analysis of RTE4 for PGP traits such as indole acetic acid (IAA) production and phosphate solubilization was carried out as described by Mohite (2013) and Gulati et al. (2008) respectively.

Antifungal attributes included screening for production of hydrolytic enzymes viz. protease, cellulase and chitinase. Proteolytic activity was confirmed by halo formation around the spot of RTE4 inoculation on skim milk agar (SMA) plate incubated for 2–4 days at 28°C (Chu, 2007). Cellulase activity was screened by spot inoculating RTE4 on Cellulose Congo Red agar plates at 28°C for 72 h. Discoloration of Congo Red around the culture was an indicative of cellulase activity by the bacterium used in the screening test (Gupta et al., 2012). Chitinase production was qualitatively assessed by streaking a bacterial colony on 1% (w/v) colloidal chitin agar plate and incubated at 30°C for up to 8 days. Chitinase activity of the rhizobacterium was confirmed by the presence of a zone of clearance around the bacterial colony (Kuddus and Ahmad, 2013).

Antagonistic activity of RTE4 was screened against two Tea foliar fungal pathogens namely Corticium invisium MCC 1841 and Fusarium solani MCC 1842. Fungal mycelia plug was kept at the center of Potato Dextrose (PD) agar plates equidistant to which bacterial culture was inoculated. Plates were incubated at 28°C and observed upto168 h. Antagonistic activity of RTE4 was calculated on control and test plate for computing Growth Inhibition (GI%) (El-Sayed et al., 2014).



Screening RTE4 for Antibacterial Traits

Antibacterial activity was checked by co-culturing plant pathogen Xanthomonas campestris (NCIM 5028) with RTE4 on Muller Hinton Agar (MHA) plates incubated at 30°C up to 48 h. Inhibition in growth of X. campestris was indicative of antibacterial property of RTE4.



Screening RTE4 for Biosurfactant Production

BS production was checked by growing RTE4 culture in M9 minimal media supplemented with 2% (w/v) of five different carbon sources namely peptone, maltose, glucose, fructose and sucrose. Further BS production was assessed by conducting assays such as Drop collapse (DC), Oil displacement, Surface tension (SFT) measurement as described by Satpute et al. (2008). In DC assay, 25 μl drop of cell free supernatant (CFS) (from 12 to 120 h at 12 h interval) was placed on parafilm coated solid surface and observed for drop collapse. The drop spread or collapse is an indicative for presence of surfactant in sample. Oil displacement assay was carried out by adding 20 ml water in petriplate and adding 20 μl crude oil on water surface. 10 μl of CFS was then added on to the oil surface. Appropriate positive and negative controls were also included in the study. In presence of BS, oil gets displaced indicating a positive test. SFT measurements were taken on Optical Contact Angle Goniometer (OCA 15 Plus, DataPhysics Instruments GmbH, Germany).



Biosurfactant Production and Purification

BS production was carried out in M9 minimal medium supplemented with 2% (w/v) glucose as sole carbon source. A seed culture (25 ml) of RTE4 was prepared by transferring a single colony from LB agar. After 24 h of incubation, 5% (v/v) of RTE4 seed culture was transferred as inoculum in a fresh fermentation media (150 mL) taken in 1 L Erlenmeyer flask. The complete production of BS was carried out at 30°C, 150 rpm for 7 days which was observed at 12 h intervals. Simultaneously biomass (g/L) during BS fermentation was determined by measuring dried cell weight (Waghmode et al., 2019). Additionally, different parameters like drop size (mm), SFT (mN/m), and optical density (at 600 nm) were checked at 12 h interval. All experiments were carried out in triplicates. The mean values were plotted along with standard deviation (SD) using software – GraphPad Prism 6.0 (GraphPad, La Jolla, CA, United States). After completing the fermentation process, BS was extracted from CFS by centrifuging culture broth at 8,000 g for 20 min at 4°C. This CFS was then subjected to acid precipitation by using 5 N HCl. The solvent system used for extraction was chloroform: methanol (2:1 v/v) at room temperature. Further to obtain BS, the organic phase was subjected to rotary evaporation (40°C). The viscous dark brown colored BS was further purified by Silica gel (100–200 mesh, Merck) column chromatography and eluted with gradient of chloroform: methanol ranging from100:0, 90:10, 80:20, …10:90, 0:100 (v/v). BS was successfully obtained in the fraction of a gradient 70:30 (chloroform: methanol). All the fractions thus collected were analyzed using thin layer chromatography (TLC) (Satpute et al., 2010) and compared with commercial rhamnolipid BS (AGAE Technologies, United States).



Physico-Chemical Properties of Biosurfactant


Surface Tension, Critical Micelle Concentration and Interfacial Tension Measurement of Biosurfactant

Different concentrations (1 mg/L to 10 g/L) of purified BS product were prepared in phosphate buffer saline (PBS) to determine the Critical Micelle Concentration (CMC). SFT reduction of PBS by RTE4 BS was determined by pendant drop technique using Optical contact angle Goniometer (OCA 15 Plus, DataPhysics Instruments GmbH, Germany). CMC value was determined by plotting SFT versus BS concentration on semi-log scale. The interfacial tension (IFT) of purified RTE4 BS was measured at CMC value against n-hexadecane (HiMedia, India).



Contact Angle Measurement and Emulsification Activity of Biosurfactant

Four different surfaces were used for determining the Contact Angle (CA) of purified BS viz. glass slide (highly hydrophilic), overhead projector (OHP) sheet (intermediate hydrophilic-hydrophobic), Teflon (polytetrafluoroethylene-PTFE) tape and parafilm (highly hydrophobic) and measured by sessile drop method (Hamza et al., 2017). A 7 μl drop was placed on those different surfaces and CA was analyzed by Optical Contact Angle Goniometer (OCA 15+, DataPhysics Instruments, GmbH, Germany) using SCA 20 software. To determine emulsification properties; various oils like sunflower, sesame and coconut (local market) were added to CMC solution of the RTE4 BS (1:1 v/v), vortexed for 2 min and allowed to stand for 24 h (Płaza et al., 2014).



Stability Studies of Biosurfactant

Stability of the RTE4 BS was assessed at different pH and temperatures. CMC solution of the BS was prepared in different buffer solutions with pH ranging from 2 to 12 and incubated for 24 h followed by SFT measurement to check the effect of pH (Waghmode et al., 2019) on SFT reducing abilities of BS. CMC solution of BS was incubated for 24 h at different temperatures viz. −20, 4, 30, 37, 50, and 121°C (autoclave) and SFT was measured.



Determination of Ionic Character of Biosurfactant

For determination of ionic charge on the RTE4 BS, agar double diffusion method was used. In this method, two wells were made on soft agar (1% w/v) plate. One was filled with the RTE4 BS dissolved in phosphate buffer (pH 7) and the other with 20 mM synthetic surfactant solutions viz., SDS (anionic), CTAB (cationic), Aerosol OTLR and Tween 80 (non-ionic) (Rufino et al., 2014).



Analysis of Biosurfactant by Thin Layer Chromatography

Detection of glycolipids, sugars, amino acids and lipids was conducted on heat-activated TLC aluminum plates pre-coated with silica gel (Silica gel 60 F254, Merck KGaA, Darmstadt, Germany). For the detection, 90% pure rhamnolipid (AGAE Technologies, United States) was used as a reference. The samples were loaded and spots were allowed to dry completely. The plates were then placed in four different solvent systems (1) chloroform: methanol: glacial acetic acid (65:25:2), (2) butanol: ethanol: water (5:3:2), (3) hexane: ethyl ether: formic acid (80:20:2) and (4) butanol: acetic acid: water (12:3:5) and developed by different developing reagents namely anisaldehyde, diphenylamine, iodine and ninhydrin reagents for the detection of glycolipids, sugars, lipids and amino acids, respectively (Satpute et al., 2010).



Fourier-Transform Infra-Red Spectroscopy

RTE4 BS was chemically characterized by performing FTIR spectroscopy (PerkinElmer, United Kingdom). Analysis was done in mid-IR region with 20 scan speed (Das et al., 2008).



Nuclear Magnetic Resonance Spectroscopy

For structure prediction, 1H and 13C proton nuclear magnetic spectra were recorded at 294 K on a 500 and 101 MHz nuclear magnetic resonance (NMR) spectrophotometer (Bruker, Germany). The samples were prepared as solutions in 100% CDCl3, with 5 mg of RTE4 BS and tetramethylsilane (TMS) as internal standard (Pemmaraju et al., 2012).



Liquid Chromatography-Mass Spectrometry (LC-MS/MS)

Electrospray ionisation mass spectra (ESI-MS) of RTE4 BS were recorded on 6550 UHD. Accurate Mass QTOF MS (Agilent Technologies, Santa Clara, CA, United States) was determined for RTE4 BS. Stock solution of compound was prepared by dissolving 2 mg substance in 1 ml chloroform: methanol (1:1 v/v). Aliquots of 0.1 ml were diluted in a mixture of acetonitrile – water (40:60, v/v) and introduced into mass spectrometer HPLC equipped with an Eclipse XDB C18 (150 mm × 4.6 mm, 5 m) reverse phase column with HPLC flow rate of 0.25 ml/min. ESI mode was as follows: negative mode [M-H]- at capillary and cone voltage of 2.65 kV and 40 V respectively with temperature at 250°C. The scanning mass range was from 150 to 800 Da. Argon was used as collision gas at collision –induced dissociation (Lotfabad et al., 2010).



Determination of Antimicrobial Activities of Biosurfactant Produced by RTE4

Antimicrobial activity of BS from RTE4 was tested against Tea pathogenic fungi (two) and bacterium (one) namely C. invisium, F. solani and X. campestris respectively. For antifungal activity, a 6 mm fungal disc was placed at the center of PD agar plates surrounded by wells containing different concentrations of RTE4 BS at 5, 10, 15, and 20 mg/ml. Standard rhamnolipid was used as positive control and sterile PBS was used as negative control. C. invisium containing plates were then incubated at 28°C for 4 days while F. solani plates were incubated for 7 days. Antagonistic activity observing mycelia growth inhibition in test plate when compared to control plate covered with fungi. Antibacterial activity was screened on MHA plate having a lawn of X. campestris with 108 CFU/ml. The wells on MHA plate were filled with 0.1 ml RTE4 BS of varying concentrations (as mentioned above) incubated at 28°C for 24 h to observe the zone of inhibition caused by RTE4 BS.



Microdilution Assay to Determine Minimum Inhibitory Concentration of Biosurfactant

To assess minimum inhibitory concentration (MIC) of RTE4 BS against C. invisium and F. solani microdilution method suggested by Elshikh et al. (2016) was performed with slight modification. Briefly 20 μl BS solution of different concentrations ranging from 5, 10, 15 up to 50 mg/ml were added into wells containing 120 μl of PD broth. In control wells, 20 μl of PBS was added instead of BS. 10 μl of homogenous fungal suspension was added to each well. In three wells of both test plates no fungal suspension was added to check the sterility of the medium. Commercially available fungicide Carbendazim (Sigma Aldrich) of similar concentrations and BS (1:1) were added to the other wells containing fungal suspensions. The plates were incubated at 4°C for 1 h followed by incubation at 28°C for 5 days. The experiment was carried out in triplicate and fungal growth in each well was observed through naked eyes under bright light. BS treated wells were screened and compared with control wells having dense mycelia growth.



RESULTS


Identification of RTE4

Rhizobacterial strain RTE4 (Figure 1A) isolated from Rosekandy Tea garden situated in Cachar, Assam, India was identified as Pseudomonas aeruginosa RTE4 (GenBank Accession Number-MK530435). The identification of RTE4 using 16S rRNA gene sequencing revealed it as a phylogenetic neighbor of Pseudomonas aeruginosa (Figure 1B) with 99% identity. The amplification of 16S rRNA gene generated a single band of 1,380 bp for the strain RTE4.
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FIGURE 1. (A) A 24 h old culture of Pseudomonas aeruginosa RTE4 grown on Luria agar. (B) Phylogenetic tree based on the 16S rRNA gene sequences, showing the relationship between the strain RTE4 and other members of the genus Pseudomonas. The tree was reconstructed by the neighbor-joining method using the Kimura 2-parameter method (rooted with Oblitimonas alkaliphile B4199T as an outgroup). Bootstrap values (expressed as percentages of 1,000 replications) above 50% are shown at branch points. Bar, 0.005 substitutions per nucleotide position. (C) Protease activity of RTE4 on skim milk agar plate. (D) Cellulase activity of RTE4 on cellulose Congo red agar plate. Clear halo around spot inoculated RTE4 is an indicative of cellulose production by RTE4.




Plant Growth Promoting, Antifungal and Antibacterial Traits of RTE4

IAA production was quantified for 7 days old CFS of RTE4 grown in tryptophan supplemented Yeast Mannitol Broth. Supernatant on reacting with Salkowski reagent showed up to 74.54 μg/ml IAA production. For phosphate solubilization, in NBRIP broth media till 6 days, RTE4 solubilized in tri-calcium phosphate up to 47.83 μg/ml.

Through in vitro assays, hydrolytic enzyme production by RTE4 showed secretion of protease and cellulase enzyme evident by formation of halos measuring around 8 mm on skim milk agar (Figure 1C) and 6 mm on cellulose agar plate respectively (Figure 1D). The isolate also produced chitinase. RTE4 also showed strong antagonistic activity against both Tea plant pathogens C. invisium and F. solani with GI percentage of 36.6 and 56.8 respectively. Microscopic images of C. invisium (Figure 2A) revealed distorted hyphae when cultured in presence of RTE4 (Figure 2B). F. solani (Figure 2C) also displayed narrow hyphae growth when grown in presence of RTE4 (Figure 2D). When checked against X. campestris, RTE4 showed promising antagonism in dual culture assay (Figure 3).
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FIGURE 2. In vitro interaction of Pseudomonas aeruginosa RTE4 against two Tea fungal pathogens grown on potato dextrose agar and their morphological alterations under microscope (10×) panel (A) is the microscopic image of Corticium invisium (Control) without any distortion and panel (B) shows interaction of RTE4 with C. invisium having distorted mycelia (Test) panel (C) is the microscopic image of Fusarium solani (Control) without any distortion and panel (D) shows interaction of RTE4 with F. solani (Test) having narrowed mycelia and lack of pigmentation. The plate images are shown as insets in the respective microscopic images.
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FIGURE 3. Biocontrol activity of Pseudomonas aeruginosa RTE4 (Light brown color) against Xanthomonas campestris (Yellow colored) after 2-day incubation at room temperature. Point of antagonism is shown by dotted lines.




Physical Characterization


Determination of Surfactant Activity

The surface activity of BS obtained from P. aeruginosa RTE4 (MCC 3945) was proved by several screening procedures viz. DC, OD, SFT reduction, IFT, CA and EI. All the results obtained were comparable with both positive (sodium dodecyl sulfate: SDS) and negative (water) controls. Out of all five different carbon sources, M9 media supplemented with 2% (w/v) glucose was found to be the most suitable for BS production by RTE4. A sharp decrease in SFT value of growth medium was observed only after 12 h of culture growth which continued to be the same till 120 h even when there was a gradual increase in the cell density. Increase in biomass of the organism was observed till 120 h. The CFS was capable of reducing the SFT from 70.62 to 31 mN/m. The pH of the culture broth was 7 and it remained unchanged throughout the experiment. The DC size of CFS increased from 4 to 8 mm in comparison with uninoculated medium with prolonged incubation of culture broth from 0 to 120 h (Figure 4).
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FIGURE 4. Growth and production of biosurfactant by Pseudomonas aeruginosa RTE4 in M9 minimal media with 2% (w/v) glucose as carbon source.


Gradual reduction in SFT of PBS (pH 7) was observed as inverse function of the BS concentration till CMC value. SFT of PBS was reduced from 71 to 31 mN/m at CMC value of 80 mg/L (Figure 5). The purified RTE4 BS reduced IFT of hexadecane interphase from 26.25 to 2.3 mN/m. IFT represents the force of attraction believed to be present between two liquids or fluids. Thus, the IFT value reported here between hexadecane-water interfaces certainly represents RTE4 BS as a promising candidate.
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FIGURE 5. Variation in SFT of biosurfactant obtained from Pseudomonas aeruginosa RTE4. Inset showing exponential reflection of CMC value of SFT (mN/m) versus BS concentration (mg/L).




Contact Angle Measurement and Emulsification Activity

Contact Angle of RTE4 BS solution (at CMC) was measured on different surfaces by using PBS as a negative control. The maximum reduction in CA was observed on parafilm from θ = 105° to 66°;. On highly hydrophobic Teflon, CA was reduced from θ = 109° to 82°. Slight decrease of CA was observed on glass (θ = 35° to 25°) and OHP sheet (θ = 17.5° to 16.8°). This indicates ability of RTE4 BS to wet hydrophobic surfaces (Figure 6). There was lack of formation of stable emulsion in case of sesame oil and sunflower oil (E24 = 5.5 and 4%, respectively) while better emulsification was observed for coconut oil (E24 = 53.8%). Thus, RTE4 BS demonstrated good surface wetting properties (parafilm and Teflon) with poor emulsifier properties.
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FIGURE 6. Measurement of contact angle (CA) of phosphate buffer saline (PBS) (Left side column indicating: Control) and CMC solution (80 μg/ml prepared in PBS) of biosurfactant obtained from Pseudomonas aeruginosa RTE4 (right side column indicating: test) on Glass (first row), Parafilm (second row), OHP sheet (third row), and Teflon (fourth row).




Stability Studies of Biosurfactant

The RTE4 BS appeared to be stable at pH range 4–8 as indicated by SFT determination after 24 h. Extreme acidic and alkaline conditions significantly reduced SFT capacity of the BS (Figure 7B). The BS retained its surface acting properties after incubation at all the temperatures mentioned above (−20 to 121°C) and even after autoclaving (Figure 7A).
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FIGURE 7. Measurement of surface tension to determine the stability of biosurfactant derived from Pseudomonas aeruginosa RTE4. (A) At different temperature. (B) At different pH. (C) Determination of ionic character for BS derived from P. aeruginosa RTE4 using agar plate double diffusion assay against Cetyltrimethyl ammonium bromide (CTAB-cationic nature). Black colored arrow indicates line of precipitation formed between anionic (BS from RTE4) cationic (CTAB) pair.




Ionic Character Determination

In the double diffusion method, compounds with opposite charges form a line of precipitation when they encounter each other. A line of precipitation was observed between CTAB (cationic) and the RTE4 BS (anionic) while there was lack of such line between SDS (anionic) and the RTE4 BS. This confirms the anionic nature of RTE4 BS (Figure 7C).



Chemical Characterization


Analysis by Thin Layer Chromatography

On TLC plate developed with anisaldehyde reagent, the purified RTE4 BS exhibited two typical green spots with Rf values 0.62 and 0.85, same as that of the reference rhamnolipid, indicating RTE4 BS to be a mixture of mono and di-rhamnolipid). TLC for lipid and sugar indicated presence of typical brown and green colored respectively (matching with rhamnose) proving the glycolipid type of BS (Figure 8A).
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FIGURE 8. Chemical characterization of Pseudomonas aeruginosa RTE4 derived biosurfactant (Test) by using (A) Thin Layer Chromatography (TLC): TLC plate run in a solvent system of chloroform: methanol: water (65:25:4) and developed with anisaldehyde reagent (H2SO4: anisaldehyde: glacial acetic acid; 1: 0.5: 50) and indicated typical green color spots of rhamnolipid (B) FTIR spectrum.




Fourier-Transform Infra-Red Spectroscopy

The IR spectra showed a broad peak at 3,390 cm–1 symmetric for hydroxyl group (-OH) implying presence of polysaccharides. The stretch showed sharp bands at 2,925 and 2,855 cm–1 indicating stretching vibrations of alkyl group (CH2- CH3) of hydrocarbon chain. Intense peak was observed at 1,730 cm–1 and weak peak at 1,457 cm–1 denoting presence of ester carbonyl groups (C=O in COOH). In our study we found peaks at 1,381, 1,312, 1,457 and 807 cm–1 denoting plane deformation of C-OH, O-H and C-H band respectively. However, C-O stretching was observed only at 1,168 cm–1 (Figure 8B). Results were compared with standard rhamnolipid sample as well (Supplementary Figure S1).



Nuclear Magnetic Resonance Spectroscopy

The purified rhamnolipids were confirmed by characteristic chemical shifts 1H and 13C NMR and the chemicals shift (ppm) values are depicted in Figures 9A,B and were compared with available literature (Lotfabad et al., 2010; Twigg et al., 2018). The obtained results1H NMR (500 MHz, CDCl3) δ 0.88 (-CH3), 1.28 (-(CH2)n), 2.4–2.68 (-CH2-COO-), 3.40–3.80 (2-, 3-,5-H), 4.7–4.8 (-O-CH-), 5.43–5.46 (-COO-CH-), 8.00–8.50 (-CH = CH-), and 13C NMR (126 MHz, CDCl3) δ14.07 (CH3), 17.53 (-CH3Rha), 20.0–40.0 (-CH2-), 65.0–75 (C-Rha), 128.0–141.0 (-CH = CH-), 171.0–174.0 (-CO-) confirms the di-rhamnolipids.
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FIGURE 9. (A) 1H NMR (500 MHz, CDCl3) of Di-Rhamnolipid, (B) 13C NMR (126 MHz, CDCl3) of Di-Rhamnolipid. (C) LC-MS spectrum of biosurfactant produced by Pseudomonas aeruginosa RTE4. ESI-MS confirms the highest intensity di-rhamnolipid (c1); palmityl palmitate (c2); dipalmitin (c3).




Liquid Chromatography-Mass Spectrometry (LC-MS/MS)

In this analysis, the highest intensity rhamnolipid was found the di-rhamnolipid homologs which corresponds to the deprotonated molecules of Rha2-C10-C10 (di-rhamnolipid) and detected as the anions of m/z = 649.38 (ca. 80%). Their fractions are daughter ion of m/z 493 exhibiting the rupture of the ester bond between the two alkylic chains in the di-rhamnolipid depicted in Figure 9C,c1 with traces of palmityl palmitate (m/z = 479.24, Figure 9C,c2 and dipalmitin (m/z = 667.38, Figure 9C,c3. This analysis results are compared with previous reports dealing with synthesis of rhamnolipid surfactant mixtures in which di-rhamnolipid was the major component (Behrens et al., 2016; Twigg et al., 2018) with traces of palmityl palmitate, dipalmitin, and Oleic acid. Standard rhamnolipid sample was also used to compare and confirm the presence of di-rhamnolipid in BS produced by RTE4 isolate (Supplementary Figure S2).



In vitro Assessment of MIC for Fungal Pathogens by RTE4 Biosurfactant

Antagonistic activity for C. invisium was evident at MIC of 20 mg/ml concentration of RTE4 BS in both plate assay and microdilution method (Figure 10A). MIC for F. solani was found to be 10 mg/ml (Figure 10B). Carbendazim was found to inhibit fungal growth at initial concentration of 1 mg/ml. No fungal growth was observed in wells uninoculated (control) with fungal suspension. In control wells without addition of RTE4 BS or carbendazim heavy fungal growth was observed. Growth of X. campestris was inhibited at MIC of 5 mg/ml as observed in plate assay (Figure 10C).
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FIGURE 10. Biocontrol potential of Pseudomonas aeruginosa RTE4 derived BS against Fusarium solani (A) and Corticium invisium (B). Well containing RTE4 BS (10 mg/ml) shows antagonism against F. solani as compared to control whereas RTE4 BS of 20 mg/ml concentration shows antagonism against C. invisium as compared to control. Arrow indicates point of antagonism. (C) Biocontrol potential of P. aeruginosa RTE4 derived BS against a lawn of X. campestris NCIM 5028. Wells containing different concentration (5, 10, 15, and 20 μg/ml) of RTE4 BS showing zone of inhibition on lawn of X. campestris grown on Muller Hinton agar plate with buffer as negative control. Commercial rhamnolipid was also used as reference compound (10 mg/ml).




DISCUSSION

Increased use of chemical fertilizers is a matter of great concern in agriculture. Application of native rhizobacteria to be employed as biofertlizers is momentously appreciated. For this, it is mandatory to understand the PGP potential of microbes dwelling in the rhizosphere. There are several metabolites secreted by bacteria which contribute toward growth and health of the host plant but remains unknown. Microbial BS are advantageous over chemical surfactants in various properties, both physical and chemical (Desai and Banat, 1997). The phenomenon of bacterial quorum sensing (QS) is mediated via acyl homoserine lactones (acyl-HSLs) signaling molecules and are also known to regulate PGPR traits. QS and acyl-HSLs may have a significant impact on the synthesis of BS in Pseudomonas sp. (Reis et al., 2011). Therefore, further exploring QS potential of the isolate will help us to enhance our knowledge on the role of QS in BS production in the isolate RTE4. Among the diverse bacterial species dwelling in Tea rhizosphere, Pseudomonas sp. is one of the dominantly present bacteria. In the present work, an isolate RTE4 identified as P. aeruginosa isolated from Tea-root adhered soil was assessed for its PGP traits, biocontrol potentials, BS production and its physical-chemical characterization. To evaluate PGP efficacy of RTE4 isolate, IAA and phosphate solubilization were quantified. Later biocontrol activity of RTE4 and BS from RTE4 was screened against foliar tea pathogenic fungi C. invisium and F. solani and bacteria X. campestris. BS is also reported to be one of the traits contributing to the antagonistic potentials (Caulier et al., 2018). Therefore, in current study we also investigated if BS from RTE4 confers biocontrol potential to the tea plant pathogens. Further investigation on other physical and chemical properties of RTE4 BS helps us in understanding its efficiency for commercial application.

The rhizobacterium RTE4 (MCC 3945) having typical morphological features like gram negative rod shaped, motile, catalase positive was identified successfully by phylogenetic analysis signature sequence as Pseudomonas aeruginosa. Among PGP traits, IAA production is considered to be one of the major traits (Spaepen et al., 2007). Apparently, IAA has no function in bacterial cells but it is hypothesized to improve plant-microbe interaction by increasing root colonizing efficiency, root development and nutrient uptake for plants (Etesami et al., 2015). RTE4 produces plant phytohormone IAA upto 74.54 μg/ml. Several nutrients are required by plant for its growth and development. Phosphate is second most important macronutrient required by plants after nitrogen. Unlike nitrogen, phosphate cannot be made biologically available from the atmosphere, hence lies the importance of phosphate solubilizing bacteria which help plants to solubilize inorganic phosphate present in soil (Rodrìguez and Fraga, 1999). When cultivated in National Botanical Research Institute’s phosphate growth medium (NBRIP) media at 28°C, RTE4 was able to solubilize inorganic tricalcium phosphate present in the medium from 27.77 μg/ml up to 47.83 μg/ml till sixth day.

Since many years, Pseudomonas sp. are known to be used as biocontrol agents (Islam et al., 2018). Along with other traits such as antibiotics, proteolytic and cellulolytic enzymes, volatile compounds, siderophores, BS is also one among them. Screening assays conducted for RTE4 demonstrated antifungal traits and as well as protease and cellulase activities. Strong antagonistic activity of RTE4 was observed against fungal pathogens C. invisium and F. solani and bacterial pathogen X. campestris.

The metabolic pathway involving glucose for microbial production of rhamnolipid is well characterized. Glucose is a preferable carbon source for it can be converted to precursor molecules required for rhamnolipid synthesis (Tan and Li, 2018). In our study also, it was found that among all other carbon sources tested, glucose proved to be the best one for the growth and production of BS from P. aeruginosa RTE4. A sharp decline in SFT of culture broth was recorded during logarithmic phase (12 h) of RTE4. The SFT reduced from 71 to 31 mN/m at 12 h and no further decline was observed upon incubation of culture up to 120 h meaning that RTE4 produces BS at logarithmic phase as a primary metabolite (Liu et al., 2018). However, pH of the media remained unchanged throughout incubation of RTE4. The SFT decreased significantly with increased concentration of RTE4 BS. CMC value can be used as a measure of quality of BS. Efficient BS have lower CMC and are required in less quantity to reduce the SFT of liquids. The CMC of RTE4 BS was determined to be 80 mg/L, suggesting surface activity at lower concentrations. Researchers have reported CMC range for P. aeruginosa is 5–200 mg/L (Hörmann et al., 2010; Müller et al., 2010) and SFT reduction from 72 to 30 mN/m (Varjani and Upasani, 2017). At CMC value, CA of water on hydrophobic substrates decreased significantly.

RTE4 BS sample was also investigated for thermal and pH stability by measuring the SFT of BS containing solution. It was found that the BS from RTE4 remained stable at acidic pH. This property could be attributed to the fact that bacteria in the tea rhizosphere may have acclimatized to the acidic soil conditions of tea garden (Borah et al., 2019). For commercial application of BS, its thermal stability is of utmost importance (Sharma et al., 2014). BS from RTE4 also maintained its stability at varying temperature conditions from −20 to 121°C making it efficient for commercial applications.

For extraction of BS, we found chloroform: methanol (2:1, v/v) as a suitable solvent system as previously reported (Cheng et al., 2017). Analysis of purified BS through analytical techniques like TLC, FTIR, NMR and LC-MS revealed a rhamnolipid nature. The stretching vibrations of different chemical groups in FTIR analysis is in agreement with previous studies reported presence of rhamnolipid-like BS from P. aeruginosa (Rikalovic et al., 2012; Khademolhosseini et al., 2019). Chemical shifts in 1H and 13C NMR spectra indicates purified product from P. aeruginosa RTE4 to be a di-rhamnolipid. This was in agreement with (Lotfabad et al., 2010). In addition to NMR analysis, the structural composition was identified through LC-MS illustrated the presence of peaks of molecular masses corresponding to the members of lipids and sugars moieties. Di-rhamnolipids were found to be the major component. TLC of purified RTE4 BS showed presence of mono and di-rhamnolipid. Thus, we confirm the BS produced by Pseudomonas RTE4 is of rhamnolipid type.

Rhamnolipid produced by P. aeruginosa is reported to confer biocontrol against F. verticillioides (Borah et al., 2016). No study has been conducted so far which explores the potential of native tea PGPR and its BS in conferring biocontrol against tea foliar pathogens used in this study. Pathogenic fungi and bacteria analyzed were susceptible to the rhamnolipid extract of RTE4 and to standard rhamnolipid as well. However, it is further essential to understand the mechanism by which BS portrays antagonism. We tried to compare the effect of commercially available fungicide, carbendazim, commonly used in agricultural field with that of BS from RTE4 in controlling fungal growth. It was observed that BS of RTE4 could control fungal growth to a considerable extent with increasing concentration of 15, 20 upto 50 mg/ml. Although acceptable daily intake (ADI) of carbendazim. India is 0.03 mg/kg/day (Sharma, 2007) yet repeated use of carbendazim is a matter of serious concern for health and safety of all the organisms (Singh et al., 2016). BSs are already applied as biopesticides in agricultural field (Sachdev and Cameotra, 2013). However, it is mandatory to explore more microbes for rhamnolipid production considering the huge demanding global BS market (Sekhon Randhawa and Rahman, 2014). We made an attempt to exploit the native bacteria of tea rhizosphere to understand the nature of BS it produces with its antimicrobial properties. To meet the fungicidal efficiency of BS in fields, large scale BS production strategy needs to be explored such that BSs can be used as biofungicide.



CONCLUSION

Efficacy of a microbe to be exploited as biofertlizers first needs an understanding of the mechanisms by which it shows plant beneficial traits. In environment many bacteria which proves to be beneficial for plants are controversial for being pathogenic to humans. Therefore, digging out the targeted secondary metabolites from such plant- native microbes eliminates the fear of its virulence to humans. P. aeruginosa is one such controversial species which is widely found in various plant rhizosphere and yet claimed to be a PGP. In current study, we isolated a PGPR P. aeruginosa RTE4 from tea rhizosphere of Assam, India. Along with PGP traits such as IAA production, solubilization of inorganic phosphate, production of hydrolytic enzymes, it also shows strong antagonistic activity against two selected foliar pathogenic fungi of tea. We focused on understanding the type of BS it produces and if the BS thus produced can be made commercially available. Extensive physico-chemical characterization revealed BS of rhamnolipid type and demonstrated significant reduction in SFT, IFT and CA with low CMC value (80 mg/L) of RTE4 BS which proved its surfactant properties. Further, this compound possesses promising antimicrobial properties. Thus, finally we conclude that the strain RTE4 exhibits multiple PGPR attributes along with production of BS molecules having huge potential for their applications in agriculture as biofungicide.
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FIGURE S1 | FTIR spectrum of commercial standard rhamnolipid.

FIGURE S2 | LC-MS spectrum of commercial Standard rhamnolipid. ESI-MS confirms the highest intensity Di-Rhamnolipid (A); Palmityl palmitate (B); Dipalmitin (C).


FOOTNOTES

1
http://www.teaboard.gov.in/TEABOARDPAGE/NTg

2
http://www.teaboard.gov.in/TEABOARDPAGE/ODY
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High-titer biosurfactant production in aerated fermenters using hydrophilic substrates is often hampered by excessive foaming. Ethanol has been shown to efficiently destabilize foam of rhamnolipids, a popular group of biosurfactants. To exploit this feature, we used ethanol as carbon source and defoamer, without introducing novel challenges for rhamnolipid purification. In detail, we engineered the non-pathogenic Pseudomonas putida KT2440 for heterologous rhamnolipid production from ethanol. To obtain a strain with high growth rate on ethanol as sole carbon source at elevated ethanol concentrations, adaptive laboratory evolution (ALE) was performed. Genome re-sequencing allowed to allocate the phenotypic changes to emerged mutations. Several genes were affected and differentially expressed including alcohol and aldehyde dehydrogenases, potentially contributing to the increased growth rate on ethanol of 0.51 h–1 after ALE. Further, mutations in genes were found, which possibly led to increased ethanol tolerance. The engineered rhamnolipid producer was used in a fed-batch fermentation with automated ethanol addition over 23 h, which resulted in a 3-(3-hydroxyalkanoyloxy)alkanoates and mono-rhamnolipids concentration of about 5 g L–1. The ethanol concomitantly served as carbon source and defoamer with the advantage of increased rhamnolipid and biomass production. In summary, we present a unique combination of strain and process engineering that facilitated the development of a stable fed-batch fermentation for rhamnolipid production, circumventing mechanical or chemical foam disruption.
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INTRODUCTION

Biosurfactants are surface-active molecules with high industrial potential due to their wide range of applications. They can be used in, e.g., bioremediation, enhanced oil recovery, plant protection, cosmetics, and medicine (Lang and Wullbrandt, 1999; Maier and Soberón-Chávez, 2000; Banat et al., 2010; Silva et al., 2014). In contrast to fossil-based surfactants, biosurfactants can be produced from renewable resources, exhibiting often a low ecotoxicological potential (Henkel et al., 2012; Johann et al., 2016). While the number of biosurfactants described is still increasing, they usually belong to the classes of glycolipids, phospholipids, lipopeptides, or polymeric biosurfactants (Desai and Banat, 1997).

The glycolipid rhamnolipid was first reported in 1949 by Jarvis and Johnson (Jarvis and Johnson, 1949). The production of rhamnolipids is mainly a trait of the bacterial genera Pseudomonas and Burkholderia (Germer et al., 2020), where the opportunistic pathogen Pseudomonas aeruginosa is one of the most reported species. Rhamnolipids consist of a hydrophobic moiety, one or two β-hydroxy fatty acids, and a hydrophilic moiety, one or two rhamnose molecules, which are linked through a β-glycosidic bond to the fatty acid chains (Edwards and Hayashi, 1965; Syldatk et al., 1985). More than 20 different congeners are produced by P. aeruginosa, while the most abundant congener contains a C10-C10 β-hydroxy fatty acid (Déziel et al., 1999, 2000). For the synthesis, two pathways for the precursor molecules are needed, which exist in Pseudomonas species. The synthesis of dTDP-L-rhamnose is catalyzed by five enzymes, a phosphoglucomutase and four enzymes of the rml-operon, starting from D-glucose-6-phosphate (Rahim et al., 2000). The β-hydroxyacyl-ACP is synthesized in the fatty acid de novo synthesis. The genes rhlA and rhlB, which are organized in an operon, are involved in mono-rhamnolipid synthesis (Ochsner et al., 1994; Déziel et al., 2003). The acyltransferase RhlA links two β-hydroxyacyl-ACP molecules to a dimer called 3-(3-hydroxyalkanoyloxy)alkanoate (HAA). Then, the rhamnosyltransferase RhlB adds a rhamnose to the HAA using dTDP-L-rhamnose as substrate. If one more rhamnose is added by the rhamnosyltransferase RhlC a di-rhamnolipid is produced (Rahim et al., 2001). RhlC is encoded by rhlC, which is located in another genomic region of P. aeruginosa.

The production of rhamnolipids with P. aeruginosa, although in industry established, encounters some challenges. First, the sophisticated regulation of the rhamnolipid synthesis genes by quorum sensing (Soberón-Chávez et al., 2005; Dusane et al., 2010), which complicates fermentation procedures. Second, the highest rhamnolipid production is achieved using plant oils as substrates (Sim et al., 1997), which increases the effort and costs in downstream processing. Third, the before mentioned pathogenicity is critical for the permission of production processes and the resulting products. Thus, rhamnolipid production with a non-pathogenic host where the production is independent from host intrinsic regulation using renewable hydrophilic substrates is much aimed for. Many studies report the heterologous production of rhamnolipids in different organisms, e.g., Escherichia coli, P. fluorescens, and P. putida KT2440 (Ochsner et al., 1995; Wang et al., 2007; Wittgens et al., 2011). The latter species is a well-established chassis in industrial biotechnology and is known for its versatile metabolism and high redox cofactor regeneration rate (Ramos et al., 1995; Nelson et al., 2002; Blank et al., 2010; Tiso et al., 2014).

Apart from the general microbial fermentation challenges, biosurfactant fermentations potentially have extensive foaming and high purification costs as further challenges. Excessive foaming is especially a challenge in aerated and agitated biosurfactant cultivations using hydrophilic substrates. The foaming facilitates biomass and product loss from the liquid phase. The product can be enriched in the foam phase by more than 20 times (Beuker et al., 2014, 2016b). Losing the whole-cell catalyst has a negative impact on volumetric production rate (Davis et al., 2001). While foaming is a true challenge, several strategies to control or prevent foaming exist. Antifoaming agents (or antifoamers) can be used, with the potential drawbacks of lowering the oxygen transfer rate, increasing the cost as they are expensive, and complicate downstream processing due to emulsification (Vardar-Sukan, 1998; Beuker et al., 2014). Another alternative is the use of mechanical foam breakers, which destroy the foam by shear stress (Junker, 2007). These elements have an additional energy demand and need maintenance, thus increasing also process costs. Further alternatives exist, e.g., adsorption of cell-containing foam, bubble-free membrane reactors, and foam fractionation (Winterburn et al., 2011; Beuker et al., 2014; Anic et al., 2017). However, all control or prevention methods have their limits, and usually add complexity to the fermentation. Hence, the development of alternative strategies to simplify the process, e.g., by controlling foaming, is a crucial step in process design and should be addressed in an early stage. Avoiding, e.g., antifoamers reduces elaborative downstream processing and hence costs.

In times of massive production of greenhouse gases, the usage of alternative feedstocks is highly recommended. The overall goal is to establish a circular bioeconomy in which also lignocellulosic biomass and side- and waste streams are used as energy and carbon source. Several studies deal with the production of rhamnolipids from alternative resources, e.g., butane, agro-industrial waste, glycerol, organic acids derived from bio-oil, and xylose (Gehring et al., 2016; Gudiña et al., 2016; Tiso et al., 2017; Arnold et al., 2019; Bator et al., 2020). In the 1990s, ethanol was already considered as an alternative carbon source for rhamnolipid production (Matsufuji et al., 1997). Bioethanol is an interesting substrate because it can be produced from biomass constituents like sugars or sugar polymers (e.g., starch) (Wendisch et al., 2016). But also attempts to use lignocellulosic sugars for bioethanol were made in the last decades, and various cellulosic ethanol plants are in operation (Balan et al., 2013; Duwe et al., 2019; Rosales-Calderon and Arantes, 2019). Further, synthesis gas (syngas) fermentations can be used to produce ethanol from greenhouse gases (Bengelsdorf and Dürre, 2017). A syngas-based industrial-scale ethanol production facility using Clostridium autoethanogenum as biocatalyst was brought into operation in 2018 (LanzaTech, 2018). Hence, CO and CO2 can directly be used as carbon sources for sustainable ethanol production. The produced ethanol can be used as biofuel, as platform chemical (e.g., ethylene or ethylene glycol synthesis) or as a carbon source for the production of valuable products as proposed here for the synthesis of rhamnolipids.

In this work, we report heterologous rhamnolipid production with engineered P. putida KT2440 from ethanol. We used adaptive laboratory evolution (ALE) to improve growth on and tolerance toward ethanol and identified the basis for adaptation by genome re-sequencing. An evolved mutant was characterized regarding growth and then engineered for mono-rhamnolipid production. Due to the improved growth parameters of the strain in the presence of ethanol, we were able to develop a unique rhamnolipid production process where ethanol takes over two functions – being the carbon source and the defoaming agent.



MATERIALS AND METHODS


Strains and Cultivation Conditions

All bacterial strains used in this study are listed in Table 1. E. coli strains, P. putida KT2440 (DSM6125, ATCC47054), and engineered P. putida strains were routinely cultivated in lysogeny broth (LB) medium (10 g L–1 peptone, 5 g L–1 yeast extract, and 10 g L–1 NaCl). If solid medium was needed, 2% (w/v) agar was added. Cultivation of P. putida strains was performed at 30°C and E. coli strains were cultivated at 37°C. To avoid the loss of plasmids, 50 μg mL–1 kanamycin or 30 μg mL–1 gentamycin were added to the medium. Quantitative microbiology experiments were performed using M9 minimal medium with a final composition (per L) of 8.5 g Na2HPO4⋅2H2O, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 2 mM MgSO4, 4.87 mg FeSO4⋅7H2O, 4.12 mg CaCl2⋅2H2O, 1.5 mg MnCl2⋅4H2O, 1.87 mg ZnSO4⋅7H2O, 0.3 mg H3BO3, 0.25 mg Na2MoO4⋅2H2O, 0.15 mg CuCl2⋅2H2O, 0.84 mg Na2EDTA⋅2H2O (Sambrook and Russell, 2001), and 10 g glucose for pre-cultures or different concentrations of glucose and ethanol for main cultures as indicated. Liquid cultivations were performed in 500 mL shake flasks with 10% filling volume at 300 rpm and in 24-deep well plates (SystemDuetz; Enzyscreen B.V., Heemstede, Netherlands) with 1 mL filling volume at 300 rpm and a throw of 50 mm. A Growth Profiler 960 (Enzyscreen B.V., Heemstede, Netherlands) was used for online analysis of growth without sampling. 96-well plates with 200 μL filling volume at 225 rpm were incubated and the density was determined by image analysis.


TABLE 1. Bacterial strains used in this study.
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Adaptive Laboratory Evolution

For adaptation to ethanol, two consecutive ALE experiments were carried out. Each experiment was performed in two biological replicates: P. putida KT2440 was grown in M9 minimal medium containing 2 g L–1 glucose and 4% (v/v) ethanol. The optical density (OD600) was measured and fresh medium was inoculated with a starting OD600 of 0.1 daily. After 30 days (23 transfers), the medium composition was changed to 4% (v/v) ethanol. ALE was carried on for twelve more days (10 transfers). To obtain single isolates, the inhomogeneous culture was plated on LB-agar. Subsequently, single colonies were tested for adaptation to ethanol in a 96-well plate in a Growth Profiler 960 (Enzyscreen B.V., Heemstede, Netherlands).



DNA Techniques

Genome re-sequencing of the wild type, P. putida KT2440 E1, and P. putida KT2440 E1.1 was performed to identify mutations obtained by ALE on ethanol. Therefore, genomic DNA was isolated with the High Pure PCR Template Preparation Kit (Roche Holding, Basel, Switzerland). The sequencing was done by Eurofins Genomics (Ebersberg, Germany) using Illumina technology as paired-end reads of 150 base pairs. Single nucleotide polymorphisms (SNPs) and insertions or deletions (InDels), which were analyzed by GATK’s Haplotype Caller (McKenna et al., 2010; Depristo et al., 2011), were visualized with the Integrative Genomics Viewer (Robinson et al., 2011). The sequences of the wild type, P. putida KT2440 E1, and P. putida KT2440 E1.1 were deposited in the Sequence Read Archive with the accession number (PRJNA642834).

Expression levels of genes were determined by quantitative real-time PCR (qRT-PCR). RNA was extracted from the wild type, P. putida KT2440 E1, and P. putida KT2440 E1.1 when growing in M9 minimal medium containing 0.96% (v/v) ethanol. The medium was inoculated at a starting OD600 of 0.1 and the cells were cultivated until they reached an OD600 of 1.1 mL of the cultures was centrifuged at 16,000 × g for 2 min, the supernatant was discarded, and the cells were resuspended in 1 mL RNAlater Stabilization Solution (Thermo Fisher Scientific, Waltham, MA, United States). All further steps for RNA extraction were performed using the Monarch Total RNA Miniprep Kit (New England Biolabs, Ipswich, MA, United States) following the manual. The RNA concentration was measured with the NanoDrop One (Thermo Fisher Scientific, Waltham, MA, United States) at 260 nm. All samples were adjusted to a concentration of 6 ng μL–1 in a total volume of 40 μL. After RNA isolation, an additional DNase digestion was performed for 1 h at 37°C using 5 μL DNase I and 5 μL DNase I reaction buffer (New England Biolabs, Ipswich, MA, United States). The DNase I was inactivated at 75°C for 10 min. 4 μL of the RNA template were used for cDNA synthesis, which was performed using the ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs, Ipswich, MA, United States) following the manual. Subsequently, PCR was performed in white 96-well plates using the Universal qPCR Master Mix (New England Biolabs, Ipswich, MA, United States) in a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, United States). For qRT-PCR, specific oligonucleotides with annealing temperatures of 60°C were designed using the Primer3 software1. Standard curves for all primer pairs were performed by using two-fold dilution series of genomic DNA of the wild type with seven data points. Afterward, the primer efficiencies were determined and reached values between 2 and 2.13. Nuclease-free water for every primer pair and DNase treated RNA templates were used as negative controls. Each cDNA sample was diluted 1:10 and analyzed as technical triplicate. Data analysis was performed using the Bio-Rad CFX Manager Software. The resulting Ct values were used to calculate the gene expression level via the 2ΔCt method by normalizing to the house keeping gene rpoB.

For the deletion of the fleQ gene (PP_4373) the I-SceI-based system developed by Martínez-García and de Lorenzo (2011) was used. Briefly, 500 bp upstream and downstream flanking regions were amplified from the genomic DNA of P. putida KT2440 with the Q5 High-Fidelity polymerase (using primers IB-278, IB-279, IB-280, and IB-281) and cloned into the non-replicative pEMG vector by Gibson Assembly (Gibson et al., 2009). All used primers with their nucleotide sequences are listed in the Supplementary Material (Supplementary Table 1). The resulting plasmid pEMG-fleQ was transferred into chemically competent E. coli PIR2 cells by heat shock (Hanahan, 1983). The plasmids were isolated using the Monarch Plasmid Miniprep Kit (New England Biolabs, Ipswich, MA, United States) and validated by Sanger sequencing performed by Eurofins Genomics (Ebersberg, Germany). Afterward, the plasmids were transferred to P. putida KT2440 via conjugation. Triparental mating using a streamlined method as outlined by Wynands et al. (2018) was performed. After mating procedures, P. putida strains were selected on cetrimide agar (Sigma-Aldrich, St. Louis, MO, United States). For restriction, plasmid pSW-2 was used and no 3-methylbenzoate for induction of I-SceI expression was required. Deletion mutants were verified by colony PCR using OneTaq 2x Master Mix with Standard Buffer and primers IB-282 and IB-283. At last, the recombinant strains were cured of pSW-2 plasmid by re-inoculation in LB medium without antibiotics.

To obtain biosurfactant (HAA and mono-rhamnolipid) producing strains, the mini-Tn7 delivery transposon vector developed by Zobel et al. (2015) was used. The biosurfactant synthesis module is inserted in a single genomic locus of the chromosome (attTn7). The plasmid pSK02 harboring the rhlAB genes from P. aeruginosa PA01 was integrated into the genome of P. putida KT2440 E1.1 via transposition. Identification and selection of biosurfactant producing clones was performed as described by Bator et al. (2020), using ethanol as substrate instead of glucose.



Analytical Methods


Analysis of Bacterial Growth

Bacterial growth was determined by measuring the optical density at 600 nm (OD600) with the Ultrospec 10 cell density meter (Biochrom, Cambridge, United Kingdom). A correlation between OD600 and cell dry weight (CDW) was generated. An OD600 of 1.0 corresponds with a CDW of 313 mg L–1.



Analysis of Metabolites and Products

Sample preparation and analysis via high performance liquid chromatography (HPLC) for the measurement of ethanol and extracellular metabolites, e.g., acetate, was performed with the same method for glucose and other organic acids as described in Bator et al. (2020). It was used a Metab-AAC 300 × 7.8 mm separation column (particle size: 10 μm, ISERA GmbH, Düren, Germany). For the measurement of HAAs and mono-rhamnolipids, sample preparation and analysis via HPLC was performed according to Bator et al. (2020) using a NUCLEODUR C18 Gravity 150 × 4.6 mm separation column (particle size: 3 μm, Macherey-Nagel GmbH & Co., KG, Düren, Germany).



Fermentation Conditions

Fed-batch fermentations for rhamnolipid production were performed as duplicate using modified M9 minimal medium with a final composition (per L) of 1.21 g Na2HPO4⋅2H2O, 0.43 g KH2PO4, 0.5 g NaCl, 1.9 g NH4Cl, 2 mM MgSO4, 9.74 mg FeSO4⋅7H2O, 41.2 mg CaCl2⋅2H2O, 1.5 mg MnCl2⋅4H2O, 1.87 mg ZnSO4⋅7H2O, 0.3 mg H3BO3, 0.25 mg Na2MoO4⋅2H2O, 0.15 mg CuCl2⋅2H2O, 13.11 mg Na2EDTA⋅2H2O (Müller et al., personal communication), and 7.6 g ethanol (0.33 Cmol) for the batch phase. The fermentations were conducted in a stirred tank reactor (BioFlo 120 glass bioreactor; Eppendorf, Hamburg, Germany) with a working volume of 1 L and a nominal volume of 1.3 L. The fermentations were controlled by a BioFlo120 unit and DASware control software (v5.5.0; Eppendorf, Hamburg, Germany). The setup is illustrated in Figure 1. The bioreactor was equipped with a pH electrode (EasyFerm plus PHI 225, Hamilton, Reno, NV, United States), dissolved oxygen (DO) electrode (InPro 6800, Mettler-Toledo, Columbus, OH, United States), sparger, pH control agent inlets, foam outlet, foam recirculation inlet, septum, Pt100 temperature sensor, hose connection for the inoculation bottle, sampling system, and cooling loop. The agitator shaft was equipped with two Rushton turbines (Ø 5.3 cm). The temperature was held constant at 30°C and the pH was adjusted to 7 via automatic addition of 30% NH4OH and 2 M H2SO4. NH4OH simultaneously served as nitrogen source. The aeration rate was 0.1 L min–1 (0.1 vvm), whereas evaporation was reduced by sparging the supply of sterile air through a sterile water bottle. The DO was kept above 30% by an automatic increase of the agitation speed until 1,200 rpm. The foam produced during the fermentation was directed through the foam outlet via a hose into a downstream foam collection bottle. The reactor was inoculated with cells from a preculture to a final OD600 of 0.5. One hour after inoculation, the peristaltic pump for foam recirculation was turned on at 220 rpm (Ø of the inner hose = 1 cm) and the stirrer speed was manually increased from 300 to 500 rpm to obtain wet foam. After the batch phase, the feeding phase was initiated. The feed was realized with an automated DO-based feeding strategy via a peristaltic pump. The feed contained 100% (v/v) ethanol (Th. Geyer GmbH & Co. KG, Renningen, Germany) and was activated at DO-levels higher than 40% and deactivated at DO-levels lower than 30%. In one feeding event, 3 mL ethanol were pumped to avoid toxic concentrations. However, the feed did not enter the reactor directly but was sprayed into the foam tank to collapse the collected foam. The collapsed foam is pumped back into the reactor by a peristaltic pump. The stirrer speed was constant at 1,200 rpm and up to 90% pure oxygen was manually mixed to the supply air. When the growth rate decreased, medium components were added to maintain growth and avoid nutrition limitation at higher cell densities. At 20 h the last supplementation was done and the medium contained in total (per L) 7.2 g Na2HPO4⋅2H2O, 2.58 g KH2PO4, 0.5 g NaCl, 1.9 g NH4Cl, 9.51 g NH4OH, 26 mM MgSO4, 48.78 mg FeSO4⋅7H2O, 0.22 g CaCl2⋅2H2O, 48.7 mg MnCl2⋅4H2O, 10.85 mg ZnSO4⋅7H2O, 3.37 mg H3BO3, 1.55 mg Na2MoO4⋅2H2O, 1 mg CuCl2⋅2H2O, and 65.7 mg Na2EDTA⋅2H2O.
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FIGURE 1. Schematic setup for a fed-batch fermentation in a bioreactor with foam recirculation and pure ethanol as feed and defoaming agent. Foam is produced during the fermentation process and collected in a foam tank. Ethanol was automatically sprayed inside the foam tank based on a DO-based feeding protocol. After the addition of ethanol, the collected foam collapsed in the tank and was continuously pumped back as a liquid.


To characterize the fed-batch fermentation results, the values of biomass, biosurfactants, and ethanol (during batch phase) were fitted using a logistic equation with four parameters as described by Wittgens et al. (2011). An independent fit was used to illustrate the development of all three fermentation parameters.



Flux Balance Analysis

Flux balance analysis (FBA) has been carried out as described previously by Bator et al. (2020). Briefly, the genome-scale model of P. putida KT2440, iJN1463 (Nogales et al., 2020), was used and extended by the biosynthesis route for mono-rhamnolipid production. All simulations were carried out in MATLAB (version R2019b; The MathWorks, Inc., Natick, MA, United States). The uptake of ethanol was set to 10 mmol gCDW–1 h–1 and the uptake of other carbon sources (e.g., glucose) was set to zero. The maximization of production of mono-rhamnolipids or biomass was used as objective function in the extended model.



RESULTS


Evolutionary Engineering Improves Growth of P. putida KT2440 on Ethanol

In order to establish a rhamnolipid production process based on ethanol, the growth behavior of P. putida KT2440 was investigated in minimal medium with 0.96, 2, 4, 6, and 8% (v/v) ethanol as sole carbon source. 0.96% (v/v) ethanol was included, since this equals 0.33 Cmol, which is the carbon content used in all further experiments in this study. Interestingly, the wild type was able to grow natively in medium containing up to 4% (v/v) ethanol (Figure 2B). However, cell clumping was observed, indicating cell stress. The wild type exhibits a long lag phase of about 70 h at 4% (v/v) ethanol (Figure 2B), which is likely caused by the inhibitory effect of the high ethanol concentration. While even at 0.96% (v/v) cell clumping was observed, the lag phase was significantly reduced to 6 h and a growth rate of 0.21 ± 0.03 h–1 was reached (Figure 2A). However, the growth rate showed a sharp drop after approximately 16 h. In general, the results show that P. putida KT2440 is able to utilize ethanol, which was not surprising since an ethanol oxidation system and several alcohol and aldehyde dehydrogenases exist in Pseudomonas species (Nelson et al., 2002; Görisch, 2003).


[image: image]

FIGURE 2. Comparison of growth of P. putida KT2440 (black) and two evolved strains, P. putida KT2440 E1 (light blue) and P. putida KT2440 E1.1 (dark blue), in M9 minimal medium containing ethanol. (A) Growth in medium containing 0.96% (v/v) ethanol and (B) growth in medium containing 4% (v/v) ethanol. Growth was detected using a Growth Profiler 960 in 96-well plates. Error bars indicate the standard deviation from the mean (n = 3).


Because the cells clumped and had a moderate growth rate, we decided to improve these traits by ALE. ALE is a technique frequently used to improve features of microbes by adaptation to various environmental conditions, such as temperatures or non-preferred carbon sources. A first ALE experiment was performed using M9 minimal medium with 2 g L–1 glucose and 4% (v/v) ethanol to increase the solvent tolerance for 30 days corresponding to ∼115 generations. Single colonies were obtained from the inhomogeneous culture, which were tested for growth (data not shown). The best-adapted colony (the strain with the highest growth rate and shortest lag phase after ALE) was designated P. putida KT2440 E1, which was used for a second ALE experiment in M9 minimal medium with 4% (v/v) ethanol for twelve days corresponding to ∼37 generations. Again, single colony isolation, and growth rate determination was used; the best adapted strain was designated P. putida KT2440 E1.1. After ALE, both strains showed reduced or no cell clumping in the presence of ethanol, which might correlate with ethanol tolerance. The growth of the two adapted strains was investigated in M9 minimal medium containing 0.96 or 4% (v/v) ethanol (Figures 2A,B). On 4% (v/v) ethanol, a significantly decreased lag phase of 9 and 6 h was observed for P. putida KT2440 E1 and P. putida KT2440 E1.1, respectively (Figure 2B). P. putida KT2440 E1 had a slightly reduced growth rate of 0.17 ± 0.02 h–1, while no drop of the growth rate when compared to the wild type in 0.96% (v/v) ethanol was observed. The growth rate of P. putida KT2440 E1.1 was increased to 0.51 ± 0.03 h–1.

Additionally, the formation of the intermediate acetate was examined. The intermediate acetaldehyde could not be measured due to its volatile character. The enzymatic steps and introduction in the central carbon metabolism are shown in Figure 3. Samples taken until 28 h of the cultivation of P. putida KT2440 using 0.96% (v/v) ethanol could exclude the presence of acetate. Hence, it is hypothesized that the conversion of acetaldehyde to acetate is the rate-limiting step and instead, an acetaldehyde accumulation took place, which caused growth inhibition (drop of the growth rate after 16 h in Figure 2A) because aldehydes are highly toxic also at low levels. The evolved strains P. putida KT2440 E1 and E1.1 grew to higher cell densities, but they also showed higher acetate concentrations (3.1 ± 0.3 and 3.8 ± 0.1 g L–1), respectively. Due to ALE, the overall concentrations of the intermediates were not growth-inhibiting anymore. As a consequence, the evolved strains were able to use ethanol and acetaldehyde more efficiently indicated by the higher biomass production. However, another imbalance was revealed after ALE, which resulted in a stronger acetate accumulation through a slow conversion of acetate to acetyl-CoA. Here, a higher growth rate on ethanol and a higher ethanol tolerance were achieved. The time period of the ALE process might be extended in order to select isolates with even more improved features, i.e., a higher growth rate and lower accumulation of intermediates. However, a short time period was chosen to minimize the appearance of random background mutations, simplifying the allocation of mutations to the observed phenotypes.
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FIGURE 3. The metabolic network of P. putida KT2440. (A) Enzymatic steps of ethanol utilization. (B) Central carbon metabolism of P. putida KT2440 based on Sudarsan et al. (2014) with the native ethanol utilization pathway and the heterologous mono-rhamnolipid production pathway. Bold arrows indicate the recombinant enzymatic steps toward mono-rhamnolipid production. pedH, quinoprotein ethanol dehydrogenase; adh, alcohol dehydrogenase; aldB, aldehyde dehydrogenase; acsA, acetyl-CoA synthetase; AMP, adenosine monophosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; NAD+, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; PQQ, pyrroloquinoline quinone; PQQH2, reduced pyrroloquinoline quinone.




Rerouting of Metabolism for Carbon-Efficient Ethanol Utilization Caused by Adaptation

To investigate the basis of the phenotypic changes after ALE, genome re-sequencing of both evolved strains and P. putida KT2440 as reference was performed. Furthermore, the metabolic network structure was examined by FBA. We could identify 60 mutations, including 36 SNPs and 24 insertion-deletion polymorphisms (InDel) for the reference strain P. putida KT2440 from our stain collection compared to the genome sequence of P. putida KT2440 (AE015451.2; Belda et al., 2016). This phenomenon was observed before in other P. putida KT2440 genome re-sequencing studies (Belda et al., 2016; Li et al., 2019). Similar mutation patterns of two reference strains from different laboratories were observed, even though the reference strains share no common history (Li et al., 2019). Most of the mutations are located in non-coding regions, silent mutations, or errors due to low coverage and read quality. Seven additional SNPs and one InDel were identified for the evolved E1. P. putida KT2440 E1.1 carried three SNPs and six InDels in addition to E1. Four genomic regions, which probably have an influence on ethanol tolerance and utilization were identified (Figure 4). More specifically, all SNPs and InDels of strains E1 and E1.1 were considered except silent mutations, mutations in hypothetical proteins, mutations with low coverage and read quality, and mutations in non-coding regions (except one mutation in a probable promoter region). Three mutations were found in strain E1 and three additional mutations in strain E1.1 (Supplementary Table 2). Two physiological effects can be distinguished: enhanced ethanol tolerance and more efficient ethanol utilization (higher ethanol uptake rate).
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FIGURE 4. Genomic consequences of ALE on gene expression. The gene organization is based on the genome sequence AE015451.2 (Belda et al., 2016). (A) Gene organization from PP_2664 to PP_2684 with a schematic hypothetical regulatory scheme below the genes based on regulation patterns in P. aeruginosa (Hempel et al., 2013). The black arrows display which genes have a positive regulatory influence on other genes. Further unidentified two-component systems genes are probably involved but not considered in this figure. The genes in bold font were investigated for gene expression levels. (B) Gene organization from tufA to rplA (PP_0440 to PP_0444). (C) Gene organization from yphA (PP_3837) to PP_5635. (D) Gene organization from fliE to fliS (PP_4370 to PP_4375). (E) Relative normalized expression of genes involved in ethanol metabolism of P. putida KT2440 (black bars), P. putida KT2440 E1 (light blue), and P. putida KT2440 E1.1 (dark blue) growing on 0.96% (v/v) ethanol. The 2ΔCt values were normalized to rpoB and error bars represent the maximum and minimum values of two independent measurements (n = 2). Black arrows indicate genes coding for regulators, green arrows indicate genes coding for sensor kinases, purple arrows indicate genes involved in ethanol conversion, gray arrows indicate hypothetical proteins, and white arrows indicate genes with other functions. Smaller arrows below the gene organization show the identified mutations after ALE. The light blue arrows indicate the presence of the mutation in P. putida KT2440 E1 and the dark blue arrows indicate the presence of the mutation in P. putida KT2440 E1.1.


The mutations, which might effectuate a higher ethanol tolerance, are present in both strains and were thus introduced in the first evolution round (Figures 4B,D). These include a missense mutation in secE, which encodes a protein translocase subunit, and a nonsense mutation in fleQ, which encodes a transcriptional regulator for flagellar and biofilm formation. The presence of organic solvents leads to altered lipid compositions and leakage of the plasma membrane in microbes as reviewed by Heipieper et al. (1994). The mutation in secE was perhaps introduced to counterbalance this effect due to an altered translocation of proteins across and insertion into the membrane. Furthermore, the nonsense mutation in fleQ likely causes the gene function to be negatively affected. In P. putida KT2440 E1.1, a frameshift was additionally introduced in fleQ to abolish the gene function. In recent studies, it was reported that fleQ-deficient P. putida strains showed a defect in swarming and reduced biofilm formation, which is caused by a lower expression of flagellar- and biofilm-related genes (Yousef-Coronado et al., 2008; López-Sánchez et al., 2016; Navarrete et al., 2019). Further, a relation between the disruption of flagellar-related genes and solvent tolerance in P. putida was described (Domínguez-Cuevas et al., 2006; Molina-Santiago et al., 2017). To verify this hypothesis, the gene fleQ was deleted. This deletion mutant, the reference strain, and the evolved strain E1.1 were then cultivated in minimal medium containing glucose and increasing ethanol concentrations. P. putida KT2440 ΔfleQ and P. putida KT2440 E1.1 showed an identical growth behavior when concentrations from 1 to 3% (v/v) of ethanol were present (Figure 5). In contrast, the reference strain showed even in the presence of low ethanol concentrations a prolonged lag phase and decreased growth compared to the deletion mutant and the evolved strain (Figure 5). With the fleQ deletion we could show that i) the mutations in fleQ are likely to contribute to an increased ethanol tolerance and ii) the mutations indeed in all likelihood lead to a deactivation of regulation of flagellar and biofilm formation.
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FIGURE 5. Ethanol tolerance of P. putida KT2440 and derivatives in M9 minimal medium containing different ethanol concentrations. P. putida KT2440 (black), P. putida KT2440 E1.1 (blue), and P. putida KT2440 ΔfleQ (green). (A) Minimal medium containing 10 g L–1 glucose and 1% (v/v) ethanol. (B) Minimal medium containing 10 g L–1 glucose and 2% (v/v) ethanol. (C) Minimal medium containing 10 g L–1 glucose and 3% (v/v) ethanol. Growth was detected using a Growth Profiler 960 in 96-well plates. Error bars indicate the standard deviation from the mean (n = 3).


Further mutations, which are likely assigned to ethanol utilization, were identified. Two mutations were found in a gene, of which the gene product is likely involved in the regulation of the ethanol oxidation system, which is encoded by genes localized in an operon (Figure 4A) (Görisch, 2003; Belda et al., 2016). A missense mutation was introduced in yiaY (PP_2682) and in the longer evolved strain an additional nonsense mutation was introduced upstream in the same gene (Supplementary Table 2). The gene yiaY is proposed to encode a Fe-containing alcohol dehydrogenase. A genome analysis using BLAST (Altschul et al., 1990) showed that yiaY (PP_2682) and PP_2683 (a two-component system sensor histidine kinase/response regulator) of P. putida KT2440 have sequence similarities of 84% to ercA (PA1991) and 72% to ercS (PA1992) of P. aeruginosa PAO1, respectively. The gene ercA forms an operon with ercS and the gene product is presumed to generate a signal that activates the sensor kinase ErcS. This has an impact on the regulator AgmR, which controls the transcription of genes encoding components for ethanol oxidation (Figure 4A). Consequently, the gene product of ercA is part of a complex regulatory system and controls the expression of the quinoprotein ethanol oxidation genes in P. aeruginosa (Gliese et al., 2004; Hempel et al., 2013). Since the synteny of the ethanol oxidation system in P. putida and P. aeruginosa share similarities, we assumed that yiaY has a similar function in P. putida KT2440. To confirm this assumption, gene expression levels of the presumably regulated genes pedH, aldB-II, and pqqD-II, which are involved in ethanol oxidation (Figure 4A), in P. putida KT2440 and the two evolved strains E1 and E1.1 were determined via qRT-PCR. Interestingly, the transcript level of all three genes was highest for the reference strain (Figure 4E). P. putida KT2440 E1 had a lower transcript level of the regulated ethanol oxidation genes compared to the reference strain and the transcript levels of these genes of strain E1.1 were even lower. These findings indicate that yiaY is involved in the regulation of expression of ethanol oxidation genes since no other mutations were found in the surrounding kinases or regulators. Further, a low transcription of the genes involved in ethanol oxidation (pedH, aldB-II, and pqqD-II) could be observed in P. putida KT2440 E1.1, although a stop codon was introduced in yiaY. The stop codon was present in the second half of the gene and thus, there might be a residual activity. As mentioned before, the ethanol oxidation system is regulated by a complex regulatory system and other factors also might still regulate the transcription of the genes positively. However, it was observed that the transcript levels of the ethanol oxidation genes in the operon were more decreased the longer the strain was evolved by ALE. This fits the hypothesis, which was formulated in the beginning based on the growth of the strains. It was argued that the overall concentration of the intermediates was not growth-inhibiting anymore and that an adaptation to the intermediates happened. These changes were the basis for more efficient use of the substrate. The gradual reduction of transcript identified by qRT-PCR entailed a slower conversion of ethanol and thus, lower concentrations of the toxic intermediate acetaldehyde might be present. Accumulation of acetaldehyde was suggested as a reason for the sharp drop of the growth rate for the wild type, which was not present in both evolved strains. In strain E1, acetaldehyde accumulation might be reduced below a toxic level for the cells enabling the further conversion of acetaldehyde into acetate. However, acetate accumulation was observed, indicating a second bottleneck (slow conversion to acetyl-CoA). This could have led to the further decrease of transcript levels, which is probably caused by the missense mutation in yiaY in strain E1.1. The mutation has a reductive effect on the expression of the quinoprotein ethanol oxidation gene, pedH, and aldB-II and possibly forces the strain to convert ethanol slower.

In P. putida KT2440 E1.1, the transcript levels of the genes for the ethanol oxidation enzymes, located in the operon (Figure 4E), were further decreased. However, other dehydrogenases may undertake the ethanol oxidation. One mutation in a gene, which is probably involved in ethanol degradation, occurred, causing that the encoded enzyme may undertake the conversion of ethanol to acetaldehyde. A SNP in the intergenic region before adhP (PP_3839), encoding an alcohol dehydrogenase, which is proposed to be located in the cytoplasm, was found (Figure 4C). The mutation upstream of adhP might alter the promoter activity upstream of adhP. Using the Softberry BPROM tool (Solovyev and Salamov, 2011), different promoters were predicted for the reference strain and P. putida KT2440 E1.1, i.e., the −10 region of the probable promoter upstream of adhP is affected by the mutation (Supplementary Figure 1). Thus, the alteration caused by the mutation might have contributed to a significantly improved growth rate (Figure 2).

Although the mutations and resulting phenotypes, including the discovery of their underlying basis, were analyzed, the question why the quinoprotein dependent ethanol oxidation was downregulated and other dehydrogenases overtook their functions, are intriguing. To investigate this, FBA was used to predict fluxes and yields regarding biomass production using the genome-scale model P. putida KT2440 iJN1463 (Nogales et al., 2020). Two different scenarios, the PQQ-dependent and NAD+-dependent ethanol conversion, were tested. Maximal product yields of 37 mmol mol–1 and 41 mmol mol–1 were computed for the PQQ-dependent ethanol conversion and the NAD+-dependent ethanol conversion, respectively. To elucidate where the differences derive from, different fluxes were analyzed. In the reference strain P. putida KT2440 (PQQ-dependent), the electron pair is used in the respiratory chain for ATP synthesis and not for biomass production, thus a higher flux through the TCA cycle is needed to regenerate more NADH theoretically. With FBA, a higher respiration (14.7 mmol gCDW–1 h–1 O2) and a higher flux through the TCA cycle, represented by the conversion of citrate to cis-aconitate (4.87 mmol gCDW–1 h–1), compared to the NAD+-dependent ethanol conversion was computed. This leads to a higher CO2 production (5.33 mmol gCDW–1 h–1) using the PQQ-dependent ethanol conversion instead of 3.52 mmol gCDW–1 h–1 CO2 using the NAD+-dependent ethanol conversion. Thus, the changes obtained by ALE contributed to a more carbon-efficient route of ethanol degradation and led to an adaptation to the intermediates, which can explain the more efficient use of the substrate indicated by the higher biomass concentrations of the mutant strains E1 and E1.1.



Biosurfactant Production Is Increased Due to More Efficient Substrate Utilization

The production of mono-rhamnolipids and HAAs (from now on referred to as biosurfactants) was consequently investigated with an efficient ethanol metabolizer (P. putida KT2440 E1.1) and compared to the wild type in 24-deep well plates (Figure 6). For the production, the biosurfactant synthesis module was integrated as a single copy into the genome of P. putida KT2440 E1.1. The biosurfactant producer was designated P. putida KT2440 E1.1_RL. For comparison, the wild type with the integrated biosurfactant synthesis module, P. putida KT2440 SK4 (Tiso et al., in review), was used. The production was performed using 0.96% (v/v) ethanol or 10 g L–1 glucose (both 0.33 Cmol L–1) as the sole carbon source to compare the production capacities on ethanol and the conventionally used glucose. The cultivation was performed for 48 h to ensure complete consumption of the substrates for both strains.
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FIGURE 6. Proportion of different biosurfactants produced by P. putida KT2440 SK4 and P. putida KT2440 E1.1_RL in 24-deep well plates using M9 minimal medium. The minimal medium contained 0.96% (v/v) ethanol (EtOH) or 10 g L–1 glucose (Glc) (both 0.33 Cmol L–1). Shown are the product titers of HAAs (dark gray) and mono-rhamnolipids (RL; light gray). Error bars indicate the standard deviation from the mean (n = 3).


The product to substrate yield for P. putida KT2440 SK4 was in a similar range for glucose and ethanol, while the product to biomass yield was significantly higher (1.6-fold) when ethanol was used (Table 2). Further, the distribution of the different congeners was similar and the proportion of HAAs was in a similar range for both substrates (13 and 9%), indicating that rhamnose provision is not significantly reduced when ethanol is used as a carbon source (Figure 6). The evolved strain E1.1 showed higher final biosurfactant titers, which is possibly caused by the higher biomass concentration. This also suggests that the evolved strain E1.1 uses the substrates more efficiently. Whereas the cause for the higher production on glucose remains unknown, in the case of ethanol, the rerouting of the metabolism is possibly the cause. As described before, the evolved strain downregulated the quinoprotein-dependent ethanol oxidation and instead likely used NAD+-dependent ethanol oxidation. With FBA not only for biomass production but also for rhamnolipid production, a higher yield using NAD+ as cofactor was predicted. The predicted maximal product yield using PQQ and NAD+ as a cofactor is 0.63 and 0.71 mmol mmol–1, respectively. Regarding the further evolved strain, E1.1 reached a similar product to substrate yield on ethanol compared to glucose but also reached a significantly higher product to biomass yield (Table 2). Further, the distribution of the different congeners was similar on both substrates, but a lower proportion of HAAs was produced on glucose (13%) compared to ethanol (23%) (Figure 6). This indicates a lack of activated rhamnose due to the conversion of ethanol to acetyl-CoA, which is then introduced in the tricarboxylic acid (TCA) cycle or the fatty acid de novo synthesis (Figure 3B). To obtain dTDP-L-rhamnose, the strain has to undertake gluconeogenesis to synthesize glucose-6-phosphate, which is energy-intensive. Since this phenomenon was only observed for P. putida KT2440 E1.1_RL, a reduced relative metabolic flux in the direction of hexoses after ALE is assumed yielding in a higher share of HAAs.


TABLE 2. Cultivation characteristics of the recombinant biosurfactant producers (CDW; cell dry weight, BS: biosurfactant (HAAs and mono-rhamnolipids), S: substrate).
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The product to biomass yield for each substrate is comparable for P. putida KT2440 SK4 and P. putida KT2440 E1.1_RL, with a higher product to biomass yield for ethanol. This points out that using ethanol leads to a higher production capacity per cell and that the stoichiometry of the ethanol degradation pathway is superior for biosurfactant production compared to glucose. Namely, ethanol is converted to acetyl-CoA directly being introduced in the fatty acid de novo synthesis without carbon loss, which is the precursor pathway for rhamnolipids (Figure 3B). Further, ethanol has a high degree of reduction, which means that more electrons are available and hence more energy is conserved in the substrate compared to glucose. This contributes to achieving a higher biomass or product yield. The theoretical product to substrate yield on ethanol is 0.93 Cmol Cmol–1 for zero growth, of which 16% were reached with P. putida KT2440 E1.1_RL. Further, the theoretical product to substrate yield on ethanol is 29% higher than on glucose.



The Use of Ethanol Enables the Development of an Efficient Biosurfactant Production Process

In order to increase the biosurfactant titer, a fed-batch fermentation procedure was developed. Biosurfactants tend to foam due to their amphiphilic structure. Thus, a fermentation process is challenging to control and often realized with additional equipment, chemicals, or process steps, which increases the costs and the effort in downstream processing. To keep the setup as simple as possible, an integrated foam recirculation with automated ethanol addition was developed.

The fermentations were conducted as biological duplicates with P. putida KT2440 E1.1_RL using ethanol as sole carbon source. In this setup, ethanol serves two functions. First, it is used as a carbon source for the production of biomass and biosurfactants. Second, it is used as a defoaming agent because the foam is destabilized when getting in contact with the ethanol. The collapsed foam with fresh carbon source was pumped back into the bioreactor, preventing thus loss of biomass and product while at the same time a fed-batch process is established.

The fermentation started with a batch phase [0.96% (v/v) ethanol], which ended after ethanol was consumed (9.5 h). A biosurfactant titer of about 0.7 g L–1 was reached after 9 h (Figure 7A). Further, a biomass concentration of around 3.5 g L–1 was reached (Figure 7A). The biosurfactant titer is 27% lower and the biomass concentration is 2-fold higher compared to the experiment in 24-deep well plates (Table 2). After the batch phase, the foam collection bottle was full of foam. To initiate the feed phase, 6 mL ethanol were added manually to collapse the foam. Subsequently, 3 mL ethanol were introduced automatically via the spraying nozzle by using a DO-based feeding script. The feed pulse was triggered when the DO signal increased to 40%. To account for the built-in inertia of the control loop, which is schematically demonstrated in Figure 8A, a break of 5 min was introduced after the feed trigger. During this pause, the DO signal dropped below 30%, causing the script to cease feeding. Once the DO signal reached again 40%, a new feed cycle was initialized, which can be seen in the oscillating DO signal (Figure 8B). In total, around 90 mL ethanol were fed. At the end of the fermentation a biosurfactant titer of about 5.3 g L–1 and biomass concentrations of about 22 g L–1 were reached. A growth rate of 0.14 ± 0.00 h–1 was reached in the feed phase, which marks a reduction by 60% compared to the batch phase. This was likely caused by carbon limitation due to the linear feeding profile (Figure 8B). With this setup, a product to substrate yield of 0.065 ± 0.006 gBS gEtOH–1 was reached. The yield is 41% reduced compared to the production experiment in 24-deep well plates, which can be explained by the high biomass production, which benefits from the high oxygen and nitrogen supply. Further, a space time yield of 0.23 ± 0.01 gBS L–1 h–1 was achieved over the whole fermentation.
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FIGURE 7. DO-triggered fed-batch fermentation for biosurfactant production with P. putida KT2440 E1.1_RL using ethanol as sole carbon source. The fermentation was performed as a duplicate. (A) CDW (▲, gray) and biosurfactant concentration (■, purple) and their respective fitted courses. The values are given as single representative values of two bioreactor cultivations. (B) Ethanol concentration (•, blue) and acetate concentration (◆, orange) and the respective fitted course for ethanol in the batch phase. The dashed lines indicate the switch from batch to the fed-batch phase. The values are given as mean values of two bioreactor cultivations and error bars represent the maximum and minimum values of two independent experiments.
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FIGURE 8. Ethanol feeding procedure. (A) Schematic overview of the ethanol feed in the foam collection bottle based on a DO-based feeding protocol. (B) DO signal (black), which is controlled by a DO-based feeding protocol, and ethanol feed volume (blue), exemplarily shown for one reactor.


Again, acetate accumulation occurred after 18 h of fermentation. At the end of the fermentation an acetate concentration of about 10 g L–1 was observed. This entails two issues: On the one hand, the carbon source was thus not completely available for biosurfactant production, which adulterates the yield. Since the accumulated acetate can theoretically be converted to biosurfactants, the actual yield is 0.072 ± 0.007 gBS gEtOH–1. On the other hand, high acetate concentrations might cause growth inhibition. Contrary to the flask experiments of P. putida KT2440 E1.1, where approximately 3.8 g L–1 acetate accumulated, here no acetate was present after the batch phase. This might be caused by the introduction of additional metabolic demand for β-hydroxy fatty acids and thus acetyl-CoA (via biosurfactant production) and hence the increased conversion of acetate to acetyl-CoA.

This fermentation setup demonstrates the potential of using ethanol concomitantly as an efficient defoamer and carbon source. By automated ethanol addition, the supply of carbon is assured, resulting in an increase of biomass and biosurfactants throughout the whole fermentation. Additionally, no further equipment, such as mechanical foam breakers or antifoam, were necessary to control the foam.

Here, we show that the combination of strain and process design in an early stage resulted in the development of a novel fermentation setup. Strain engineering facilitated the use of ethanol, which subsequently could be used as foam-controlling agent and carbon source.



DISCUSSION

Taken together, the results show that a fed-batch rhamnolipid fermentation process can be developed without using conventional antifoam or mechanical foam breakers. To achieve this, we evolved P. putida KT2440 to an efficient ethanol metabolizer. The evolved strain was then characterized regarding growth and heterologous rhamnolipid production and was used to develop a unique rhamnolipid production process.

Considering the metabolic network configuration, ethanol is an ideal substrate for rhamnolipid production because it is converted to acetyl-CoA without carbon loss and feeds directly in the fatty acid de novo synthesis or the TCA cycle. Thereby, the formation of by-products derived from pyruvate can be circumvented and the yield may be increased. In addition, ethanol degradation delivers energy in form of NADH. This characteristic was already exploited for mevalonate production in P. putida KT2440 and rhamnolipid production in P. aeruginosa (Matsufuji et al., 1997; Santos et al., 2002; Yang et al., 2019). Moreover, bioethanol can be produced from alternative non-food substrates, e.g., lignocellulosic biomass (Wendisch et al., 2016; Duwe et al., 2019). Thus, the use of ethanol as a carbon source contributes to establishing a circular bioeconomy while also creating an advantage in terms of developing a long-lasting fermentation process. Ethanol has a defoaming property, which was described in a rhamnolipid production process using P. aeruginosa (Sha et al., 2012). While the ethanol has no defoaming or antifoaming effect in the fermentation broth, foam in a foam collection bottle collapses if ethanol is sprayed on it. Therefore, a setup with foam collection and recirculation was chosen (Figure 1). Sha et al. (2012) used a similar setup but used colza oil as substrate and manually added ethanol to collapse the collected foam. While the addition of ethanol before 48 h decreased the rhamnolipid and biomass production in their case, in our study, ethanol concomitantly served as carbon source and defoamer. The presence of ethanol to maintain growth and rhamnolipid production and collapsing of foam was ensured by a DO-based feeding script and hence occurred automatically. This setup theoretically allows the continuation of the fermentation beyond the batch phase for several days. Further, this study demonstrates the potential of combining strain and process development already in the early stages of process development. This integrated strain and process engineering approach was strongly emphasized by Kuhn et al. (2010), while consecutive optimization of strain and fermentation is still the norm. Engineering a biosurfactant producer that is able to tolerate high ethanol concentrations and utilize ethanol as carbon source unlocked the usage of the carbon source also as defoaming agent. The general strategy that the carbon source acts as antifoam is prominent in conventional rhamnolipid production using plant oils as carbon source. However, ethanol features the striking advantage of being water-soluble, which significantly reduces subsequent downstream processing efforts.

Compared to previous reports about recombinant rhamnolipid production with P. putida KT2440, the here obtained results using P. putida KT2440 as host for heterologous rhamnolipid production are comparable or even superior. In this fed-batch fermentation, a product to substrate yield of 0.072 gBS gEtOH–1 and a space time yield of 0.23 gBS L–1 h–1 was reached. In a study with an integrated rhamnolipid adsorption system using glucose as carbon source, a yield of 0.05 gRL g–1 and a space time yield of 0.073 gRL L–1 h–1 were reached (Anic et al., 2018). Beuker et al. (2016a) reported a titer of 14.7 g L–1, which corresponds to a yield of 0.09 gRL g–1 and a space time yield of 0.2 gRL L h–1 in a fed-batch fermentation using glucose and antifoam to control the foaming. With the native rhamnolipid producer P. aeruginosa a titer of 36.7 gRL L–1 was achieved with a yield of 0.15 gRL g–1 in a fermentation with foam separation using sunflower oil (Müller et al., 2011). While in general, hydrophobic substrates are known to generate the best product yields (Nitschke et al., 2011), also other carbon sources were already investigated. A fed-batch cultivation of P. aeruginosa using a medium supplemented with yeast extract and ethanol resulted in 32 gRL L–1 rhamnolipids, which corresponds to a yield of 0.58 gRL g–1 (Matsufuji et al., 1997). Hence, further improvements are needed to reach yields and titers comparable to those of P. aeruginosa with the here described setup.

Improvements envisaged are: First, a higher proportion of HAAs was produced by the evolved P. putida KT2440 E1.1_RL strain on ethanol (Figure 6), which indicates a bottleneck in the availability of the precursor dTDP-L-rhamnose. This might be diminished by the addition of hexoses as glucose, since glucose is directly used in the rhamnose pathway to yield dTDP-L-rhamnose (Rahim et al., 2000). Metabolic pathways for utilization of various substrates have natural stoichiometries leading to biosynthetic imbalance and suboptimal product yields (Park et al., 2019). Thus, using a mixture of substrates with introduction in several pathways may meet the requirements for optimal biosynthesis. However, some substrates are preferred and thus preventing the co-metabolization of less preferred substrates. This challenge was addressed by Park et al. with a synergistic substrate cofeeding approach, where a controlled limited feeding of glucose as dopant enabled a co-metabolization of acetate and glucose and enhanced product synthesis. Especially the use of least preferred carbon sources, such as CO2 or acetate, can be facilitated with such an approach contributing to a sustainable bioeconomy (Park et al., 2019). Second, acetate accumulation in the fed-batch fermentation after 18 h was observed (Figure 7B). A concentration of over 10 g L–1 acetate likely caused growth inhibition. Recently, Arnold et al. (2019) tested 10 g L–1 acetate as the sole carbon source for rhamnolipid production with a recombinant P. putida KT2440 and also identified a growth inhibition. Further, an acetate accumulation during growth on ethanol was reported for P. putida KT2440 (Yang et al., 2019). The authors hypothesized that the oxidation of ethanol to acetate is rapid and that the rate of acetate conversion to acetyl-CoA is limited and thus acetate accumulates. Yang et al. produced mevalonate using ethanol and observed acetate accumulation for a strain carrying the empty plasmid, while no acetate was present when the strain produced mevalonate. This corresponds with our results from batch cultivations, promoting our hypothesis that there is an additional metabolic demand for acetyl-CoA when thereof derived products are synthesized.

In summary, we report rhamnolipid production with a recombinant P. putida KT2440 derivative using ethanol as an alternative carbon source and defoamer, increasing substantially the possibilities in the fermentation set-up.
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A Corrigendum on
 Killing Two Birds With One Stone – Strain Engineering Facilitates the Development of a Unique Rhamnolipid Production Process

by Bator, I., Karmainski, T., Tiso, T., and Blank, L. M. (2020). Front. Bioeng. Biotechnol. 8:899. doi: 10.3389/fbioe.2020.00899



In the original article, there was a mistake in Figure 5 as published. A wrong graph was shown in part B. The corrected Figure 5 appears below.
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FIGURE 5. Ethanol tolerance of P. putida KT2440 and derivatives in M9 minimal medium containing different ethanol concentrations. P. putida KT2440 (black), P. putida KT2440 E1.1 (blue), and P. putida KT2440 ΔfleQ (green). (A) Minimal medium containing 10 g L−1 glucose and 1% (v/v) ethanol. (B) Minimal medium containing 10 g L−1 glucose and 2% (v/v) ethanol. (C) Minimal medium containing 10 g L−1 glucose and 3% (v/v) ethanol. Growth was detected using a Growth Profiler 960 in 96-well plates. Error bars indicate the standard deviation from the mean (n = 3).


The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The waste produced by petrochemical industries has a significant environmental impact. Biotechnological approaches offer promising alternatives for waste treatment in a sustainable and environment-friendly manner. Microbial consortia potentially clean up the wastes through degradation of hydrocarbons using biosurfactants as adjuvants. In this work, microbial consortia were obtained from a production water (PW) sample from a Brazilian oil reservoir using enrichment and selection approaches in the presence of oil as carbon source. A consortium was obtained using Bushnell-Haas (BH) mineral medium with petroleum. In parallel, another consortium was obtained in yeast extract peptone dextrose (YPD)-rich medium and was subsequently compared to the BH mineral medium with petroleum. Metagenomic sequencing of these microbial communities showed that the BH consortium was less diverse and predominantly composed of Brevibacillus genus members, while the YPD consortium was taxonomically more diverse. Functional annotation revealed that the BH consortium was enriched with genes involved in biosurfactant synthesis, while the YPD consortium presented higher abundance of hydrocarbon degradation genes. The comparison of these two consortia against consortia available in public databases confirmed the enrichment of biosurfactant genes in the BH consortium. Functional assays showed that the BH consortium exhibits high cellular hydrophobicity and formation of stable emulsions, suggesting that oil uptake by microorganisms might be favored by biosurfactants. In contrast, the YPD consortium was more efficient than the BH consortium in reducing interfacial tension. Despite the genetic differences between the consortia, analysis by a gas chromatography-flame ionization detector showed few significant differences regarding the hydrocarbon degradation rates. Specifically, the YPD consortium presented higher degradation rates of C12 to C14 alkanes, while the BH consortium showed a significant increase in the degradation of some polycyclic aromatic hydrocarbons (PAHs). These data suggest that the enrichment of biosurfactant genes in the BH consortium could promote efficient hydrocarbon degradation, despite its lower taxonomical diversity compared to the consortium enriched in YPD medium. Together, these results showed that cultivation in a minimal medium supplemented with oil was an efficient strategy in selecting biosurfactant-producing microorganisms and highlighted the biotechnological potential of these bacterial consortia in waste treatment and bioremediation of impacted areas.
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INTRODUCTION

During oil production, processing, and storage operations, large volumes of waste are generated such as oily sludge, waste rock, and production water (PW), which exhibit highly toxic hydrocarbon concentrations and pose a serious environmental risk, demanding treatment before disposal (Neff et al., 2011; Cordes et al., 2016; Al-Ghouti et al., 2019). PW reinjection is an oil recovery method that increases oil production by 15–25% (Shibulal et al., 2014). Despite this reuse, contaminated water continues to be produced, requiring treatment before disposal (Al-Ghouti et al., 2019).

Therefore, the growth in oil production increases the demand for alternative treatments (sustainable and ecofriendly) for both waste management and environmental accidents resulting from the petrochemical industry. Bioremediation is a viable alternative to remove contaminants, since biological treatments are cheaper than chemical and physical treatments, and occasionally result in complete mineralization (Van Hamme et al., 2003; Cappello et al., 2019). Bioremediation techniques for the recovery of polluted environments, such as autochthonous bioaugmentation, use only organisms that are indigenous to the community (Hassanshahian et al., 2014; Radwan et al., 2019).

Microbial consortia are preferred for the bioremediation of contaminants due to the presence of a large number of diverse metabolic functionalities (McGenity et al., 2012). The consortia can be constructed in defined or undefined ways (Alvarez and Polti, 2014). A defined consortium is an association of previously known microorganisms with a specific function, such as biodegradation (Smith et al., 2013; Alvarez and Polti, 2014). In contrast, undefined consortia result from enrichment procedures of environmental samples, including different organisms that may already be known (Sugiura et al., 1997; Hosokawa et al., 2009; Escalante et al., 2015; Santisi et al., 2015). While creating indefinite consortia, the samples are first grown in “rich or generic medium” with different carbon sources, and then submitted to a selection phase in minimal medium (Sugiura et al., 1997; Budzinski et al., 1998). Therefore, the undefined consortium approach may favor the selection of several organisms directly or indirectly involved in the biotechnological functions of interest, such as hydrocarbon degradation and production of biosurfactants (Venkateswaran, 1991).

Biosurfactants are amphipathic molecules that can be classified in different categories, one of which is by their molecular weight (Karlapudi et al., 2018). Low molecular weight biosurfactants are usually glycolipids (as rhamnolipids) or lipopeptides (as surfactin), while high molecular weight biosurfactants include amphipathic polysaccharides, lipopolysaccharides, proteins, and lipoproteins (Karlapudi et al., 2018; Nurfarahin et al., 2018). Most biosurfactants are synthesized by non-ribosomal pathways, however, the mechanisms that control their synthesis and production are poorly understood, which demands investigation (Nurfarahin et al., 2018). The recent discovery of a ribosomal protein with surfactant properties, named MBSP1, emphasizes the advantage of furthering the knowledge about biosurfactant biosynthesis (Araújo et al., 2020). Although various studies have described microbial consortia capable of bioremediation petrochemical waste through biosurfactant production, there are many questions about the role and production of biosurfactants for bioremediation (Ławniczak et al., 2013; Patowary et al., 2016; Lee et al., 2018).

In the current work, we used metagenomics to compare undefined microbial consortia, obtained by two different cultivation approaches using oil as a carbon source. We aimed to identify the factors that favor the enrichment of species, genes, and metabolic pathways related to petroleum degradation and biosurfactants production for biotechnological applications.



MATERIALS AND METHODS


Obtaining Microbial Consortia

The PW sample used in this work was kindly provided by Petrogal Brasil S/A from onshore oil reservoir located in Aracajú, Sergipe, Brazil (Latitude: −10.9111099; Longitude: −37.0716705). Based on protocols adapted from Wu et al. (2013) and Guerra et al. (2018), the consortia were obtained in Erlenmeyer flasks containing 50 mL of the PW sample and culture medium in a 1:1 (v/v) of volume proportion, and were incubated at 30°C at 180 rpm for 7 days (1 cycle). After the first incubation cycle, 5% (v/v) of the culture was transferred to a fresh culture medium containing 1% (v/v) sterile petroleum by autoclaving at 135°C for 30 min. Incubation was performed under the same conditions and repeated twice, totaling three cycles. At the end of the third cycle, an aliquot (1% v/v) was transferred to Bushnell-Haas (BH) culture medium (g/L: 0.2 MgSO4, 0.02 CaCl2, 1 KH2PO4, 1 K2HPO4, 1 (NH4)2SO4, 0.05 FeCl3, pH 7) containing 1% (v/v) petroleum. Similar to the first three cycles described above, this phase was also repeated three times under the same conditions. The culture medium differentiated the consortia. The yeast extract peptone dextrose (YPD) consortium was obtained from the enrichment of the PW sample culture in the presence of the carbon-rich Peptone Dextrose Yeast Extract medium (g/L: 10 yeast extract, 20 peptone, 20 glucose) during the first three cycles and then transferred in the last three cycles for the selection phase with BH medium. The BH consortium was cultured for 6 weeks only with BH medium. The consortia were stored in a 1:1 (v/v) ratio of 100% glycerol (Synth®, Diadema, SP, BR) at −80°C for subsequent experiments. The petroleum used as a carbon source was sterilized in an autoclave for 3 cycles of 30 min.



Growth Curves

Microbial growth was measured by optical density (OD600nm) in a spectrophotometer Global Analyzer, (Global Trade Technology, Monte Alto, SP, BRA) and performed in 250 mL Erlenmeyer flasks containing 50 mL of BH medium with 1% petroleum (v/v) as the sole carbon source, in triplicates. The initial OD600nm was adjusted to 0.1. The consortia were grown over 7 days in the same conditions of incubation (30°C and stirring at 180 rpm) and verified every 24 h. All experiments with the consortia were standardized to be performed after 72 h of growth, which corresponds to the stationary growth phase of these consortia.



DNA Extraction and Sequencing

DNA extraction of the consortia was performed during the stationary phase of the consortia by the commercial UltraClean Microbial DNA Isolation Kit (MoBio®, Carlsbad, CA, United States). For the DNA extraction of microorganisms present in crude PW, 5 L of sample were vacuum filtered in a 0.22 μm filter, and the membrane containing the retained microorganisms was cut into small pieces and used for DNA extraction by the commercial UltraClean Microbial DNA Isolation Kit (MoBio®, Carlsbad, CA, United States). The quality and quantity of DNA from all extractions (consortia and crude sample) were estimated using the Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, United States).

All sequencings were performed according to the manufacturer’s instruction, suitable for the Ion Personal Genome Machine (PGM) platform (Thermo Fisher Scientific, Waltham, MA, United States). For shotgun metagenomic sequencing, 400 bp-fragment libraries were obtained using the Ion Xpress Plus Fragment library kit (Thermo Fisher Scientific, Waltham, MA, United States). The size selection of the library was performed by E-Gel SizeSelect 2% agarose (Invitrogen, United States) and purification steps using magnetic beads on Agencourt® XP Kit (Beckman Coulter, United States), always following the manufacturer’s protocols. For 16S rDNA sequencing of the PW sample, 16S rRNA gene regions were amplified with 16S Ion Metagenomics KitTM (Thermo Fisher Scientific, Waltham, MA, United States). For each sample, two PCR reactions were carried out using primer sets V2-4-8 or V3-6,7-9. Ion Plus Fragment Library KitTM was used to obtain the DNA library with the adapter-ligated and nick-repaired DNA. In both sequencing methods, the Ion Xpress Barcode Adapters 1-32 kitTM (Thermo Fisher Scientific, Waltham, MA, United States) was used to identify each sample. Subsequently, for both libraries (fragment and amplicon), emulsions were independently created and enriched using an Ion OneTouchTM 2 System (Thermo Fisher Scientific, Waltham, MA, United States) and Ion PGMTM Hi-Q View OT2 Kit (Thermo Fisher Scientific, Waltham, MA, United States). Sequencing was conducted according to Ion PGMTM Hi-QTM View Sequencing Kit protocol on Ion 318 Chip v2 (Thermo Fisher Scientific, Waltham, MA, United States), following the manufacturer’s protocols. All runs were programmed to include 850 nucleotide flows.0



Bioinformatics Analysis

Shotgun metagenomic raw sequences were uploaded to Metagenome Rapid Annotation using the subsystem Technology (MG-RAST)1 server (Keegan et al., 2016). Taxonomic analyses were performed using MG-RAST, with the default parameters, against the SILVA Databases (Quast et al., 2013). The biodegradation functional analyses of hydrocarbons and biosurfactant production were performed using the BLAST program (Gish et al., 1990) against the protein database of the Biosurfactant and Biodegradation Database (BioSurfDB) (Oliveira et al., 2015). For this analysis, Trimmomatic (Bolger et al., 2014) was used to remove quality index bases < 20, as well as fragments of sizes less than 30 bp. Read ends with high variation in nucleotide proportions were removed by the FastX trimmer, and duplicate reads were removed using FastQ/A collapser2. For the BioSurfDB alignment, the default BLAST parameters were used. All proteins identified in the metagenomes are available at http://www.biosurfdb.org/#/table/protein.

The program TrimGalore was used to pre-process amplicon sequences of 16S rRNA genes. Taxonomic determination was performed by QIIME (Caporaso et al., 2010), based on data generated by sequencing the V2–V9 region of the 16S rRNA. Chimera sequences were then excluded with USEARCH 6.1 (Edgar, 2018). Reads were clustered into OTUs at 97 % sequence identity using the UCLUST algorithm (Edgar, 2018). Representative sequences from each operational taxonomic unit (OTU) were mapped to the SILVA v132 database (Quast et al., 2013) to determine potential taxonomic identities.

We performed comparative bioinformatics analyses between the consortia obtained from this study, microbial consortia obtained from drill cutting samples (Guerra et al., 2018; Napp et al., 2018), and non-oil samples (Leinonen et al., 2010). From drill cutting samples, Napp et al. (2018) and Guerra et al. (2018) obtained consortia only with enriched culture medium. Both authors obtained consortia from the Luria Broth culture medium, named LBE consortium in Napp et al. (2018) and BHLBL consortium in Guerra et al. (2018). Furthermore, Napp et al. (2018) obtained a consortium in the Potato Dextrose medium (PDE consortium) and Guerra et al. (2018) from the YPD medium (BHYPDL consortium). Two consortia obtained without oil as carbon source were used as control. The metagenomic sequences of the phototrophic (SRX375283) and cellulose degradation (SRX474425) consortia were obtained from the public database Sequence Read Archive (SRA)3 (Leinonen et al., 2010) and used for comparison, being control 1 and 2, respectively. The complete description of these consortia is available in the Supplementary Table S1. The consortia were aligned using the BLAST program (Gish et al., 1990) with the protein database BioSurfDB, and the cluster analysis was performed by studio R (version X). All these consortia were deposited in the online database BioSurfDB.



Emulsification Index (E24%) Determination

The production of emulsifiers was assessed during the stationary phase. Then, emulsification activity was measured according to Cooper and Goldenberg (1987) with minor adaptations. In brief, 2 mL of different hydrocarbons (kerosene, naphthalene, decane, hexadecane, dichloromethane, and hexacosane) were added to 2 mL of cell-free supernatant from cultures grown in BH medium with petroleum as the only carbon source. The mixture was agitated in vortex at high speed (3,000 rpm) for 2 min and then left to stand for 24 hat room temperature. Emulsification activity was calculated as the height of the emulsion layer divided by the total height and multiplied by 100. As naphthalene and hexacosane were diluted in dichloromethane, the emulsification index (E24%) dichloromethane was subtracted from naphthalene and hexacosane indexes. Culture medium BH and SDS 1% were used as negative and positive controls, respectively.



Interfacial Tension

The evaluation of interfacial tension was performed according to Araújo et al. (2020) in a tensiometer, model DVT50 (Krüss, Hamburg, DEU) using the Rising Drop method, as recommended by the manufacturer. The assay was performed between two phases, the interfacial force between the liquid containing surfactant (bulk phase), and the oil droplet formed in dispense phase is evaluated. Culture supernatant of BH medium was the bulk phase, and petroleum was the other phase. The consortia were cultivated for 5 days until the late stationary phase. Cell-free supernatant (15 mL) was obtained by centrifugation at 5,583 × g for 15 min. SDS (1 %) and distilled water were used in the bulk phase as positive and negative controls, respectively.



Cell Hydrophobicity

The hydrophobicity of cells was evaluated as described by Rosenberg (1984) with modifications. The consortia were cultivated 5 days until the late stationary phase. The pellet was obtained by centrifugation at 5,583 × g for 15 min and was then washed and resuspended in PUM buffer (g/L) (22.2 K2HPO43H2O, 7.26 KH2PO4, 1.8 urea, 0.2 MgSO47H2O, pH 7). The culture was diluted in PUM buffer to OD600nm 0.5, and 3 mL was added to a penicillin flask with 500 μL of chloroform. The flask was homogenized in a vortex at high speed (3,000 rpm) for 2 min and incubated at room temperature for 1 h in rest. The triplicates of aqueous phase were read at OD600nm, and the hydrophobicity was estimated based on the following equation 01: Cell hydrophobicity (%) = (OD before−OD after/OD before) × 10.



Biodegradation Percentage Determination

The assay was performed with a consortia pre-inoculum after a correction of the initial OD600nm to 0.1 in Erlenmeyer flasks of 250 mL containing 50 mL of BH medium with 1% of petroleum as the sole source of carbon and cultivated for 24 days at 30°C with stirring at 180 rpm. After the incubation period, the biodegradation percentage of both aliphatic hydrocarbons and polycyclic aromatic hydrocarbons (PAHs) by microbiological consortia from oil reservoirs were determined by a gas chromatography-flame ionization detector (GC-FID) on a Clarus® 600 Chromatograph Adapter (PerkinElmer, Inc., Waltham, MA, United States). The samples were subjected to a liquid-liquid extraction process and to preparative liquid chromatography to clean up the aliphatic and PAH fractions for carrying out quantitative analysis by GC-FID based on (Pugazhendi et al., 2017; Napp et al., 2018; Pereira et al., 2019). The identification of aliphatic hydrocarbons and PAH constituents was performed according to Dörr de Quadros et al. (2016) and Napp et al. (2018). Quantitative analyses were performed using the modified external standardization method according to Pereira et al. (2019) and Araújo et al. (2020). Biodegradation percentage was calculated based on the following equation: 02. Bp = [(Ci−Cf)/Ci] × 100, where Bp, Ci, and Cf are the biodegradation percentages at the end of the incubation time, the amount of contaminant at the start of incubation, and the amount of contaminant at the end of incubation, respectively (Araújo et al., 2020).



Statistical Analysis

Comparative taxonomic and functional analyses were performed using statistical analyses of taxonomic and functional profiles (STAMP) (Parks et al., 2014). The significant differences between the relative proportions were calculated using the two-sided Fisher’s exact test with the Newcombe–Wilson confidence interval method, using Storey’s false discovery rate (FDR) and the Benjamin–Hochberg FDR for correction. Results with q < 0.05 (corrected p-value) were considered significant; unclassified reads were removed from the analysis. For all other experimental assays, a two-way ANOVA, t-test, or two-sided Fisher’s exact test was used when appropriate and considered significant at p < 0.05.



RESULTS


Consortia Growth Behavior

In this work, enrichment and selection approaches were used to obtain hydrocarbon-degrading microbial consortia, derived from a Brazilian reservoir PW sample. The first approach consisted of using a rich medium (YPD) in the enrichment step, previously to the selection step with mineral medium (BH), while in the second approach, both steps were performed only in BH medium, containing oil as the only carbon source. In order to assess the hydrocarbon assimilation potential, microbial growth behavior of undefined consortia with or without the addition of petroleum was evaluated. The consortia presented different growth dynamics until the stationary phase in the presence or absence of oil. The stationary phase of the YPD consortium was reached after 24 h, while the population density of the BH consortium stabilized only after 72 h of growth. Therefore, subsequent experiments were carried out after 3 days. It was observed that the consortia also grew in the absence of petroleum. The BH consortium presented similar growth regardless of the presence or absence of oil, and the YPD consortium showed a significant difference between growth in the presence of oil compared to the medium without oil (Figure 1).
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FIGURE 1. Consortia growth curves in mineral medium with 1% (v/v) sterile petroleum. (A) Growth curve of the BH consortium + petroleum, compared to the negative controls, one containing only mineral medium and autoclaved oil (Abiotic control), and the other containing BH consortium in mineral medium without oil (BH consortium – petroleum). (B) Growth curve of the YPD consortium + petroleum, compared to the negative controls (Abiotic control and YPD consortium – petroleum). The statistical significance was analyzed by a two-way ANOVA, and p < 0.05 was considered significant (*p < 0.05).




Metagenomic Diversity

In order to access the taxonomic and metabolic diversity profiles of the PW crude sample and consortia obtained, metagenomic analyses were carried out. General information regarding each sample submitted for shotgun metagenome sequencing is available in the Supplementary Table S2. Rarefaction curves were obtained, and the plateau was reached for all metagenomic samples, meaning that sequencing was deep enough to cover the diversity of species in each community (Figure 2A). Both consortia showed a reduction in diversity in relation to the environmental PW sample (Figure 2B). Although the BH consortium presented a higher number of species (Figure 2A), these predominantly (over 90%) belonged to the genus Brevibacillus (Figure 2C), in accordance with the low Shannon index (Figure 2B). On the other hand, the YPD consortium presented several genera in equitable proportions (Figure 2C). In addition, the BH consortium had the larger proportion of annotated proteins compared to YPD consortium (Supplementary Table S2).
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FIGURE 2. Taxonomic diversity of the samples. (A) Rarefaction curve of samples sequenced by the shotgun metagenomics analysis method and analyzed using MG-RAST. Blue curve = production water (PW); red curve = BH consortium; and yellow curve = YPD consortium. (B) Comparison of the Shannon’s diversity indices (red line) between the three sequenced samples. Automatic annotation performed by the MG-RAST pipeline. (C) Most abundant genera identified in the production water (PW), YPD consortium, and BH consortium.




Taxonomic Abundance

The microbial community of the PW sample was analyzed by sequencing of the 16S rDNA gene and shotgun metagenome (Table 1). The most abundant genera in the PW metagenome were Marinobacter, Halanaerobium, Desulfohalobium, Desulfovibrio, and Alcanivorax (Table 1), but these predominant genera were not enriched in the consortia. Furthermore, the most enriched genera in the consortia were present in low abundance in the PW sample. Therefore, consortium cultivation favored the growth of rare genera, since non-abundant genera in the PW sample were found to be among the most prevalent in cultivation.


TABLE 1. Relative abundance of genera in production water by shotgun metagenomic and rDNA 16S sequencing methods.

[image: Table 1]Significant differences (q < 0.05) at the domain, phyla, and genera level between consortia were presented in Figure 3. There is a predominance of the Bacteria domain in both consortia, similarly to that observed for the crude sample. However, at the phylum level there is a predominance of Proteobacteria in the YPD consortium, while Firmicutes predominated in the BH consortium. As described above, the BH consortium was predominantly composed of representatives of the genus Brevibacillus (99,73%). Low abundance genera (frequency < 1%), such as Bacillus, Spiroplasma, Lactobacillus, Arthrobacter, and Corynebacterium, were also detected in the BH consortium. In the YPD consortium, Brucella was the most abundant genus (28,11%), but there was no predominance over the other bacterial genera, such as Bacillus (28,11%), Bartonella (23,14%), Bacillus (19,94%), and Ochrobactrum (12,34%) (Table 2). In addition, YPD cultivation favored the enrichment of genera classified as non-cultivable or unclassified genera derived from Bacteria.
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FIGURE 3. Differences in taxonomic profiles between consortia. (A) Domain; (B) Phylum; and (C) Genus levels. q < 0.05 was considered statistically significant, using the two-sided Fisher’s exact test.



TABLE 2. Frequency of the 10 most abundant genera in the consortia identified by shotgun metagenomic sequencing.
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Comparative Functional Profiles

In order to identify genes and metabolic pathways related to hydrocarbon degradation and production of biosurfactants, the metagenomes obtained were aligned against the BioSurfDB database. The results suggested that YPD medium favored the growth of a consortium enriched in hydrocarbon degradation genes, compared to the BH consortium. The main pathways enriched are involved in the degradation of aromatic compounds, nitrogen metabolism, methane, and metabolism of xenobiotic compounds by cytochrome P450 (Figures 4A,C). In contrast, biosurfactant biosynthesis pathways, such as iturin A, liquenisin, surfactin, and plipastatin, were enriched in the BH consortium, except for the Putisolvin biosurfactant, which was more abundant in YPD consortium (Figures 4B,C). Although both consortia were obtained under the same functional selection in BH with oil, the functional profiles analyzed by principal component analysis (PCA) showed that the consortia are not metabolically similar (Figure 4D). Thus, the YPD culture media exerted different selective pressures on the YPD consortium.
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FIGURE 4. Functional annotation of shotgun metagenome sequencing performed using the BioSurfDB database. (A) Statistical differences in metabolic pathways between YPD consortia and PW. (B) Statistical differences in metabolic pathways between the consortia BH and PW. (C) Functional comparison between the consortia BH and YPD. (D) Principal component analysis between BH and YPD consortia and PW. The graph shows the statistical differences between functional profiles observed in the metagenomes. q < 0.05 was considered statistically significant, using the two-sided Fisher’s exact test.


To identify the set of genes that specifically responded to selection in oil as the sole carbon source, we performed a comparative analysis between the consortia we obtained in this work and other consortia obtained in previous works of our group, Napp et al. (2018), and Guerra et al. (2018), as well as a control without oil from the databank SRA (SRX375283 and SRX474425). The heatmap (Figure 5A) shows a vertical cluster formed by the metagenomes of BHYPDL, BHLBL, BH, and YPD consortia, which all underwent the common selection step in BH medium. This cluster presented an enrichment of pathways related to degradation of more complex hydrocarbons, and the Peroxisome proliferator-activated receptor (PPAR) signaling pathway was exclusive for this cluster. In fact, this pathway (PPAR) is finder in a eukaryotic cell. The alkane hydroxylase (AlkB gene) is the only bacterial enzyme associated with this pathway due to a similar activity to that of the non-heme integral-membrane acyl coenzyme A (CoA) desaturases and acyl lipid desaturases (Shanklin and Whittle, 2003). In addition, there is a horizontal cluster formed by degradation pathways of simple hydrocarbons, such as fatty acids, benzoate, and chloroalkanes, with no differences between consortia grown with or without oil, regardless of the culture medium.


[image: image]

FIGURE 5. Cluster analysis of biodegradation and biosurfactant biosynthesis pathways in the consortia. The influence of the consortia obtainment medium on the abundance of biodegradation and biosurfactant genes was analyzed. (A) Clustering of genes involved in hydrocarbon biodegradation pathways. (B) Clustering of genes involved in biosurfactant biosynthesis pathways. The clustering was based on the abundance of reads annotated in each pathway. Heatmap colors are generated with log10 among the individual samples. A heatmap was generated using the heatmap package in the statistical program R.


The metagenomes of the BH, BHLBL, and BHYPDL consortia also formed a cluster with regard to the abundance of genes involved in biosurfactant biosynthesis (Figure 5B). The step through BH as minimal medium, proved to be more effective in the selection of biosurfactant biosynthesis pathways, since the consortium obtained in rich media presented a reduced abundance of these genes. The lipopeptide, serrawettin, trehalolipid, and rhamnolipid biosynthesis pathways were mainly enriched in the consortium that were selected only in BH medium with hydrophobic substrate, such as oil (Figure 5B).



Production of Biosurfactants

To assess the presence of extracellular surfactant produced by the consortia, cell-free supernatant was analyzed for the formation of stable emulsion and the ability to reduce interfacial tension. The YPD consortium presented emulsification only in kerosene and hexacosane, whereas the BH consortium showed a significant emulsification capacity in all hydrocarbons tested and was the only one to emulsify an aromatic hydrocarbon (naphthalene) (Figure 6A). This result is in line with the greater abundance of biosurfactant genes observed in the BH consortium (Figure 5B).
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FIGURE 6. Production of biosurfactants by consortia. (A) Emulsification indexes (E24%) for BH and YPD consortia in different hydrocarbons (naphthalene, kerosene, decane, hexadecane, and hexacosane). The statistical significance was analyzed by a two-way ANOVA (*p < 0.05). (B) Cell hydrophobicity in YPD and BH consortia. These were analyzed using a t-test (*p < 0.05). (C) Evaluation of the interfacial tension in relation to the time of release of the oil droplet in contact with the supernatant of the BH and YPD consortia. This result was analyzed by a two-way ANOVA (*p < 0.05 compared to the control).


Some biosurfactants are found adherent to cell membranes giving high hydrophobicity to the cell membrane (Ramkrishna, 2010; Soberón-Chávez and Maier, 2011). Therefore, cellular hydrophobicity was measured in consortia. The BH consortium presented a microbial community that was significantly more hydrophobic than the YPD consortium, 52 and 4%, respectively (Figure 6B). In contrast, the YPD consortium showed greater capacity to reduce interfacial tension when compared to the BH consortium (Figure 6C).



Biodegradation of Aliphatic and Polycyclic Aromatics Hydrocarbons

The biodegradation of aliphatic and PAHs by the consortia was evaluated using GC-FID. The comparison of aliphatic hydrocarbon biodegradation in general showed no statistical difference between consortia (Figures 7A–D and Supplementary Figure S1). Regarding the alkane degradation, statistical differences were only observed in C12 to C14 degradation, in which YPD showed a significant increase compared to BH consortium. The biodegradation of PAHs, acetylene (Acy), fluorene (Flu), pyrene (Pyr), also occurs in both consortia, and there is no statistical difference for the first two PAHs. However, exclusive biodegradation of phenanthrene (Phe) occurs in the YPD consortium, whereas biodegradation of fluoranthene (Flo) and benzo[a]anthracene (BaA) occurs in the BH consortium (Figure 7E). Therefore, there was more biodegradation of different types of PAHs in the consortium cultivated only in mineral BH medium.
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FIGURE 7. Hydrocarbon biodegradation profiles of the BH and YPD consortia. (A) Comparison of biodegradation of short aliphatic hydrocarbons (from 7C to 14C) in percentages; (B) Biodegradation of aliphatic hydrocarbons (from 15C to 21C); (C) Biodegradation of long aliphatic hydrocarbons (from 22C to 28C); (D) Biodegradation of long aliphatic hydrocarbons (from 29C to 36C); and (E) Biodegradation of total polycyclic aromatic hydrocarbons (PAHs), in percentage, compared to the negative control only with mineral medium and petroleum analyzed by chromatography. All data were analyzed using two-way ANOVA (*p < 0.05).




DISCUSSION

In the current work, two consortia from the same PW sample were obtained using different methods in order to test the medium influence on microbial diversity, hydrocarbon biodegradation, and biosurfactant production genes. Our data demonstrated that the YPD consortium was taxonomically more diverse and enriched in hydrocarbon degradation genes, while the BH consortium showed Brevibacillus predominance and enrichment in several biosurfactants production genes. These findings might improve the production efficiency of low molecular weight biosurfactants from hydrophobic substrates such as oil. Few studies focus on the interactions between hydrocarbons biodegradation and biosurfactant families simultaneously. Some works described that bacteria compete for hydrocarbon substrates through biosurfactants production, which have antimicrobial activity and improve their ability to biodegrade hydrocarbons (Cray et al., 2013; Ndlovu et al., 2017). However, there are studies that demonstrate that microbial consortia can present higher rates of hydrocarbon degradation and biosurfactants production than isolated species (Cerqueira et al., 2011; Araújo et al., 2020).

The presence of biosurfactant favors a better efficiency of hydrocarbon degradation in microbial consortia with a slow growth rate. In general, slow-degrading consortia (such as BH consortium) perform hydrocarbon absorption from the aqueous phase through their solubilization using biosurfactants (Ławniczak et al., 2013). In addition, BH consortium growth was observed even in the absence of oil, which suggests the occurrence of CO2 sequestering species. This was corroborated by the data obtained from the sequencing, which showed the presence of reads annotated as carbonic anhydrase attributed to the genus Brevibacillus. This enzyme catalyzes the interconversion between carbon dioxide and bicarbonate, being used by bacteria to capture CO2 (Boone et al., 2013; Supuran and Capasso, 2017). The CO2 sequestration capacity has been described for the Bacillus sp. SS105. The authors observed activity of carbonic anhydrase and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) associated with CO2 sequestration and increased production of biosurfactants, suggesting that the use of this strain for CO2 fixation as a strategy to mitigate CO2 emissions (Maheshwari et al., 2017, 2018). Considering our results, it is plausible to propose that Brevibacillus has the same capacity, which should be investigated in the future.

In contrast to slow-growing bacteria, fast-growing consortia, such as YPD, tend to form biofilms at the interfacial frontier, which suggests that direct capture mechanisms are prevalent. In this case, biosurfactants may be synthesized as secondary metabolites after degradation of the oil-water interface (Ławniczak et al., 2013). However, in this work, the analysis of biosurfactants was made when both consortia were in the stationary phase, i.e., during the highest production of biosurfactants (Lin, 1996; Fontes et al., 2012; Rufino et al., 2014).

Low-abundant genera in the PW were enriched in both consortia. This proportion may be due to the PW anaerobic conditions in the oil reservoir (Wang et al., 2011), contrasting with the culture aerobic conditions used in this work. Although anaerobic taxa are prevalent, there is a great abundance of aerobic bacteria in oil reservoirs (An et al., 2013). We observed the predominance of the Brevibacillus genus in BH consortia. This genus has been reported in oil reservoir samples and associated to oil degradation and biosurfactant production (Mnif et al., 2011; She et al., 2014), which has allowed for its application in biotechnological approaches for microbial enhanced oil recovery (MEOR) (Hou et al., 2005, 2008, 2011; She et al., 2012; Purwasena et al., 2018). However, the genes and metabolic pathways involved in these processes are poorly understood.

The comparison between consortia from this work and publicly available consortia showed that the presence of oil during the microbial growth imposed weak selective pressure for the enrichment of simple hydrocarbon degradation pathways, such as fatty acid, aliphatic alkane, and monoaromatic hydrocarbons, since all consortia showed a similar abundance of genes involved in these degradation pathways. Thus, the presence of oil in the environment does not seem to be a limiting factor for the enrichment of simple hydrocarbon degradation genes, since these genes are part of the basal lipid metabolism (Yao and Rock, 2017). An exception was the AlkB gene (alkane hydroxylase), associated with both the fatty acid and the PPAR pathways, which was enriched only in consortia that had undergone the selection stage in BH medium. AlkB is an integral-membrane di-iron enzyme that plays a pivotal role in aerobic degradation of alkanes and is widely distributed in bacteria (Nie et al., 2014).

Although the YPD consortium presented a greater predominance of genes related to the hydrocarbon degradation, few significant differences in the aliphatic hydrocarbon degradation were observed when compared to BH consortium. However, the BH consortium degraded more types of aromatic hydrocarbons than the YPD consortium, suggesting a synergistic effect caused by biosurfactants (Kim et al., 2009; Alvarez and Polti, 2014; Perera et al., 2019). Biosurfactants allow hydrophobic molecule solubilization, increasing their bioavailability (Nitschke and Costa, 2007). Different biosurfactants can solubilize more hydrocarbons types, promoting the assimilation of hydrocarbons onto the cell membrane by changes of cell hydrophobicity and bioavailability (Phale et al., 1995; Prabhu and Phale, 2003; Andreoni et al., 2004; Kim et al., 2009). In addition, it has been described that Firmicutes, abundant in the BH consortium, are an indicator of the later stages of hydrocarbon degradation when more recalcitrant compounds, such as PAHs, are present (Beazley et al., 2012). As described by Dasari et al. (2014), biosurfactants are useful for PAH biodegradation, which is in line with our results, since we observed PAH degradation and occurrence of emulsifying activity in the BH consortium. Altogether, these results suggest that the BH consortium, although less diverse and presenting less reads related to hydrocarbon degradation, has a community capable of degrading oil due to the production of biosurfactants.

The YPD and BH consortia also differ in their ability to reduce interfacial tension and emulsify different hydrocarbons. The YPD consortium was more efficient in reducing interfacial tension. This consortium stands out for the higher occurrence of genes related to Putisolvin biosynthesis. Low molecular weight biosurfactants, such as the lipopeptide Putisolvin, are more effective in reducing interfacial tension (Al-Araji et al., 2007; Satpute et al., 2010; Uzoigwe et al., 2015; Jahan et al., 2020). This biosurfactant has been described in Pseudomonas species, with no report of its production by other genera (Dubern et al., 2005, 2006; Dubern and Bloemberg, 2006). In this work, Pseudomonas is not among the most abundant genera in the YPD consortium, suggesting that other genera may be responsible for the production of Putisolvin. In fact, the BLAST analysis indicated occurrence of Putisolvin genes in Bacillus, which is one of the most abundant genera in the YPD consortium.

The BH consortium can emulsify more hydrocarbon types compared to the YPD consortium and shows enrichment of several biosurfactant classes. It has been proposed that high molecular weight biosurfactants and bioemulsifiers form better emulsions (Al-Araji et al., 2007; Satpute et al., 2010; Uzoigwe et al., 2015; Jahan et al., 2020). As an example, the cluster formed by BH, BHLBL, and BHYPDL consortia showed enrichment of some high molecular weight biosurfactants such as alasan, which is an anionic polysaccharide that possesses effective PAH emulsifying activity (Toren et al., 2002). Viramontes-Ramos et al. (2010) observed that strains grown in mineral medium supplemented with olive oil showed a higher rate of emulsification in kerosene, compared to strains grown in mineral medium supplemented with glucose. Together, the data indicate that cultivation in a minimal medium supplemented with oil is a more effective strategy for the selection of microorganisms producing biosurfactants with emulsifying activity.

The biosynthesis pathways for low molecular weight biosurfactants, such as lipopeptides, serrawettin, trehalolipid and rhamnolipids are also more prevalent in the BH consortium and may explain the high cell hydrophobicity in this consortium, since some biosurfactants can bind to the cell membrane and alter its hydrophobicity due to the presence of hydrocarbons (Rosenberg et al., 1988; Franzetti et al., 2008; Banat et al., 2010). Trehalolipid biosynthesis is induced by the presence of hydrophobic substrates, resulting in both membrane-bound as well as trehalolipids secreted to the extracellular medium promoting greater cellular hydrophobicity and hydrocarbon emulsification (Franzetti et al., 2010; Pacheco et al., 2010; Liu and Liu, 2011; White et al., 2013; Edosa et al., 2018). Lipopeptides and rhamnolipids are produced both in the presence of hydrophobic and hydrophilic substrates in mineral medium (Mukherjee and Das, 2005; Abdel-Mawgoud et al., 2011). By using oil as a carbon source, the production of rhamnolipids was 80% higher, compared to other hydrophobic substrates and almost 100% higher than with glucose (Mata-Sandoval’ et al., 2001). Rhamnolipids may be attached to the cell membrane allowing a more efficient hydrocarbon uptake by rendering the cell surface more hydrophobic (Al-Tahhan et al., 2000; Banat et al., 2010). Serrawettin, trehalolipid and rhamnolipid were not yet identified in Brevibacillus. However, the genes related to the production of these biosurfactants are more abundant in the BH consortium, suggesting that Brevibacillus species can produce these low molecular weight biosurfactant. The extraction and characterization of the biosurfactants produced by BH consortium will confirm this hypothesis.

In terms of yields, studies show that the production of biosurfactants and hydrocarbons biodegradation in consortia is greater than in culture of isolated bacteria (Jing et al., 2007; Mukred et al., 2008; Cerqueira et al., 2011). In contrast, Antoniou et al. (2015) using a defined consortia showed that the isolates produces more low-molecular weight biosurfactants, specially rhamnolipids and sophorolipids, than bacterial consortia. However, the latter produces a greater diversity of low-molecular weight biosurfactants, which may reflect the growth competition between microorganisms. Therefore, the success in the production of biosurfactants seems to depend on the interactions established between microorganisms present in the environment, such as synergism or competition, which needs to be further investigated.

Several studies have analyzed the influence of biosurfactants on bioremediation processes, mainly in terms of increased efficiency, which has been associated with better solubilization of pollutants, resulting in greater bioavailability and consequently higher rates of biodegradation (Makkar and Rockne, 2003; Araújo et al., 2020). In general, most of the works that enrich microorganisms for biosurfactant production use hydrophilic carbon sources. Simple sugar, starch, and plant sugar-based carbohydrates are the major carbon sources used as substrates (Nurfarahin et al., 2018). In this work, a consortium obtained only in mineral medium with oil as carbon source showed greater efficiency and competitiveness in the biodegradation of hydrocarbons through the production of biosurfactants.



CONCLUSION

The microbial enrichment in minimal medium containing petroleum as carbon source was shown to be effective for the selection of microorganisms that produce biosurfactants. The BH consortium obtained proved to be efficient in hydrocarbon degradation, being superior to the YPD consortium in relation to the degradation of some PAHs. The selective pressure exerted by minimal medium containing oil led to the obtainment a consortium with low diversity in bacterial genera, constituted predominantly by representatives of the genus Brevibacillus, indicating that this is an efficient producer of different biosurfactant classes. Finally, our data indicate the biotechnological potential of consortia selected in a minimal medium containing oil, applicable for approaches as MEOR, CO2 capture, and bioremediation of waste and impacted areas.
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Drill cuttings from petroleum exploration and production sites can cause diverse environmental problems. Total petroleum hydrocarbons (TPHs) are a major pollutant from the use of polyolefin-based mud. As an alternative to incineration, this study investigated the application of surfactant-enhanced washing technology prior to bioremediation. The washing step was necessary because the initial TPH concentrations were quite high at approximately 15% (w/w). Washing agents were formulated by varying the concentration of lipopeptide biosurfactant (in foamate or cell-free broth), Dehydol LS7TH (fatty alcohol ethoxylate 7EO, oleochemical surfactant) and butanol (as a lipophilic linker) at different salinities. The most efficient formula produced a Winsor Type I microemulsion (oil-in-water microemulsion) with polyolefin and contained only 20% (v/v) foamate and 2% (v/v) Dehydol LS7TH in water. Due to the synergistic behavior between the anionic lipopeptides and non-ionic Dehydol LS7TH, the formula efficiently removed 92% of the TPHs from the drill cuttings when applied in a jar test. To reduce the cost, the concentrations of each surfactant should be reduced; thus, the formula was optimized by the simplex lattice mixture design. In addition, cell-free broth, at a pH of 10, containing 3.0 g/L lipopeptides was applied instead of foamate because it was easy to prepare. The optimized formula removed 81.2% of the TPHs and contained 72.0% cell-free broth and 1.4% Dehydol LS7TH in water. A 20-kg soil washing system was later tested where the petroleum removal efficiency decreased to 70.7% due to polyolefin redeposition during separation of the washing solution. The remaining TPHs (4.5%) in the washed drilled cuttings were further degraded by a mixture of Marinobacter salsuginis RK5, Microbacterium saccharophilum RK15 and Gordonia amicalis JC11. To promote TPH biodegradation, biochar and fertilizer were applied along with bacterial consortia in a microcosm experiment. After 49-day incubation, the TPHs were reduced to 0.9% by both physical and biological mechanisms, while the TPHs in the unamended samples remained unaffected. With the use of the formulated bio-based washing agent and bioremediation approach, the on-site treatment of drill cuttings could be conducted with an acceptable cost and low environmental impacts.

Keywords: drilling waste, soil washing, biosurfactants, polyolefin biodegradation, sequential treatment


INTRODUCTION

Drilling waste from petroleum exploration and production sites can cause environmental problems due to the presence of petroleum hydrocarbons, heavy metals and inorganic salts in the drill cuttings (Sharif et al., 2017). The management options for drilling waste include incineration, thermal desorption, disposal in landfills, reuse in construction without prior treatment, stabilization/solidification, surfactant-enhanced washing, bioremediation and phytoremediation (Leonard and Stegemann, 2010; Ball et al., 2011; Fan et al., 2014; Kogbara et al., 2017; Liu et al., 2019). In Thailand, onshore petroleum production sites usually adopt synthetic based mud during operation and later transport the drill cuttings to waste management companies for incineration. The disadvantages of the current treatment options are their high cost, high energy use, high time consumption and notable environmental unsustainability (Leonard and Stegemann, 2010). Consequently, this study aimed to develop an alternative on-site treatment by formulating a bio-based washing agent and then applying it to reduce the concentration of petroleum hydrocarbons in drilling waste prior to bioremediation.

Petroleum hydrocarbons are the major contaminants in drilling waste with concentrations ranging from 1.5–15% (w/w). For example, 15,300 and 17,125 mg/kg of TPHs were present in drilling wastes from an active drilling operation in Sichuan, China and at a disposal facility in the Niger Delta region, Nigeria, respectively (Fan et al., 2014; Kogbara et al., 2017). Leonard and Stegemann (2010) reported a total petroleum hydrocarbon (TPH) concentration of 66,700 mg/kg in an unidentified onshore drilling operation. In addition, Fernandez et al. (2008) investigated a drilling waste sample that had been stored for 20–30 years in open cesspits in Tabasco, Mexico and measured a high TPH concentration of 135,400 mg/kg. This information suggests that the indigenous microorganisms in drill cuttings have a low TPH-degrading activity and that natural attenuation is not an appropriate option for drilling waste treatment. Bioremediation of oil-based cuttings, such as by composting, biopiling, slurry bioreactors and phytoremediation, has been performed as a cost-effective treatment; however, TPH biodegradation occurs slowly and may require up to 12 months for treatment of waste with high initial petroleum concentrations (Alavi et al., 2014; Fan et al., 2014; Chaîneau et al., 1995).

Surfactant-enhanced washing technology using either synthetic surfactants or biosurfactants has been considered an effective and rapid technique for the removal of petroleum hydrocarbons from soils and contaminated sites (Trellu et al., 2016; Befkadu and Chen, 2018). A single type of surfactant is usually applied as the washing agent; for example, Fernandez et al. (2008) found that 4% SDS (an anionic surfactant) and 1% ENP (a non-ionic surfactant) could remove 55.7% and 52.2%, respectively of the TPHs (at 13.5%) from drill cuttings stored for 20 to 30 years. Yan et al. (2011) used 0.03% rhamnolipid to remove 83% of 8.5% (w/w) petroleum in washed drill cuttings from the Liaohe oilfield in China. Recently, mixtures of anionic and non-ionic surfactants have been applied as their synergistic behavior can potentially increase pollutant washing efficiency. Shi et al. (2015) reported that a mixture of Triton X-100 and SDS increased the solubilization of polycyclic aromatic hydrocarbons (PAHs) and effectively removed PAHs from highly contaminated soil collected from an abandoned coke oven plant in China.

Another potential washing agent is a surfactant-based microemulsion, which can be formulated by mixing different surfactants in water or saline water and is based on the experimental phase behavior of a surfactant-oil-water system (Winsor Type region). The removal of petroleum usually occurs via two mechanisms: solubilization via a Winsor Type I microemulsion and mobilization via a Winsor Type III microemulsion (Javanbakht and Goual, 2016). Microemulsion-based washing agents can be achieved with a low surfactant amount; thus, the application of microemulsions could reduce the potential risk of new contaminants being released into the environment and ensure the economic practicality of the washing process (Arpornpong et al., 2018). In addition, the enhancement of petroleum solubility by microemulsions is linearly proportional to the concentration of microemulsion, while conventional surfactants promote solubilization of petroleum only in the vicinity of its critical micelle concentration (CMC) (Lau et al., 2014).

In this study, bio-based washing agents were formulated by investigating the microemulsion phase behavior of polyolefin, the major component in synthetic-based mud, and solutions of mixed bio-based surfactants at different salinities. Lipopeptides from Bacillus subtilis GY19 and Dehydol LS7TH, a fatty alcohol ethoxylate oleochemical surfactant, were selected because they are bio-based surfactants and have been applied to solubilize hydrophobic compounds such as crude petroleum and vegetable oil (Rongsayamanont et al., 2017; Arpornpong et al., 2018). The addition of butanol as a lipophilic linker was also investigated. Nguyen and Sabatini (2009) reported that increasing the surfactant/linker concentration in biosurfactant-based microemulsions enhances the lipophilicity of surfactant aggregates and leads to a lower salinity requirement in the microemulsion system. The TPH removal efficiency of bio-based washing agents was determined with drill cuttings in jar tests as well as a scale-up washing system. The washed drilled cuttings were further remediated by adding a mixture of Marinobacter salsuginis RK5, Microbacterium saccharophilum RK15, and Gordonia amicalis JC11, which are locally isolated petroleum-degrading bacteria. Compared to a single bioremediation or washing treatment, the two-stage remedial system can reduce treatment time and increase treatment efficiency (Yan et al., 2011). To promote TPH biodegradation, biochar and fertilizer were applied along with mixed bacteria to the washed drilled cuttings. Biochar can improve soil fertility and hydraulic properties as well as enhance contaminant immobilization and transformation (Lim et al., 2016; Zhu et al., 2017), while fertilizer can enhance the degradation potential of bacterial populations (Tyagi et al., 2011). With the use of the newly formulated bio-based washing agent and bioremediation approach, the on-site treatment of drill cuttings can become feasible.



MATERIALS AND METHODS


Drill Cuttings, Surfactants, Bacteria and Chemicals

The surfactants studied in this work are classified into two main groups: biosurfactants and synthetic surfactants. Table 1 lists the properties of all the surfactants used in this study. The lipopeptide biosurfactant (anionic) was produced by chitosan-immobilized Bacillus sp. GY19 using waste glycerol and palm oil as substrates according to Khondee et al. (2015). The production medium was passed through a stainless steel screener (<0.5 mm), and bacterial cells were removed from the culture medium by centrifugation at 8,000 rpm for 20 min. Cell-free broth was sterilized by autoclaving at 121°C for 15 min. Lipopeptides as foamate were separated and concentrated following the foam fractionation method of Khondee et al. (2015) and Rongsayamanont et al. (2017). The properties of the foamate and cell-free broth are summarized in Table 1.


TABLE 1. Properties of surfactants.

[image: Table 1]Dehydol LS7TH, a fatty alcohol C12–14 with 7 ethoxylate groups (99.7% purity), was purchased from the Thai Ethoxylate Co., Ltd., (Thailand). It is a non-ionic synthetic surfactant derived from palm oil. 1-butanol (99% purity, Fisher Scientific, United Kingdom Limited) was used as a hydrophilic linker. Chloroform (99%, +), 1-hexane (99%, +), methanol (99%, +), and dichloromethane (99%, +) were purchased from Sigma–Aldrich (Saint Louis, MO) and used as solvents. A saline solution [4% (w/v)] was prepared by dissolving 4 g sodium chloride (NaCl, 99%, +) in 100 mL deionized water. All other chemicals were of analytical grade.

Synthetic-based mud (SBM), drill cutting, and linear C9 to C21 α-olefins (LAOs, polyolefin) were obtained from an onshore oilfield in Thailand. Polyolefin is the main component in SBM. It was used as a surrogate for residual SBM present in the drill cutting. The drill cuttings were excavated from the onshore drilling operation with a well depth of 3,000–3,500 m from the surface. Particle diameter of the drill cuttings as determined by sieve analysis (ASTM D422) was smaller than 75 μm. The initial TPH concentration in the drill cuttings was 151,572 mg/kg cuttings (>15% w/w) (Table 4). Total hydrocarbons present in the drill cuttings were mainly asphaltenes (50.5% w/w) and saturated hydrocarbons (49.5% w/w).

Marinobacter salsuginis RK5 and Microbacterium saccharophilum RK15 were isolated from seawater as crude oil-degrading bacteria. They were maintained in Zobell Marine Broth 2216 (HiMedia Laboratories) and deposited at the MSCU culture collection, Thailand Bioresource Research Center (TBRC), as MSCU 1054 and 1055, respectively. Marinobacter salsuginis RK5 had a low cell hydrophobicity (8%) but a high EPS producing activity (95%), while both cell hydrophobicity and EPS producing activity of Microbacterium saccharophilum RK15 were high at 78% and 97%, respectively. To increase their polyolefin-degrading activity, they were mixed with a fuel oil-degrading bacterium, Gordonia amicalis JC11 (previously Gordonia sp. JC11), which had been studied for oil spill remediation in the presence of biosurfactants (Laorrattanasak et al., 2016). Marine bacteria were initially selected to avoid the salt stress due to the high conductivity of drill cuttings (Table 4). Biochar derived from wood and NPK fertilizer (30:5:5) were purchased from local agriculture companies.



Development of the Bio-Based Washing Agent Using Microemulsion Phase Behavior Experiments

The flowchart of experimental procedure and outcomes is presented in Figure 1. The development of bio-based washing agent was carried out using microemulsion phase behavior experiments to identify the appropriate compositions for an efficient formulation. Previously, researchers in our laboratory have applied the hydrophilic-lipophilic deviation (HLD) concept of binary anionic surfactant mixtures to formulate crude oil spill dispersants by mixing lipopeptide biosurfactants with sodium dihexyl sulfosuccinate (Rongsayamanont et al., 2017). However, no HLD concept exists for a mixture of anionic and non-ionic surfactants. Therefore, in this study a bio-based washing agent based on microemulsion phase behavior experiments was formulated. The microemulsion phase experiments were performed in 1 mL flat-bottom glass vials with PTFE caps. This method was adapted from Tongcumpou et al. (2003). In this study, 0.2 mL of polyolefin and 0.8 mL of the surfactant solution with different saline concentrations were added to the vials. The surfactant solution contained varying concentrations of foamate, Dehydol LS7TH and butanol. All samples were mixed with a vortex mixer for 1 min and then left to reach equilibrium at 25°C for 24 h. After the systems reached equilibrium, the relative phase volumes were quantified for each sample to determine the microemulsion type. The phase structure and characteristics of each microemulsion have been reported in literature (Salager et al., 2013; Arpornpong et al., 2018). The dynamic interfacial tension (IFT) of the SBM and bio-based washing formulations were measured by a spinning drop tensiometer (SVT 20, Dataphysic Instruments).
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FIGURE 1. Flowchart of experimental procedure and outcomes.




Soil Washing Experiment in a Small System and Jar Tests

In a small system test, ten grams of dried drill cutting was suspended in a vial containing 20 mL of the bio-based washing agent. The suspension was then mixed for 30 min by placing on an orbital shaker at 200 rpm. The sample was centrifuged for 30 min at 3,000 rpm to separate the TPHs from the drill cutting and the washing agent. The drill cutting was rinsed twice with distilled water to remove the remaining TPHs and washing solution. The TPHs remaining in the washed cutting were determined to calculate the TPH removal efficiency over the initial TPHs in drill cuttings.

A jar test experiment was conducted to investigate the impacting factors on TPH removal of the selected formulations under varying washing conditions. The washing conditions were varied by altering the washing time and the cuttings-to-washing agent ratio. Initially, 100 grams of dried SBM drill cutting was loaded into a 1 L glass beaker containing different volumes of washing agent (ranging from 200–400 mL) to achieve cuttings (g) to washing agent (mL) ratios of 1:2, 1:3, and 1:4. In the jar test, the suspension was then mixed at a speed of 150 rpm for 5–30 min. Further washing steps were performed using the same washing procedure as in the small system test. All washing experiments were performed in triplicates.



Optimization of the Bio-Based Washing Agent for the Scale-up System

Statistica 8.0 software was used to obtain the optimum formulation of simplex lattice mixture comprising lipopeptides, Dehydol LS7TH, and water, for the semi-pilot scale experiment. The concentration ranges for lipopeptide and Dehydol LS7TH solutions were selected based on the microemulsion phase behavior experiments. A 14-run design matrix was generated (Table 3) and a triangular surface with three factors, three polynomial degrees and augmented with interior points was constructed. The TPH removal efficiency from batch washing experiments was the response variable in the experimental design. Each experiment was performed in duplicates. The most suitable mathematical fitting model was selected by comparing various statistical parameters provided by the one-way analysis of variance (ANOVA), such as p-value, lack of fit and R-squared value (Visetvichaporn et al., 2020). The selected model was then applied to predict the suitable formulation of the bio-based washing agent.

Since the production of foamate by a large-scale foam fractional process is difficult and rather costly, cell-free broth obtained from the production process was applied instead of foamate. The pH of the cell-free broth was adjusted to 10 with NaOH. Batch washing experiments were conducted in vials. The cuttings were vigorously mixed with the washing solution in a vortex mixer for 10 min. The cuttings-to-liquid ratio was fixed to 1:4 based on the results of the jar test experiment. The washing solution was separated from the cuttings via centrifugation at 5,000 rpm for 10 min. The washed cuttings were rinsed twice with deionized water. The TPHs remaining in the washed cutting was determined to calculate the TPH removal efficiency over the initial TPHs in the cuttings.



Drill Cutting Treatment Process in the Scale-up System

The scale-up washing process for the removal of TPHs from cuttings consisted of a rotary screener, hydrocyclone, agitation mixing tank and rotary vacuum-drum filter. The formulation of the bio-based washing agent and the cuttings-to-liquid ratio were obtained from the mixture design and jar test experiments, respectively. The maximum capacity of this process was 40 kg/day. The drill cuttings were transferred into the rotary screener to remove any coarse bits of gravel (>10 mm) at a flow rate of 40 L/min. The fined cuttings were mixed with the washing solution in the hydrocyclone and then transported to the agitation mixing tank, which operated at a contact time of 30 min and agitation rate of 250 rpm. The washing solution was separated from the cuttings using the rotary vacuum-drum filter at a rotation rate of 0.6 rpm with water spraying, which was repeated twice. The TPHs remaining in the washed cuttings were determined to calculate the TPH removal efficiency over the initial TPH in the cuttings.



Polyolefin Biodegradation Experiment

After the washing process, residual TPHs and bio-based washing components might remain in the drill cuttings. This study therefore investigated the polyolefin degradation efficiency of mixed Marinobacter salsuginis RK5, Microbacterium saccharophilum RK15, and Gordonia amicalis JC11 in the presence of the bio-based washing solution. The polyolefin biodegradation test was conducted in a 125 mL flask containing 45 mL MSM medium, which consisted of 2.5 g/L NH4Cl, 5.46 g/L KH2PO4, 4.76 g/L Na2HPO4, 0.20 g/L MgSO4, and 5.0 g/L NaCl (Arulazhagan and Vasudevan, 2011). The concentration of NaCl was lower than that of seawater because the drill cuttings attained a decreased conductivity after washing (Table 4). The concentration of polyolefin in the medium was varied at 0.1, 0.25, and 0.5% (v/v), while the bio-based washing formulation was added based on a dispersant-to-oil ratio (DOR) of 1:10. The DOR was adopted to represent the optimal amount of washing formulation when applied to disperse the polyolefin on the water surface and promote its solubilization. To prepare the bacterial inoculum, each strain was cultivated in Zobell Marine Broth and incubated at room temperature with shaking at 200 rpm. The 24 h culture of each bacterial inoculum was harvested, adjusted to a concentration of 109 CFU/mL and mixed at an equal volume. The mixed inoculum was added to the medium at 5 mL/flask, while the control experiment consisted of an uninoculated sample for determining the polyolefin loss by abiotic processes. All experiments were conducted in triplicates and incubated with shaking at 200 rpm. The concentration of residual TPHs and the bacterial number were analyzed from the flasks sacrificed on days 0, 7, and 14.



Bioremediation of Washed Drill Cutting Experiment

Bioremediation of the washed drill cutting was performed in a soil microcosm under aerobic condition. Prior to bioremediation, the washed drill cutting samples were dried and ground to 2 mm particles. Their soil texture, conductivity, organic matter content, bacterial number and available nutrients were characterized using standard methods. The washed drill cuttings had a silty clay texture with a low nutrient level and small bacterial number (Table 4). Consequently, mixed bacterial inoculum, fertilizer and biochar were applied for bioremediation to promote TPH biodegradation and improve soil properties. There were five treatments: (1) unamended, (2) biochar, (3) biochar and mixed bacteria, (4) biochar and fertilizer, and (5) biochar, fertilizer and mixed bacteria. In each treatment, the washed drill cuttings (soil) were mixed with the amendments to obtain a total weight of 200 g, and then placed in a 9 × 14 × 5 cm3 plastic box with a solid lid. The proportion of soil and biochar was 20% (w/w) or 50% (v/v), while the fertilizer was applied to achieve a C:N:P ratio of 100:10:1. The moisture content of the inoculated and uninoculated microcosms was adjusted to 25% WHC by adding bacterial inoculum and distilled water, respectively. The mixed bacterial inoculum was prepared as in the polyolefin biodegradation experiment. The soil microcosm experiments were conducted in triplicates and incubated at room temperature. The boxes were opened every week, and the soil was manually mixed to provide aeration, while the moisture content was adjusted by adding distilled water. On days 0, 7, 21, 35, and 49, soil samples (6 g each) were collected from two locations in the box and mixed well before determining the TPH concentration and bacterial number.



Analytical Methods

The amount of TPHs in the drill cuttings was analyzed by thin layer chromatography-flame ionization detector (TLC-FLD, with an IatroscanTM MK-6/6S, Mitsubishi Kagaku Iatron, Inc., Japan) and gas chromatography-flame ionization detector (GC-FID, with a Hewlett-Packard 6890, Agilent Technologies, United States) in the washing and bioremediation experiments, respectively. The TPHs were extracted from the cuttings by mixing twice with chloroform at a ratio of 2:1 and the chloroform was separated from the cutting via centrifugation at 5,000 rpm for 20 min. The concentration of TPHs in the chloroform was analyzed by TLC-FID and GC-FID according to Khondee et al. (2012). The concentrations of TPHs were calculated based on a standard polyolefin curve.

The surface tension, critical micelle concentration (CMC) and critical micelle dilution (CMD) were determined with a digital tensiometer (Kruss, K10ST, Germany) at 25°C via the plate method. The CMC was obtained from the cross-section of the plot between the surface tension and concentration of crude lipopeptides, while the CMD was obtained from the cross-section of the plot between the surface tension and serial dilution of the cell-free supernatant.

The bacterial number in the polyolefin biodegradation experiments was determined on Zobell Marine agar because the bacteria were previously cultivated in MSM medium containing NaCl. During bioremediation of the washed drilled cuttings, the total bacteria were counted on tryptone soya agar (TSA) to include all the soil heterotrophic bacteria, while the oil-degrading bacteria were counted on NSW agar overlaid with 50 μL polyolefin. The bacteria were dislodged from the soil by sonicating the soil suspension for 2 min followed by 1 min of vortex mixing. The process was repeated twice, and serial dilutions were then prepared before plate counting.



RESULTS


Development of the Bio-Based Washing Formulations

Microemulsion phase behavior experiments can reveal different microemulsion types depending on the composition of the aqueous and oil phases. From literature, surfactant solutions can form different types of microemulsions (Type I, III, and II) by varying the concentrations of cosurfactant (Hayes et al., 2013), lipophilic linker (Bourrel et al., 1980; Salager et al., 2013; Phaodee et al., 2018), salinity (Acosta and Bhakta, 2009; Arpornpong et al., 2018; Phaodee et al., 2018) or temperature (Salager et al., 2013; Arpornpong et al., 2018) in the system. The phase behavior of polyolefin with either lipopeptide biosurfactant (as foamate) or Dehydol LS7TH indicated the occurrence of microemulsion Type I (Supplementary Table 1). However, the mixtures of foamate and Dehydol LS7TH generated Type I to III microemulsions with polyolefin when the concentrations of NaCl or butanol increased (Supplementary Figures 1, 2). The phase transition was due to the increase in hydrophobicity of the system. The minimum amount of Dehydol LS7TH required in the surfactant mixture to form Type III microemulsion was 2% (v/v) (Supplementary Figure 3).

To formulate the bio-based washing agents, the volume of foamate was varied to achieve lipopeptide concentrations below and above the CMC. Figure 2 shows the phase behavior and TPH removal efficiency of the bio-based washing agents at various foamate concentrations containing 2% Dehydol LS7TH and 4% butanol in saline water. Phase transition was observed from Type III to I with increasing foamate concentration. This occurs because the increased foamate concentration leads to a decrease in hydrophobicity of the system. A similar trend has been observed for anionic surfactants with a strong hydrophilicity (Wade et al., 1978). According to Figure 2, the TPH removal efficiency sharply increased as the foamate concentration increased in the system containing 2% Dehydol LS7TH and 4% butanol in saline water. The greater TPH removal was observed as the foamate concentration increased beyond its CMD value (Table 1). The efficiency reached its highest value of 92.9 ± 1.0% at a foamate concentration of 20% or approximately 5x CMD. The concentration of foamate at 20% was therefore selected to formulate bio-based washing agents (F1 to F5 formulations).
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FIGURE 2. Microemulsion phase behavior of polyolefin and surfactant solution containing 2% Dehydol LS7TH, 4% butanol and varying volumes of foamate in saline water. The petroleum hydrocarbon removal efficiency of each formulation was conducted with drill cutting in a batch experiment. The ratio of cutting (g) to washing agent (mL) was 1:2 and the washing time was 30 min.


Due to complex mixtures of drill cuttings (e.g., cutting, drilling mud, inorganic and organic matters), they originally contained some amount of dissolved salts (e.g., Ca2+, Mg2+, and Na+). NaCl or CaCl2 was added to the drilling mud as an alkalinity controller and brine enhancer during the drilling process. Calcite (CaCO3), hydrophilite (CaCl2) and halite (NaCl) are the main components found in the drill cuttings as reported in literature (Filippov et al., 2009; Mansour et al., 2016; Poyai et al., 2020). The initial salinity of drill cutting was indirectly measured using an electrical conductivity meter. The electrical conductivity (EC) of the drill cuttings was 4,290 μs/cm (∼0.5% (w/v) salinity). It was thus assumed that the salinity of the drill cutting would not significantly affect the total concentration of NaCl in the bio-based washing agents. The role of DI and saline water (4% w/v NaCl) in bio-based washing agents were compared in the washing experiment.

The TPH removal efficiency increased from 50.3% (only foamate) and 61.9% (only Dehydol LS7TH) to 99.2% (20% foamate and 2% Dehydol LS7TH in formulation F1) (Table 2). The efficiency of F1 to F5 formulations containing 20% foamate and 2% Dehydol LS7TH as the major components were compared and evaluated based on the ability to form microemulsion and decrease the residual TPHs in the drill cuttings. Many investigations reported that the formations of microemulsion Type I (near the Type I to III transition) and Type III can be applied for enhanced petroleum recovery (Childs et al., 2005), site remediation (Wu et al., 2000; Quraishi et al., 2015), and detergency (Phaodee et al., 2018). The most efficient formulation, F1, produced a Type I microemulsion with polyolefin and contained only 20% (v/v) foamate and 2% (v/v) Dehydol LS7TH in water. The F3 formulation contained similar surfactant mixtures and produced a Type I microemulsion as with the F1 formulation. However, it had a significantly lower TPH removal efficiency than that of the F1 formulation, which was probably due to the use of saline water. On the other hand, the effect of saline water was different in the formulations containing butanol. The F2 formulation (forming Type III microemulsion in saline water) had higher TPH removal efficiency than the F4 formulation (forming Type I microemulsion in water). When the amount of butanol in the formulations increased, i.e., from 4% butanol in formulation F2 to 8% butanol in formulation F5, the TPH removal efficiency decreased. However, these formulations produced a microemulsion Type III with polyolefin and attained a low dynamic interfacial tension (Supplementary Figure 4).Thus, microemulsion formation is not the only parameter governing oil removal efficiency, but other parameters also play a role in oil washing.


TABLE 2. Effectiveness of bio-based washing agents on removal of petroleum hydrocarbons from drill cuttings in a batch experiment.
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Application of the Bio-Based Washing Formulations in Jar Tests

For a scale-up experiment, the effects of the drill cuttings-to-washing agent ratio and washing time on the performance of the two selected bio-based washing agents in removing TPHs from the drill cuttings were investigated via jar tests. The F1 and F2 formulations were chosen based on their high oil removal efficiency and they were representatives of the formulations that generated microemulsion Type I and III, respectively. Figure 3A shows the TPH removal efficiency as a function of the cuttings-to-washing agent ratio. The results show that when the washing agent loading of the system was increased, the TPH removal efficiency tended to increase. This occurs because the system contains sufficient surfactant to penetrate the cuttings with less coalescence between the surfactant and oil (Naksuk et al., 2009). The cuttings-to-washing agent ratio of 1:4 had the maximum TPH removal efficiency (up to 91.6%). Figure 3B reveals that a washing time of 30 min for the cuttings was considered the optimum time for the TPHs to detach from the cuttings and solubilize into the micelles. The results exhibit a similar trend for both formulations. As expected, the F1 formulation provided a higher TPH removal efficiency than the F2 formulation. These results were consistent with those of the previous experiments in this study.
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FIGURE 3. Effect of drill cutting-to-washing agent ratio (A) and washing time (B) on the petroleum hydrocarbon removal efficiency of the bio-based washing formulations, F1 (20% Foamate + 2% Dehydol LS7TH + 78% DI) and F2 (20% Foamate + 2% Dehydol LS7TH + 4% Butanol + 74% saline water) in a jar test experiments.




Optimization of the Bio-Based Washing Formulation for the Scale-up System

According to the small-scale study, the F1 formulation containing only lipopeptide and Dehydol LS7TH was appropriate for bio-based washing agent. The formulation is simple but the cost might be high due to the high concentration of each composition. Consequently, the F1 formulation was further optimized via the simplex lattice mixture design to obtain an efficient formulation with lower amounts of surfactants. In addition, cell-free broth containing lipopeptides was used instead of foamate to avoid difficulties associated with biosurfactant recovery via foam fractionation process. The initial concentration of lipopeptides in the cell-free broth was 3.0 g/L, and its surface activity was enhanced by adjusting the pH to 10 (Table 1). The Dehydol LS7TH solution was prepared at 5% (v/v).

A range of cell-free broth and Dehydol LS7TH concentrations were prepared based on the results from the microemulsion phase behavior experiments; therefore, 16.70–100.00% cell-free broth (pH = 10) and 0.84–5.00% Dehydol LS7TH were chosen. Table 3 lists the experimental plan from the simplex lattice mixture design and the obtained responses for each run. The empirical coefficient values and ANOVA outcomes, as well as the statistical criteria for the responses, are presented in the Supplementary Data. The maximum R-squared value of the full cubic regression model demonstrated the best fit between the biobased washing agent compositions (independent variables) and TPH removal (dependent variable) compared to other models (Supplementary Table 2). The lack of fit p-value of higher than 0.05 confirms the applicability of this model. The fitted full cubic equation is as follows:


TABLE 3. Simplex lattice mixture design of three components and results of response values for optimizing of the F1 formulation.
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where X = cell-free broth (lipopeptide 0.3%, pH 10), Y = water and Z = Dehydol LS7TH (5%).

A sequential p-value below 0.05 indicates that the model terms are statistically significant. Both the cell-free broth and Dehydol LS7TH have a significant effect on the TPH removal efficiency (Supplementary Table 3). The coefficients X to Z are positive, indicating the synergistic effect of the lipopeptide and Dehydol LS7TH mixture. The optimal formulation of the bio-based washing agent consisted of 72.0% cell-free broth and 1.4% Dehydol LS7TH in water (Figure 4). The predicted response from this optimal formulation was a TPH removal efficiency of 81.2%. The developed bio-based washing agent was applied to a scale-up washing experiment for TPH removal from cuttings. The obtained TPH removal efficiency was 70.7% at an initial TPH concentration of 151,572 mg/kg (Table 4). The loss of washing capability likely occurred during the scale-up process. For example, polyolefins were redeposited with the cutting particles during the separation of washing solution from the washed cuttings using the rotary vacuum-drum filter.
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FIGURE 4. Contour response surface plot for optimizing the components of F1 formulation. Lipopeptide solution was used as cell-free-broth (pH = 10). The initial concentration of Dehydol LS7TH was 5% (v/v). The ratio of cutting (g) to washing agent (mL) was 1:4.



TABLE 4. Characteristics of drill cuttings after washing in a scale-up system and after mixing with biochar.
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Biodegradation of Polyolefin by the Mixed Bacteria

Marinobacter salsuginis RK5, Microbacterium saccharophilum RK15, and Gordonia amicalis JC11 slightly degraded polyolefin when applied as a single strain (data not shown). The mixture of these bacteria was expected to impose a synergistic effect on the polyolefin biodegradation efficiency because each strain should have different characteristics and catabolic pathways. The LAOs in all inoculated samples decreased over time. After 14 days, the mixed bacterial inoculum showed the highest removal efficiency with 0.1% LAOs (97%), followed by 0.25% LAOs (84%) and 0.5% LAOs (70%), while the control treatment only attained a removal efficiency of 9–18% (Figure 5A). The bacterial number in the 0.1% LAO system increased by approximately 1 magnitude to 9.07 log CFU/mL at the end of the study, corresponding to a decrease in the LAOs (Figure 5B). On the other hand, the bacterial number in the 0.25% LAO system remained constant at 8.38 log CFU/mL, while it was slightly reduced to 7.73 log CFU/mL in the 0.5% LAO system. The low cell numbers might be due to the formation of aggregated cells, as indicated by the orange cell clumps in the 0.25% LAO system and the attached film in the 0.5% LAO system (Supplementary Figure 5), which interfered with the dilution of bacterial cells during the plate count technique. The difference in cell aggregation could be due to the presence of the bio-based washing formulation, which was applied according to the amount of oil in each flask. The different concentrations of biosurfactant molecules might promote different forms of aggregation of polyolefin, bacterial cells and bacterial metabolites. The presence of viable cells suggested that longer incubation time could increase the biodegradation efficiency of the mixed bacterial inoculum. Since the mixed bacterial inoculum was able to efficiently degrade low concentrations of polyolefin, they were applied for bioremediation of the washed drilled cuttings.
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FIGURE 5. Degradation of polyolefin (LAOs) by mixed bacterial inoculum in MSM medium containing 0.5% NaCl (A) and the changes in bacterial number during the experiment (B).




Bioremediation of the Washed Drill Cuttings

In this study, biochar was initially mixed with the washed drilled cuttings to improve soil characteristics such as water holding capacity and available nutrients (Table 4). The biochar-amended washed drill cuttings had a notable decrease in conductivity from 1,721 to 4.31 μS/cm, while the available potassium and phosphorus increased from 155 and 96 ppm to 6,155 and 688 ppm, respectively. The concentration of the TPHs in biochar-amended washed drill cuttings decreased by approximately half (from 44,468 mg/kg to 26,359 mg/kg) due to the dilution effect (Table 4). Other characteristics, such as bacterial number and organic matter and total nitrogen contents, in the biochar-amended washed drill cuttings were similar to those of the initial sample. The unamended sample or the natural attenuation treatment attained only 1% TPH removal efficiency, and TPHs remained at a concentration of 43,989 mg/kg after 49 days of incubation (Figure 6). On the other hand, treatment combining biochar, fertilizer and mixed bacteria achieved the highest TPH removal efficiency of 71%. This TPH removal efficiency was calculated from the TPH concentrations on day 0 and day 49, which were 26,359 and 7,515 mg/kg, respectively (Figure 6). The second most efficient treatment was the biochar- and mixed bacteria-amended microcosms, which removed 66% of the TPHs with 8,968 mg/kg of TPHs remaining at the end of experiment. Without bacterial addition, the removal of TPHs was inefficient, of which the biochar-fertilizer treatment and biochar treatment removed 39 and 28% of TPHs, respectively. The results indicated that the addition of mixed bacteria played an important role in TPH removal from the biochar-amended washed drill cutting. The changes in alkane composition as revealed by the GC-FID chromatograms on day 49 also confirmed that the TPHs were significantly reduced by both physical and biological mechanisms in the treatments containing mixed bacteria (Supplementary Figure 6).
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FIGURE 6. Efficiency of bioremediation approaches comprising of mixed bacterial inoculum, biochar and fertilizer on the removal of petroleum hydrocarbons (TPHs) from drill cuttings after washing in a scale-up system.


In all microcosms, the growth curves of both total and olefin-degrading bacteria showed a similar trend, but the numbers of olefin-degrading bacteria were slightly lower at each time point (Figures 7A,B). The initial washed drilled cuttings had a low bacterial number; thus, the addition of mixed bacteria was necessary. The rapid decrease in TPHs in the biochar and mixed bacteria treatment (Figure 6) corresponded with the numbers of total and olefin-degrading bacteria after incubation, which were maintained throughout the incubation period at 8.51 and 8.47 log CFU/g soil, respectively (Figures 7A,B). The addition of fertilizer also promoted the growth of indigenous bacteria in the washed drill cuttings from day 0 to 21; however, they later competed with the added bacterial inoculum (Figure 7) and led to delayed TPH degradation (Figure 6). The average bacterial number in the treatment with biochar, fertilizer and mixed bacteria decreased to 7.33 log CFU/g soil on day 49, which was lower than that in the treatment with only biochar and mixed bacteria. Competition between different indigenous populations might also occur since the bacterial numbers in biochar and fertilizer treatment were lower than that in the treatment with biochar only. However, the number of indigenous olefin-degrading bacteria in the treatments with no bacterial addition increased from an average of 5.25 log CFU/g soil to 7.92 log CFU/g soil at the end of the study (Figure 7B). The TPH removal efficiencies in the uninoculated microcosms, i.e., soil only, biochar and biochar-fertilizer treatments were low to moderate (Figure 6). The results indicated that the TPH-degrading activity of the indigenous olefin-degrading bacteria was lower than that of added mixed bacterial inoculum. Consequently, bioaugmentation with mixed bacterial inoculum was appropriate for the treatment of washed drill cuttings.


[image: image]

FIGURE 7. Changes in number of total bacteria (A) and polyolefin-degrading bacteria (B) during the bioremediation of drill cuttings after washing in a scale-up system.




DISCUSSION

Microemulsion phase behavior studies were conducted to develop suitable bio-based washing formulations. The formation of microemulsions between foamate (highly hydrophilic character) and polyolefin (highly hydrophobic character) implies the attainment of a low interfacial tension and the possibility of substantial oil solubilization. This occurs because of the balance between the hydrophilic water and hydrophobic oil phases. The best washing formulation F1, comprised of 20% foamate and 2% Dehydol LS7TH in water, could form Type I microemulsion with polyolefin (near the transition region between Type I and Type III). The high TPH removal efficiency by Type I microemulsion might be due to the super-solubilization effect, where the swollen micelles incorporate a large amount of oil into their hydrophobic core (Tongcumpou et al., 2003; Javanbakht and Goual, 2016). The same trend was found in the study by Wu et al. (2000), who reported that the microemulsion Type I (near the Type I to III boundary) and Type III had similar oil solubilization capacities. Since there was no butanol or salt in formulation F1, it was considered a bio-based and environment-friendly washing agent.

The present study found that butanol reduced the TPH removal efficiency of formulations (Formulation F2, F4, and F5). One possibility is that butanol reduces the micellar cavity where the SBM and polyolefin prefer to solubilize in micelles. The results obtained in this study correspond to those reported by Bourrel et al. (1980) and Tongcumpou et al. (2003), whereby an increased lipophilic linker of the system can decrease oil solubilization. Moreover, saline water was not required in the bio-based washing formulation. The presence of salt and cation (Na+) probably influenced anionic surfactant adsorption on drill cuttings and precipitation between Na+ and foamate anionic surfactant. Increase in surfactant adsorbed onto cutting, lead to an increased surfactant loss during the washing process. The effect of salinity on anionic surfactant adsorption at the solid–liquid interface has been discussed by many researchers (Childs et al., 2005; Arpornpong et al., 2010; Belhaj et al., 2020). In addition, Arpornpong et al. (2018) showed scanning electron microscopy images of spent bleaching earth (SBE) surface before and after surfactant-based washing procedure and found that a high salinity washing solution (15% w/v NaCl) increased the adsorption of ethoxylate non-ionic surfactant on SBE surface.

The TPH removal efficiency of surfactant mixtures was higher than either lipopeptides or Dehydol LS7TH alone. These results confirmed that the higher efficiency was due to the synergistic effect. Shi et al. (2015) also reported that the mixed anionic–non-ionic surfactants considerably enhanced the oil solubilization capacity and interfacial tension reduction, which resulted in a decrease in the total amount of surfactant used in a particular application, which in turn reduced both the cost and the environmental impact. A single-biosurfactant-based washing agent usually attains less than 90% TPH removal from drill cutting. For example, Yan et al. (2011) reported that the maximum TPH removal efficiency of oil-based mud from drill cuttings was 83% at a rhamnolipid concentration up to 360 mg/L, a solid:liquid ratio of 1:3 and a 20 min washing time, while Olasanmi and Thring (2020) attained an 85.4% TPH reduction from drill cuttings with a rhamnolipid solution (500 mg/L) at an optimal agitation rate of 100 rpm for 30 min and a ratio of cutting-to-washing agent of 1:1.

When formulation F1 was applied in the jar tests, the results indicated an optimal washing condition consisting of a 30 min washing time at a drill cutting to bio-based washing agent ratio of 1:4. However, the efficiency of formulation F1 was reduced to 91.6% due to the large amount of drill cutting in a jar test, which caused a reduction in the mixing speed and redeposition of TPHs during solid-liquid phase separation. The same trend was found in other studies (Kantar and Honeyman, 2006; Elgh-Dalgren et al., 2009). The jar test suggested that a large volume of formulation F1 was required for washing drill cuttings on site. To reduce the cost of formulation F1, the concentration of each component was optimized via the simplex lattice mixture design, and cell-free broth was used instead of foamate. The drawback of a lower lipopeptide concentration in cell-free broth than that in foamate was resolved by increasing the pH of cell-free broth solution from 7 to 10. Alkaline condition can reduce the adsorption of anionic surfactants on drill cuttings by increasing electrical negative charge on the surface of rock solids (Kurnia et al., 2020). Thus, the surfactant activity increased, resulting in a decrease in the amount of surfactant required in the bio-based washing agents. Moreover, the alkali might react with the acid components in SBM present in the cuttings to produce soap (Sheng, 2014). The presence of soap helps in the reduction of IFT, providing a greater oil mobilization from the cuttings during the washing process. Although the washing efficiency obtained with cell-free broth (81.2%) was lower than that obtained with foamate (91.6%), the TPH removal efficiency was comparable to that of other studies (Yan et al., 2011; Olasanmi and Thring, 2020). The application of non-purified lipopeptides in foamate and cell-free broth indicates an economic advantage of the developed bio-based washing agents for drill cutting treatment.

The bio-based washing agents can be applied to other cleaning applications, for example, washing of petroleum-contaminated soil. The formulation can be further optimized by increasing the salt or hydrophobic surfactant concentration for heavier crude oil-contaminated soil. For saline soil with different salinity and hardness levels, the washing agent can be formulated by adjusting the salt concentration or adding appropriate amounts of builder or lime-soap dispersing agent. Childs et al. (2005) evaluated the performance of surfactant-based washing agents for the treatment of oil-based drill cuttings. They found that the addition of C8-sulfobetaine, a lime soap dispersing agent (LSDA), and sodium metasilicate (Na2SiO3), a builder, with a small amount of added salt in the surfactant-based washing agent, could enhance the oil removal efficiency from drill cuttings. For a long storage period, potassium sorbate preservative maybe added to the bio-based washing agents, as reported by Freitas et al. (2016), to maintain their activities.

To date, there have been few studies on the scale-up of drill cutting treatment by the surfactant washing technique. Elgh-Dalgren et al. (2009) attained a lower PAH removal by soil washing at the pilot scale than that attained at the laboratory scale due to the variation in environmental conditions such as the ambient temperature. This research also found a decrease in TPH removal from 81.2% at the laboratory scale to 70.7% at the semi-pilot scale. Therefore, the combination of biosurfactant washing and subsequent treatment, such as bioremediation was required to enhance the TPH removal from the drill cuttings obtained from the oilfield. Considering the cost of wastewater management due to the surfactant washing approach, the recovery and reusability of bio-based washing solutions should be studied further. Nevertheless, the biological treatment of wastewater containing bio-based washing solutions should be easier than that of wastewater containing chemical-based washing solutions due to its low toxicity, high biodegradability, and high biocompatibility of lipopeptide biosurfactants.

The residual TPHs in the bio-based washing solutions as well as in the washed drilled cuttings should be biodegraded before disposal. Polyolefin, the main component in SBM, is a mixture of unsaturated hydrocarbons with medium chain lengths. It is relatively persistent under natural conditions. The degradation of olefins in a marine anaerobic biodegradation test lasted longer than 9 months of incubation and required sediment containing a large number of sulfate reducing bacteria, general anaerobes and methanogens as a source of inoculum (Herman and Roberts, 2005). Solid-phase tests revealed that synthetic drilling fluids containing olefins are slowly degraded in mud and coarse sand by indigenous microorganisms, where their half-life increases as the nominal concentration increases (Munro et al., 1998). Non-etheless, bioremediation can increase the olefin biodegradation rate. Approximately 96% of the 14,720 mg/kg linear alpha-olefin in a subsoil sample was reduced by providing a nitrogen source under aerobic condition, and the treated soil after 93 days of incubation showed low toxicity to plants, earthworms and microorganisms (Visser et al., 2002). It is thus possible to further enhance polyolefin biodegradation by adding efficient bacterial inoculum under aerobic condition. This study found that the mixture of Marinobacter salsuginis RK5, Microbacterium saccharophilum RK15, and Gordonia amicalis JC11 was able to degrade the polyolefin in the liquid medium containing a biobased washing agent. The uses of mixed bacteria probably promote the success of bioaugmentation because they have complementary catabolic pathways as well as the ability to enhance the oil dispersion and hydrocarbon bioavailability (McGenity et al., 2012). The extent of polyolefin removal in the bioaugmented sample was much higher than that of the abiotic process. However, the degrading activity of mixed bacteria decreased at high polyolefin concentrations (>2.5%); thus, the bacterial inoculum was applied for bioremediation of drill cuttings only after the washing process.

Bioremediation of washed drill cuttings was examined in a microcosm study with varying amendments for 49 days. The results indicated that only mixed polyolefin-degrading bacteria and biochar were required for an enhanced TPH removal from the washed drill cuttings. Although the above treatment resulted in more remaining TPHs (0.89%) than that with additional fertilizer (0.75%), it attained a higher biodegradation rate, and its cost was relatively lower. Biochar enhanced the activity of the mixed bacterial inoculum probably by providing a habitat for microorganisms and improving the bulk density, pH and movement of air, water and nutrients within the soil matrix (Gul et al., 2015). In addition, biochar can sorb petroleum hydrocarbons and their degrading intermediates, which leads to a considerable reduction in soil toxicity and allows continuous petroleum biodegradation (Qin et al., 2013). The presence of biosurfactant molecules in the washed drill cuttings might also increase the bioavailability of TPHs. Brown et al. (2017) reported that biochar and rhamnolipid biosurfactant imposed a synergistic action on enhancing oil biodegradation in soil during landfarming. During bioremediation, the number of added bacteria decreased over time, probably due to their inability to compete with indigenous bacteria. Zhang et al. (2016) reported that biochar-immobilized Corynebacterium variabile HRJ4 achieved high TPH biodegradation, which made the bioremediation process more robust against environmental factors and other competitors. Thus, the bacterial inoculum should be immobilized on biochar before application to washed drill cuttings.

The developed sequential bio-based washing and bioremediation system removed TPHs in the drill cuttings. The TPH concentration in the drill cuttings was reduced from 151,572 mg/kg to 8,968 mg/kg, i.e., TPH removal efficiency of 94.1%. The efficiency of this system was comparable to that of Yan et al. (2011), where oil-based drill cuttings with an initial TPH concentration of 85,000 mg/kg were washed with a rhamnolipid solution and then subjected to bioremediation by adding sawdust, as a bulking agent, and mixed bacterial culture. They found that the concentration of TPHs decreased to 5,470 mg/kg, i.e., 93.5% TPH removal efficiency (Yan et al., 2011). Consequently, the sequential remedial system could be applied in onshore drilling operations. It is expected that the sequential bio-based washing and bioremediation system will have lower cost and environmental impacts than the current incineration technique. The treated drill cuttings contained less than 1% TPHs and could be further treated on site by rhizoremediation. The technology uses synergistic interactions of plant roots and rhizospheric microorganisms to degrade hydrocarbons and is considered one of the most suitable treatment methods for petroleum-polluted soils over a large area (Hussain et al., 2018).



CONCLUSION

Drill cuttings with high concentrations of TPHs (>15%) were sequentially treated with a bio-based washing agent and bioremediation. The formulation of the bio-based washing agents was guided by the experimental phase behavior of the mixed bio-based surfactants and polyolefin and further optimized via experimental design. The efficient formulation contained only lipopeptides and Dehydol LS7TH in water, which is considered environmentally friendly and cost effective. When the bio-based washing agents were applied in a large-scale system, the TPH washing efficiency decreased. It is thus necessary to treat the remaining TPHs by bioremediation. From a microcosm study, only mixed polyolefin-degrading bacteria and biochar were required for an enhanced TPHs removal from washed drill cuttings. The sequential remedial system can be applied on site without high energy use in contrast to incineration. It is also possible to use the bio-based washing agents for cleaning petroleum-contaminated soil and other polluted environments.
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The marine environment represents a well-off and diverse group of microbes, which offers an enormous natural bioactive compounds of commercial importance. These natural products have expanded rigorous awareness due to their widespread stability and functionality under harsh environmental conditions. The genus Planococcus is a halophilic bacterium known for the production of diverse secondary metabolites such as 2-acetamido-2-deoxy-α-d-glucopyranosyl-(1, 2)-β-d-fructofuranose exhibiting stabilizing effect and methyl glucosyl-3,4-dehydro-apo-8-lycopenoate displaying antioxidant activity. The genus Planococcus is reported generally for hydrocarbon degradation in comparison with biosurfactant/bioemulsifier secretion. Although Planococcus was proposed in 1894, it seized long stretch (till 1970) to get accommodated under the genus Planococcus authentically. Large-scale biosurfactant production from Planococcus was reported in 2014 with partial characterization. For the first time in 2019, we documented genomic and functional analysis of Planococcus sp. along with the physico-chemical properties of its biosurfactant. In 2020, again we screened biosurfactant for pharmacological applications. The present review discusses the comprehensive genomic insights and physical properties of Planococcus-derived biosurfactant. Moreover, we also highlight the prospects and challenges in biosurfactant production from Planococcus sp. Among ∼102 reports on biosurfactant produced by marine bacteria, 43 were of glycolipid and 59 were non-glycolipid type. Under other biosurfactant type, they were identified as lipopeptide (20) like surfactin (5), glycolipoprotein/lipoprotein (12), and other non-glycolipid (22). Planococcus sp. generally produces glycolipid-type biosurfactant (4) and exopolysaccharides (2). The single report documented in the literature is on biosurfactant production (glycolipid +non glycolipid) by diverse marine microbes (39) suggesting their novelty and diversity for biosurfactant secretion.

Keywords: Planococcus, biosurfactant, genomic insight, glycolipid, marine, hydrocarbon degradation


RICHNESS AND UNIQUENESS OF MARINE ECOSYSTEM, AND CHALLENGES FACED TO EXPLORE ITS MICROBIAL WEALTH

Marine ecosystems represent the largest one among different aquatic ecosystems of our planet where high salinity makes it different in comparison with another aquatic reservoir (Wang and D’Odorico, 2013). Salty water resulted through several mechanisms like rain, rock and sediment erosion processes, exchange of gases with the atmosphere, volcanic actions, and breakdown of metabolites has a prodigious impact on marine flora and fauna (Geist and Hawkins, 2016). Even though the marine biosphere appears to be a nutrient-rich ecosystem however, the actual nutrients available to lead a prosperous life for microbes are limited (Satpute et al., 2010; Merchant and Helmann, 2012). Under such nutrient-deficient and challenging circumstances, marine microbes withstand and compete through the production of a unique magical molecules (Gudiña et al., 2015). Therefore, the marine ecosystem grips an immense assure to invent an innovative bioactive compounds like enzymes, vitamins, antibiotics, drugs, biosurfactant (BS), and bioemulsifier (BE) (Satpute et al., 2010; Gudiña et al., 2016; Waghmode et al., 2019). Marine microbes produce not only diverse types of BSs but also other bioactive molecules under extreme surroundings of salinity, fluctuations in temperatures and pH, availability of limited nutrients, and increased UV exposure (de Carvalho, 2018; Naughton et al., 2019). Studies of marine microbes require access to the sea using well-equipped research ships which is costly and is a major hindrance (Baharum et al., 2010). Therefore, most of the marine microorganisms documented are from mangroves and coastal regions. Due to financial constraints and the inability to grow in common media, ∼0.01 to 0.1% marine microbes are culturable (Baharum et al., 2010; Antunes et al., 2019). Currently, with the advancement of metagenomics, the approaches have been used to identify new genes involved in the secretion of BS (Araújo et al., 2020). In this review, readers are served with an interesting but brief information on overall diversity of BS produced by marine microbes with a particular emphasis on Planococcus sp. Genomic insights of Planococcus sp. and pathways involved in BS synthesis are considerably evident from the literature. Sparse literature available on the physico-chemical characterization of Planococcus BS is included. We also highlight noteworthy applications of Planococcus-derived BS in hydrocarbon-oil biodegradation, and biomedical fields.



FREQUENTLY REPORTED MARINE MICROBIAL COMMUNITIES FOR BIOSURFACTANT PRODUCTION

Marine environments have constantly fascinated interest as productive repository port of surface-active biomolecules. This section provides an outline of the respective marine microbial BS producers. Organisms from several phyla like Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, Euryarchaeota, Ascomycota, and Basidiomycota have been reported for the prduction of diverse types of BS (Figure 1A). Total ∼102 reports available on BS producing marine bacteria, representing 43 on glycolipid and 59 on non-glycolipid type. Among the six reports available on Planococcus sp., four are on glycolipid-type BS and two are on exopolysaccharides (EPS). The majority of the reports on BS are focused on Bacillus (25%) and Pseudomonas (11%) followed by Planococcus (6%) and then Halomonas (5%). Serratia, Arthrobacter, Staphylococcus, Brevibacterium, Acinetobacter, and Streptomyces were reported around 2–3% for novel BS production (Mapelli et al., 2017). Some of the recently reported stains include Marinobacter (Tripathi et al., 2019), Cyberlindnera (Balan et al., 2019), Acromobacter (Deng et al., 2016), Buttiauxella (Marzban et al., 2016), and Paracoccus (Antoniou et al., 2015). Nevertheless, BS production by marine microbes remains largely unexplored due to the difficulties to cultivate them in the laboratories (Gudiña et al., 2016; Tripathi et al., 2018; McCarthy et al., 2019). The global demand for BS is the foremost driving force to explore untapped marine microbial diversity (Floris et al., 2018; Twigg et al., 2019). There are many other marine microbes where the entire characterization of BS has not been revealed (Figure 1B). The type, quality, and yield of BS are dependent on microorganisms, their growth conditions, carbon, and nitrogen source, stability to withstand fluctuating pH, temperature, salinity, and agitation (Tripathi et al., 2018; Somoza-Coutiño et al., 2020).
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FIGURE 1. (A) Summary of different types of biosurfactant (BS)/bioemulsifier (BE) producing marine micobial species. (B) Phylum and genus taxon-based segregation of BS/BE producer literature reports (access till April 2020) from marine origin.




Planococcus SPECIES – UNTAPPED MARINE RESOURCE FOR THE PRODUCTION OF BIOSURFACTANT AND OTHER METABOLITES

Planococcus is a Gram-positive, psychrotolerant, halophilic bacterium, which was initially proposed by Migula (1994) in 1894. Despite having such old history, Planococcus was not reported in the public domain validly for several years. Kocur et al. (1970) proposed the revised description of the genus Planococcus. Initially, there were numerous acceptance and rejections whether to consider these flagellated cocci either under the genus Planococcus or Planosarcina. From 1949 to 1969, a lot of recommendations were given by several researchers to anticipate flagellated cocci under the roof of genus Planococcus considering few features like flagellated structure and % GC content (40–50%) (Kocur et al., 1970). Authors used seven strains having flagellated cocci isolated from a marine source and carried out morphological, cultural, biochemical, and physiological characteristics along with sensitivity to antibiotics and placed them under the genus of Planococcus (Van Hao and Komagata, 1985). The small cocci structures which were previously accommodated as a Micrococci group are presently popular as Planococcus (Cole, 1990; Engelhardt et al., 2001). This is how the successful journey of classification for the genus Planococcus began by considering the size (∼1.4 μm) and cocci (short) shape. Planococcus grows at 25°C within 3–5 days, results in the formation of orange, round, umbonate colonies (Mykytczuk et al., 2013). In 2001, the novel hydrocarbon-degrading P. alkanoclasticus sp. nov. strain MAE2 was isolated and characterized by the sediment of the intertidal beach (Engelhardt et al., 2001). This work was dedicated toward the complete characterization of novel strain by growing in a Bushnell-Haas medium enriched with crude oil (0.5 g). This novel strain was compared with three other species of Planococcus, namely Planococcus kocurii (NCIMB 629T), Planococcus citreus (NCIMB 1493T), and Planococcus okeanokoites (NCIMB 561T) through fatty acid composition and genotypic study (mol % G + C determination, sequencing of 16S rRNA gene) (Engelhardt et al., 2001).

Planococcus sp. strain S5 degrades aromatic hydrocarbons such as salicylate or benzoate through the production of two noticeable enzymes. The authors noted that when strain S5 was grown on salicylate, it produces two types of dioxygenase enzymes (catechol 1,2-dioxygenase and catechol 2,3-dioxygenase) that catalyze the cleavage of oxidative ring catechol to cis and cis-muconic acid (Łabużek et al., 2003). They characterizd those enzymes by growing Planococcus in the presence of high concentration of phenol. Muthukamalam et al. (2017) suggested that enhanced quantity of enzymes produced in presence of hydrocarbon and certainly play a crucial role in degradation process. Abilities of BS production along with these enzyme can compliment microorganisms toward hydrocarbon biodegradation potential.

Kumar et al. (2007) isolated P. maitriensis Anita I (designated as NCBI Gen-Bank Accession number EF467308) from the coastline sea water of Bhavnagar district, Gujarat, India. This group reported on EPS production from P. maitriensis and its emulsifying efficacy. The strain produced EPS consisting of protein (24.44%), carbohydrate (12.06%), uronic acid (11%) along with sulfate (3.03%). This product was purified through centrifugation, precipitation (isopropanol), dialysis, and lyophilisation techniques. The EPS emulsifies xylene powerfully when compared with standard gums. The cell-free culture supernatant also showed a reduction of surface tension (ST) (72 to 46.07 mN/m) and interfacial tension (IFT) against hexane (45.57 ± 0.07 to 20.96 ± 1.56 mN/m) and xylene (33.84 ± 0.19 to 22.95 ± 0.11 mN/m). Thus, for the first time, physical properties of BS from Planococcus appeared in the literature.

Having this information at the background, Ebrahimipour et al. (2014) isolated Planococcus sp. from an oil-contaminated area (Iran) and further reported large-scale production of extracellular BS and utilization of crude oil / hexadecane. Analysis of some of the physical properties like emulsification activity, its stability at different temperatures, pH, and salt tolerance broadens the application of BS. Emulsifying activity of BS demonstrated 77% of bioemulsification activity against crude oil.

Major focus of Kavitha et al. (2015) appeared on investigating the influence of the phase-separated disintegration process in pre-treatment by using P. jake. This experiment was performed in two phases. For the first time authors had demonstrated the effects of CaCl2 (0.06 g/g SS) on deflocculation and further pretreatment with BS producing bacteria in phase separation for biodegradation process. Authors had assessed BS production abilities of culture through various screening assays.

In 2016, Ganapathy et al. (2016) isolated P. maritimus MKU009 from Pichavaram (South East Coast), India, and identified the methyl glucosyl-3,4-dehydro-apo-8-lycopenoate as a novel carotenoid. Four genes (crtN, crtB, crtP, crtI) were reported for carotenoid production located in the first contig of the genome assembly. Such genome-level information is certainly useful to reveal the functional genomics of carotenoid synthesis and metabolic engineering (Han et al., 2019). Thus, metabolic engineering approaches would be supportive to explore additional genetic level information of bioactive metabolites including BS. Yang et al. (2018) had isolated a Planococcus culture from oil-contaminated soil, Qinghai-Tibetan Plateau. Genomic research on Planococcus strain Y42 illustrated the theoretical mechanism of oil degradation which would be helpful for biodegradation of various hydrocarbons.

Recently, we reported P. maritimus strain SAMP for BS production. Based on the physical properties like critical micelle concentration (CMC), ST, IFT, CA (contact angle), wetting properties, and emulsification index proved the BS as a powerful substance. The CMC value of terpene containing BS was found to be 1.3 mg/mL and reduced ST of PBS from 72 to 30 mN/m. The analytical characterization revealed the existence of sugar and lipid moieties in BS. Possibly this was the first report detailing the physico-chemical properties of BS derived form Planococcus sp. (Waghmode et al., 2019).

Response surface methodology (RSM), a statistical Technique is being routinely used to design experiments, build models, evaluate the effect of an interactive variables to plot their optimal conditions and enhance the yield of microbial products. In recent times, Hema et al. (2019) used RSM to enhance the yield of BS (glycolipid) from the wild strain, Planococcus MMD26.



BIOPROSPECTING OF Planococcus AND ITS BIOSURFACTANTS, EXOPOLYSACCHARIDE, BIOACTIVE COMPOUNDS FOR INDUSTRIAL APPLICATIONS

Biosurfactants have an extensive scope in diverse industries such as pharmaceutics, cosmetics, food, agriculture, textile, petroleum, and wastewater. BSs are well identified as multi-purposeful agents, as antimicrobial, emulsifying, stabilizing, wetting, and moisturizing. Currently, Planococcus-derived BSs attained a prospective significance for environmental applications in remediation of organic/inorganic contaminants, pharmaceutical products, and microbial-enhanced oil recovery (MEOR).

Various microbial communities can efficiently degrade water-insoluble substrates like oils, hydrocarbons through different mechanisms. Firstly, organisms adhere to the oil droplets, aggregating around, and then solubilize them by breaking into smaller chains (Bach and Gutnick, 2004). After creating these miniature droplets, microbial cells interact more efficiently and subsequently degrade hydrocarbons (Karlapudi et al., 2018; Paniagua-Michel and Fathepure, 2018) through BS/BE (Banat et al., 2014). It is an imperative to note that being a marine strain, researchers have mainly targetted the genus Planococcus and/or its BS for bioremediation purposes. Engelhardt et al. (2001) highlighted the abundance of Planococcus sp. MAE2 in a variety of marine/oceanic surroundings, including few Antarctic niches. Authors reported the potential of MAE2 strain in the biodegradation of branched n-alkanes present in crude oil (C11 to C33), but not aromatic hydrocarbons. This study was not associated with any kind of BS production. Thus, the existence of such hydrocarbon-degrading Planococcus sp. is extremely valuable to control contamination by hydrocarbons in marine reservoirs (Park et al., 2018; Somee et al., 2018). Similarly, the strain S5 has been described for degradation of aromatic hydrocarbons like salicylate or benzoate. The S5 strain possesses plasmid (pLS5) having the capacity to degrade salicylate through a metabolic pathway (Łabużek et al., 2003), and the fact was proved through curing experiment. Supportive data for degradation of oil also appeared from the genomic analysis (Yang et al., 2018). Authors have successfully used the Planococcus Y42-derived BS for bioremediation and oil recovery purpose. This work illustrated the exploitation of Planococcus strains for hydrocarbon degradation through understanding the draft genome information (Engelhardt et al., 2001; Jung et al., 2018; Waghmode et al., 2019). The genome of Planococcus sp. PAMC21323 contains the detoxification enzymes of nitroalkanes, aromatic hydrocarbons, and heavy metal ions. Planococcus sp. PAMC21323 has three extradioldioxygenases (Plano 0315, 2898, and 2901) that catalyze the cleavage of aromatic ring structure. Therefore, the genome sequence of this psychrotrophic strain showed the potential application for bioremediation in harsh environments (Santos et al., 2016; Jung et al., 2018).

In addition to bioremediation of hydrocarbons, Planococcus sp. are also known to participate in MEOR processes. Ebrahimipour et al. (2014) endorsed Planococcus sp. for large-scale production of BS and proposed as an extraordinary aspirant for MEOR. Production of BS is associated with the growth of the organism and it has an advantage for a one-stage continuous culture system during scale-up processes.

Planococcus sp. has been reported for production of biopolymer, EPS. In 2007, Kumar et al., proposed that the EPS produced by P. maitriensis Anita I can spread oil and is equivalent in properties with well-known mild nonionic synthetic detergents like Triton X-100 and Tween 80. Therefore, authors recommended its applications in bioremediation, MEOR and cosmetics.

Researcher have utilized the functionality of Planococcus for biogas production. Kavitha et al. (2015) isolated a new strain P. jake 01 and demonstrated its application for biogas production. The, pre-treatment procedures in biogas production through bacteria are significant to diminish the suspended solids and chemical oxygen demand of deflocculated pre-treated sludge. These processes are highly efficient than flocculated sludge (treatment with bacteria only).

Biosurfactants are the most significant and precious microbial products. In the medical field, the BSs act as antibacterial, antiviral, antifungal, anticancer, antioxidants, anti-adhesive, immunomodulator, stimulate dermal fibroblasts, vaccines, and gene therapy (Williams, 2009; Manikandan and Senthilkumar, 2017). In 2016, Ganapathy et al. (2016) reported the production of methyl glucosyl-3,4-dehydro-apo-8-lycopenoate as a novel carotenoid with antioxidant property from P. maritimus MKU009 strain. The foremost study reported by us is on cytotoxic activity of terpene containing Planococcus-derived BS against HeLa, MCF-7, and HCT cells lines at concentrations 41.41 ± 4.214 μg/mL, 42.793 ± 6.072 μg/mL, and 31.233 ± 5.083 μg/mL, respectively. The BS was also exploited against Plasmodium falciparum to determine the killing efficacies of the whole organism. Thus, we have reported the EC50 (34 μM ± 0.26) value against P. falciparum. BS also exhibited anti-tubercular activity IC50 value at 64.11 ± 1.64 μg/mL and MIC at 160.8 ± 1.64 μg/mL concentration (Waghmode et al., 2020). Exploring such applications of Planococcus-derived BS is noteworthy and can encourage the researcher to explore BS further for pharmacological applications.



FUNCTIONAL GENOMICS INSIGHTS OF Planococcus SPECIES AND BIOSYNTHETIC PATHWAY FOR THE PRODUCTION OF BIOSURFACTANT

The genomic study provides profound insight into secondary metabolites produced by various bacterial communities, and functional genomics offers the biochemical characteristics of the bioactive compounds (Van Lanen and Shen, 2006; Shaligram et al., 2016; Waghmode et al., 2017). The whole-genome sequencing study of P. maritimus strains revealed an uniform genome size of about 3,220,000 bp for SAMP, 3,280,721 bp for DSM 17275, and 3,251,644 bp for MKU009 (Figure 2A). The similar GC content is reported for all the strains that are about 47.27%. The unique vital genes associated with the SAMP strain was glucose-1-phosphate thymidylyl transferase; for strain DSM 17275, it was cell wall binding repeat two family proteins, and for strain MKU009, it was DUF559 domain-containing protein. The entire gene cluster was screened to identify the secondary metabolite genes. However, the entire gene sets involved in the synthesis of terpene was identified in lipid synthesis pathway. The comparative genome analysis has helped us to identify the genomics potential of all the three strains. The presence of terpene synthesis cluster was observed in genomes of all three strains. From genome analysis, terpene biosynthetic pathway was traced out and it could be the backbone molecule for production of BS (Figure 2B). The location of the gene cluster in all three genomes is different; the entire gene cluster was on the positive strand for two strains DSM17275 and SAMP while for strain MKU009 on the negative strand (Waghmode et al., 2019).
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FIGURE 2. (A) Bonafide genome tree of Planococcus maritimus genomes available from NCBI database (access till April 2020). (B) KEGG database-based metabolic pathway of terpene biosynthesis derived from Planococcus maritimus strain SAMP. Note: Part of the gene cluster image adopted from Waghmode et al. (2019).




CONCLUSION

Marine microorganisms emerged as a rich source for various natural bioactive compounds. Among the marine microbial world, Planococcus-derived BS offers great interest to the scientific community due to its outstanding functional properties including ST, IFT, wetting, emulsification, stability to a wide range of pH, temperature, salt tolerance, etc. The pharmacological activities presented by BS suggest its potential usage as multipurpose ingredients in various microbial-based commercial products. Furthermore, sampling and consequent enrichment culturing techniques of BS producing Planococcus are essential to explore the potential of BS in many other fields. The accessibility of efficient fast sequencing methods and bioinformatic tools could be helpful in the analysis of biosynthetic pathways. Rapid tracing of the genes involved in BS production and inducers triggering the expression of those particular genes are mandatory to make feasible commercial-scale production. Such metabolic set-up will enable the exposition of the unknown BS biosynthesis pathways of marine microbes. It also facilitates the expansion of synthetic biology-derived concepts to develop competent recombinant strains. These interdisciplinary research tools will contribute toward the identification, production, purification, and application of BS not only from Planococcus sp. but also from other microbes for industrial applications.



FUTURE PROSPECTS

Little is known about the potential of BS production and hydrocarbon degradation by Planococcus sp. of marine origin. Few reports discussed the partial physico-chemical characterization of Planococcus BS. More efforts are mandatory to evaluate BS production on a larger scale and to find their role in various technologies. More information is essential for (1) predicting the structural details of Planococcus-derived BS, (2) identifying their properties, (3) scale-up and (4) cost-effective production studies. To reduce the cost of BS production, commercially feasible biological and engineering solutions can be employed. The use of low-cost substrates appears to be a promising approach to enhance the productivity of BS commercially. More efforts are indispensable to explore marine BS for additional pharmacological applications. Molecular docking studies also provide new avenues to discover the possible target sites for effective interactions of BS. A detailed investigation in this particular area would offer lead molecules for bio-therapeutics. However, applications of marine microbial originated BS in various industrial sectors are awaited and thus provide enormous opportunities to utilize them in food, cosmetics, agriculture, etc.
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Rhamnolipids are biosurfactants produced by microorganisms with the potential to replace synthetic compounds with petrochemical origin. To promote industrial use of rhamnolipids, recombinant rhamnolipid production from sugars needs to be intensified. Since this remains challenging, the aim of the presented research is to utilize a multidisciplinary approach to take a step toward developing a sustainable rhamnolipid production process. Here, we developed expression cassettes for stable integration of the rhamnolipid biosynthesis genes into the genome outperformed plasmid-based expression systems. Furthermore, the genetic stability of the production strain was improved by using an inducible promoter. To enhance rhamnolipid synthesis, energy- and/or carbon-consuming traits were removed: mutants negative for the synthesis of the flagellar machinery or the storage polymer PHA showed increased production by 50%. Variation of time of induction resulted in an 18% increase in titers. A scale-up from shake flasks was carried out using a 1-L bioreactor. By recycling of the foam, biomass loss could be minimized and a rhamnolipid titer of up to 1.5 g/L was achieved without using mechanical foam destroyers or antifoaming agents. Subsequent liquid–liquid extraction was optimized by using a suitable minimal medium during fermentation to reduce undesired interphase formation. A technical-scale production process was designed and evaluated by a life-cycle assessment (LCA). Different process chains and their specific environmental impact were examined. It was found that next to biomass supply, the fermentation had the biggest environmental impact. The present work underlines the need for multidisciplinary approaches to address the challenges associated with achieving sustainable production of microbial secondary metabolites. The results are discussed in the context of the challenges of microbial biosurfactant production using hydrophilic substrates on an industrial scale.

Keywords: rhamnolipids, Pseudomonas putida KT2440, synthetic biology, metabolic engineering, oxygen transfer rate, liquid–liquid extraction, life cycle assessment, environmental impact


INTRODUCTION

Rhamnolipids are versatile anionic glycolipid biosurfactants produced by different bacteria (Germer et al., 2020). Discussed applications range from fine chemicals for pharmaceuticals and cosmetics to bulk chemicals like detergents, bioremediation agents, and enhanced oil recovery agents. Diverse patents have been filed for rhamnolipid production and their application (Tiso et al., 2017a), and recently large-scale industrial production was announced.

Rhamnolipids consist of 3-(3-hydroxyalkanoyloxy)alkanoate (HAA), with hydrophobic acyl chains linked to a hydrophilic moiety formed by one or two molecules of rhamnose. The three surface active compounds HAAs and mono- and di-rhamnolipids show differences in physiochemical parameters like the critical micelle concentration (Tiso et al., 2017b). The biosynthesis of rhamnolipids starts with the formation of HAA from two β-hydroxy fatty acids by the enzyme RhlA (Déziel et al., 2003). The substrate spectra of different RhlA enzymes are responsible for the chain-length spectrum of the final biosurfactant (Dulcey et al., 2019; Germer et al., 2020). Subsequently, rhamnose units are attached to the HAA by activity of RhlB and RhlC, respectively, to form mono- and di-rhamnolipids (Ochsner et al., 1994; Rahim et al., 2001). All three enzymes are able to act independently (Wittgens et al., 2017). The mono-rhamnolipid biosynthesis encoding genes rhlA and rhlB are joint to one transcriptional unit in all producer strains known so far (Tiso et al., 2017a). The precursors (hydroxy fatty acids and rhamnose as activated conjugates) are provided by the cell’s central metabolism (Tiso et al., 2016).

To avoid issues connected to the general pathogenicity of Pseudomonas aeruginosa, which is the best-characterized rhamnolipid-producing species, and circumvent complex natural regulation mechanisms for the production of these secondary metabolites, Pseudomonas putida has very successfully been developed during the last decade to a recombinant rhamnolipid production platform applying the toolbox of synthetic biology. It allows for high-level production (Beuker et al., 2016a) and tailoring of the product spectrum (Tiso et al., 2017b). In this context, the development of plasmids conferring a strong expression of the biosynthetic operons in the host organism (Beuker et al., 2016a; Wigneswaran et al., 2016) has been combined with detailed characterization of the cell factory (Tiso et al., 2016), elimination of concurring metabolic pathways (Wittgens et al., 2011), and expansion of the spectrum of feedable (Arnold et al., 2019; Wang et al., 2019; Bator et al., 2020b) renewable resource.

The use of inducible (genome-integrated or plasmid-based) promoter systems enables an easily applicable option for process control. In addition, the use of an inducible system offers the possibility of controlling production by, for example, decoupling it from growth. By variation of inducer concentration and time of induction, recombinant protein expression can be tuned and optimized (Wandrey et al., 2016; Mühlmann et al., 2017). For Escherichia coli, monitoring of the oxygen transfer rate (OTR) or the scattered light signal was demonstrated to be a useful tool for optimization of recombinant protein production in small scale (Ladner et al., 2017; Ihling et al., 2020). In addition, non-invasive online monitoring of the OTR in shake flasks combined with analysis of offline-determined culture parameters can be used for a detailed assessment of cultivation conditions and whole-cell performance. As process development moves forward, scale-up from shake flask to stirred tank usually needs to be tackled.

For separation and purification of rhamnolipids from fermentation supernatants, various approaches are reported in literature. These include liquid–liquid extraction (Syldatk et al., 1985; Schilling et al., 2016), pH-shift precipitation with subsequent solid–liquid extraction (Invally et al., 2019), membrane filtration (Witek-Krowiak et al., 2011), chromatographic separation (Reiling et al., 1986), and foam fractionation, optionally extended by adsorption columns (Siemann-Herzberg and Wagner, 1993; Anic et al., 2018). To design reliable and efficient downstream processes, in-depth knowledge with regard to the influence of process parameters like detrimental interphase formation on the process performance is mandatory.

Production and application of biosurfactants is claimed to be more sustainable compared to conventional fossil-based surfactants. Sustainability-related discussions and developments, which find expression in political statements of intent (BMU, 2019), the “green deal” of the EU, or the most recently strongly grown environmental movement (Brändlin, 2019), underline the importance of a thoughtful and analyzed implementation of new products and processes. Beyond that, the definition of nationally and globally defined criteria for sustainability (United Nations [UN], 2015; Die Bundesregierung, 2018) clarifies the significance of its evaluation. As one of three dimensions, the environmental sustainability forms the most obvious one and is therefore considered below (Finkbeiner et al., 2010). Looking at the brief history of LCA for (bio-)surfactants, it is remarkable that there is only a limited number of such studies. Examples can be seen in Adlercreutz et al. (2010) where alkanolamides (bio-based surfactants) were evaluated. Sophorolipid and rhamnolipid production in a gate-to-gate system was subject to investigations in Kopsahelis et al. (2018), while Baccile et al. (2017) evaluated the production of sophorolipids in a cradle-to-gate and cradle-to-grave system. Further studies can be found with regard to conventional surfactants (Guilbot et al., 2013; CESIO/ERASM, 2017) or detergents (Zah and Hischier, 2007).

In this work, we use a holistic approach based on strain development and process optimization to enhance recombinant rhamnolipid production (Figure 1). The strain development includes the engineering of an efficient expression cassette featuring high genetic stability, which is important for industrial processes as well as chassis optimization. The process optimization efforts are the identification of a suitable minimal medium, detailed investigation of the optimal induction time point, and, based on previous work, evaluation of the impact of an optimized fermentation medium on the performance of a liquid–liquid extraction. The gained insights allowed the development of a process chain, which was finally evaluated via LCA. As the final process would be run in a stirred tank reactor, the LCA was performed in small pilot scale (150-L fermentation volume). Integrating LCA while the process is still in an early stage of development favors the identification of process options that can directly be integrated in subsequent developments.
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FIGURE 1. Multidisciplinary approach for the optimization and evaluation of a recombinant rhamnolipid production strategy. Our approach comprises molecular biology, metabolic engineering, bioprocess engineering, fluid process engineering, and system analysis and technology evaluation (LCA). The parameters that were used by the respective approaches as criteria to evaluate the success are written in the sketched funnels.




MATERIALS AND METHODS


Bacterial Strains and Plasmids

Bacterial strains (Table 1) and plasmids (Table 2) used in this study are shown here. The used oligonucleotides are shown in Supplementary Table 1.


TABLE 1. Bacterial strains used in this work.
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TABLE 2. Plasmids used within this work.
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Construction of Deletion Mutants

Deletion mutants were obtained using the I-SceI-based system (Martinez-Garcia and de Lorenzo, 2011). Briefly, 500–700-bp upstream- and downstream-flanking regions of the target sites were amplified from the genomic DNA of P. putida KT2440 and cloned into the non-replicative pEMG vector. The resulting plasmids were transferred into E. coli DH5αλpir or PIR2 and conjugated into Pseudomonas strains via triparental mating using a streamlined method as outlined by Wynands et al. (2018). The pSW-2 plasmid, carrying the I-SceI restriction enzyme, was transformed to allow for the deletion of the gene locus of interest. Positive colonies sensitive for kanamycin were verified for targeted deletion by colony PCR. To obtain marker-free clones, the recombinant strains were cured of the pSW-2 plasmid by reinoculation in the LB medium without gentamicin and verified again by colony PCR. In this study, knockout mutants of the genes coding for the flagellar machinery [PP_4328–PP_4344 and PP_4351–PP_4397; a detailed overview about the components encoded by the target genes has been given by Martinez-Garcia et al. (2014)], the 3-hydroxyacyl-ACP:3-hydroxyacyl-CoA transacylase (phaG, PP_1408), and the complete operon for PHA synthesis (PP_5003–PP_5008) were created.



Construction of Rhamnolipid Producing Strains

Construction of P. putida KT2440 salmRLE SK40 was performed as follows: DNA fragments with homology arms of ca. 30 bp as building blocks for the subsequent assembly cloning were obtained by PCR as described before (Weihmann et al., 2020). Linearized plasmid backbones obtained by restriction endonuclease digestion with I-SceI or MauBI were dephosphorylated with FastAP (NEB, Frankfurt a. M, Germany, and Thermo Fisher Scientific GmbH, Waltham, MA, United States, respectively) according to the manufacturer’s instructions.

Vector assembly by recombinational cloning in uracil deficient yeast cells was performed as described before (Domröse et al., 2017; Weihmann et al., 2020). Competent cells of Saccharomyces cerevisiae VL6-48 were prepared according to Gietz and Schiestl (2007). Fragments encoding the NagR/PnagAa expression system and proteins for mono-rhamnolipid biosynthesis (including a BCD2 translational coupler for rhlA) were amplified from pBNTmcs(t)Km and pVLT33_rhlABC using the oligonucleotides fw_CISL_NagR, rv_PnagAa_BCD2, fw_BCD2_PA-rhlAB, and rv_PA-rhlAB_I-SceI_CISR (Supplementary Table 1). Both fragments were assembled with I-SceI digested pYTSK01K_0G7 (GenBank Accession No. MT522186) to yield pYTSK10K_0G7_rhlAB. This vector was MauBI digested and assembled with the PCR fragment amplified from pRhon5Hi-2-eyfp using the oligonucleotides fw_CISR_eYFP and rv_eYFP_HB-R-rv (Supplementary Table 1) to yield pYTSK40K_1G7_rhlAB.

Assembled plasmids were isolated from yeast cultures grown in 1 mL of SD–Ura medium using the innuPREP Plasmid Mini-Kit (Analytik Jena AG, Jena, Germany) with an extended lysis step (37°C, 2–5 h) in the presence of 200 U/mL Arthrobacter luteus Lyticase (Sigma-Aldrich Chemie GmbH, Hamburg, Germany). Yielded plasmid DNA was finally introduced into E. coli DH5α for amplification and isolated using the innuPREP Plasmid Mini-Kit. Competent cells of E. coli DH5α and E. coli S17-1 were prepared as previously described (Bergmans et al., 1981). The correct assembly was confirmed by sequencing (Eurofins Genomics GmbH, Ebersberg, Germany) using the “Seq” oligonucleotides shown in Supplementary Table 1. Transfer of the cloned vector to P. putida KT2440 (wild type) was achieved by bacterial conjugation using mating procedures. For mating, E. coli S17-1 pYTSK40K_1G7_rhlAB and the P. putida KT2440-recipient cells were incubated for 5 h at 30°C in a droplet of LB medium on a cellulose acetate membrane on an LB agar. After the mixture was plated on Pseudomonas-selective LB agar, successful transposition of the integron into the attTn7 site was confirmed by colony PCR as described before (Choi et al., 2005), and the resulting strain designated P. putida KT2440salmRLE SK40.

The construction of all other rhamnolipid producers, namely, P. putida KT2440 SK4, P. putida KT2440 Δflag SK4, P. putida KT2440 ΔphaG SK4, P. putida KT2440 Δpha SK4, P. putida KT2440 ΔphaG Δpha SK4, and P. putida KT2440 Δflag Δpha SK4, was performed by using the mini-Tn7 delivery transposon vector pSK02 as described previously (Bator et al., 2020b). Transfer of pSK02 in the wild-type and KO strains was achieved by bacterial conjugation. For mating, the recipient strain (Pseudomonas), helper strain E. coli HB101 pRK2013, transposase-leading strain E. coli DH5αλpir pTNS-1, and donor strain E. coli DH5αλpir pSK02 were used. Mating procedures were performed according to a streamlined method (Wynands et al., 2018). The rhamnolipid cassette from plasmid pSK02 was integrated into the attTn7 site. Mono-rhamnolipid-producing clones were identified using cetrimide-blood agar plates [7.5% (v/v) sheep blood, Fiebig - Nährstofftechnik, Idstein - Niederauroff, Germany].



Cultivation Conditions


Media

Besides the LB (lysogeny broth) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, Carl Roth, Karlsruhe, Germany), the mineral media enumerated in the Supplementary Material were used.

Furthermore, for the selection of Pseudomonas, cetrimide agar (46.7 g/L cetrimide agar powder and 10 ml/L glycerol) or LB agar with Irgasan (25 mg/L) was used. If a medium was used as a selection plate or to prevent plasmid loss, different antibiotics were added after the sterilization. Tetracycline was added in a final concentration of 20 mg/L, gentamicin was added in a final concentration of 25 mg/L and kanamycin was added in a final concentration of 50 mg/L.



Medium Throughput Cultivations

Microscale cultivations for the comparative analysis of different expression strains (with the inducible system) were conducted and monitored in 1.2 mL LB supplemented with 10 g/L glucose and appropriate antibiotics in sterile 48-well flower plates (MTP-48-B, m2p-labs GmbH, Aachen, Germany) using a BioLector I (30°C; 1,200 rpm, shaking diameter of 3 mm). The cultures were inoculated from precultures in LB medium with an OD580 (optical density) = 0.05. If appropriate, sodium salicylate was added to a final concentration of 2 mM after 3.5 h. After 24 h, samples were taken for determination of rhlB transcript and biosurfactant accumulation.



Flask Cultivations

Flask cultivation of P. putida KT2440 and KO strains with the strong constitutive expression system (SK4) was performed at 30°C in 500-mL shake flasks with 10% filling volume at 300 rpm or in 24-deep-well plates (System Duetz; Enzyscreen B.V., Heemstede, Netherlands) with 1 mL filling volume at 300 rpm and a shaking diameter of 50 mm. The medium was inoculated with an OD600 of 0.1 from a preculture in a minimal medium.



Physiological Characterization

Cultivation for online monitoring of the oxygen transfer rate (OTR) was carried out in an in-house built RAMOS device (Anderlei and Büchs, 2001; Anderlei et al., 2004) at a temperature of 30°C. The cells were cultured in 250-mL shake flasks with 10 mL filling volume at a shaking frequency of 250 rpm and a shaking diameter of 50 mm. The initial OD600 was set to 0.1. Cultivation was performed in a modified M9 minimal medium (Supplementary Material). Production of a culture supernatant for liquid–liquid extraction was carried out under the same conditions.

For variation of time of induction, 2 mM sodium salicylate from a 0.2-M stock solution in water was used to induce all cultures. Samples for offline analysis were taken from flasks run in parallel under the same conditions as the online-monitored flasks. The culture volume of one flask was sacrificed at each sampling point.



Fermentation

Batch fermentations for rhamnolipid production in a stirred tank reactor were conducted in a BioFlo 120 glass bioreactor (Eppendorf, Hamburg, Germany) with a working volume of 1.0 L and a nominal volume of 1.3 L. The bioreactor was equipped with a pH electrode (EasyFerm Plus PHI 225, Hamilton, Reno, NV, United States), a dissolved oxygen electrode (InPro 6800, Mettler Toledo, Columbus, OH, United States), and a Pt100 temperature sensor. The agitator shaft was equipped with two Rushton turbines (Ø 5.3 cm).

To handle the excessive foaming, a reactor design with foam recirculation was developed (Figure 2). The foam produced during the fermentation process is directed into a downstream foam collection bottle (10 L). The foam is pumped back into the reactor by a peristaltic pump.
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FIGURE 2. Schematic design of a batch fermentation with foam recirculation.


The cultivations were conducted in Delft medium with standard phosphate buffer concentrations (Supplementary Material). The pH value of 7 ± 0.05 was kept constant by automatic addition of 2 M KOH and 2 M H2SO4 via peristaltic pumps. The dissolved oxygen (DO) was kept above 30% by automatic increase of the agitation speed (cascade: t = 0–1 h: 300–1,200 rpm; t = 1–10 h: 500–1,200 rpm). The aeration rate was 0.1 L/min (0.1 vvm), whereas evaporation was reduced by sparging sterile air through a sterile water bottle. The temperature was 30°C. The reactor was inoculated with cells from a preculture to an OD600 of 0.5. One hour after inoculation, the peristaltic pump was turned on at 220 rpm (∅inner, hose = 1 cm) for foam recirculation and the stirrer speed was manually increased from 300 to 500 rpm to obtain wet foam.



Liquid–Liquid Extraction

A pH value-dependent extraction screening of rhamnolipids from the cultivation supernatant was performed according to Biselli et al. (2020) using ethyl acetate as organic solvent (Schilling et al., 2016). Cells were removed via centrifugation. The pH values of the cultivation supernatants, in the following defined as aqueous phase, were adjusted to 1, 3, 6, and 8 with HCl or NaOH. A phase ratio (aqueous:organic) of 5 was used. The aqueous phase and organic solvent were mixed at room temperature for 30 min at 250 rpm using a vertical shaker (Hettich Lab Technologies, Tuttlingen, Germany). Subsequent phase separation was accelerated by centrifugation and was documented photographically. Both aqueous phase and organic phase were analyzed with regard to rhamnolipid concentration, samples from the aqueous phase additionally with regard to protein/peptide content. All experiments were performed in triplicates.

The performance of the liquid–liquid extraction process was evaluated, according to Biselli et al. (2020), by the reduction of rhamnolipids from the aqueous phase, using the following equation:
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The recovery of rhamnolipids in the organic solvent was calculated as follows:
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Thereby, mp,aq,before and mp,aq, after are defined as the mass of rhamnolipids (P) in the aqueous phase before and after the extraction process. mp,org, after is defined as mass of P in the organic phase after the extraction process.

Further, the reduction of protein/peptides from the aqueous phase during the extraction process was evaluated, as follows:
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Since Biselli et al. (2020) showed that liquid–liquid extraction of rhamnolipids from the cultivation supernatant based on the LB medium using ethyl acetate is highly selective with purities of rhamnolipids in ethyl acetate close to 100 w%, purities will not be investigated at this point.



Environmental Assessment of Rhamnolipid Production

An LCA was carried out for a technical scale with an operation volume of 112.5 L (total volume 150 L) in the fermentation stage, in line with ISO standards (ISO14040, 2006; ISO14044, 2006).

The LCA was performed with the software GaBi 9.2, the associated GaBi database, and the ecoinvent database 3.5 (ecoinvent-DB, 2020; GaBi-DB, 2020; GaBi-S, 2020). Addressees of the generated results are mainly the involved scientists. The LCA is applied to the product chains of rhamnolipid production with two different substrates from the sugar industry. Process chain RL_I operates with molasses, while RL_II operates with hydrolyzed sugar beet pulp.


Goal and Scope Definition for LCA

The goal of the study was to identify impact-, energy-, or material-intensive process stages of the described system. Furthermore, it can be illustrated which processing route is more advantageous in relation to the efficiency of substrates. The correlation between LCA and process design is principally applicable for an iterative but continuous improvement of the process chains.

The assessed cradle-to-gate system, as described below, includes the basic process modules of the process chains. Additional equipment, like it is used in an industrial scale (e.g., pumps and storage tanks), is not considered in the present study. The described components are the same for both abovementioned process variants and include the production and operation of each component. Furthermore, the production of input flows like water, substrate, and auxiliary materials (e.g., solvents and minimal medium) is covered. The geographical and time-related system boundaries are related to the sugar beet production area in North Rhine-Westphalia (Germany) at present. As the functional unit, the production of 1 kg of rhamnolipids is defined. The used data (e.g., fermentation yields, conversion rates, aeration rates, and purge share) was provided by further project partners and originate from studies in the lab scale. Additional data was taken from databases (background processes; e.g., GaBi-DB, 2020), literature (e.g., Knoll, 2008; Spoerri and Thomas, 2014), statistical data (e.g., WVZ, 2020), or own calculations (e.g., tank design). For the life-cycle impact assessment (LCIA), the recommended methods of ILCD (Pennington et al., 2010; Wolf et al., 2012) were applied and any normalization carried out was performed in line with PEF Pilot 1.09 [(Benini et al., 2014), person equivalents (PE) related to EU-27].

The environmental impact is expressed by 16 impact categories enumerated in the Supplementary Table 2.

The normalization follows the conversion of results with specific impact category units (e.g., CO2 equivalents to PE by the application of specific characterization factors). One PE represents the summarized emissions of an average yearly European citizen generated by consumption. Data for the supply of molasses or sugar beet pulp were taken from an existing LCA for sugar beet production and processing (Spoerri and Thomas, 2014) and allocated by the economic value share of the substrate. An allocation ensures that environmental impacts from upstream processes are only added proportionately, as the used substrates are only one of several upstream chain products.



Process Development

Processes of rhamnolipid production were developed based on the results generated by laboratory-scale studies. The resulting process chains of RL_I and RL_II were not examined in terms of a connected system, so that the design was to a limited degree completed by additional, but secondary, components (e.g., drying). The dimensioning of specific components was oriented to the size of the fermentation. Required components for large-scale implementation (e.g., pumps) were not included in the technical scale, but utilization routes for residues or by-product flows were contained in the design. Depending on the used substrate, different upstream process modules were used, due to the fact that sugar beet pulp needs some preprocessing steps (disintegration and hydrolyzation) before usage. The following stages of fermentation and downstream processing are qualitatively the same in both cases, whereby the differing substrate-depending parameters (e.g., density, sugar content, and dilution rate) were considered by calculations and the resulting consequences for dimensioning or throughput, for instance (see “Life-Cycle Inventory” section). While one of the developed process chains is illustrated and explained in the result section, the second can be found in the Supplementary Figure 2.



Life-Cycle Inventory

Table 3 illustrates the incoming and outcoming masses as well as further parameters of the production process chains RL_I and RL_II in a 150-L scale. In consideration of specific sugar contents, yield coefficients, and conversion rates, the necessary amount of substrate (theoretical demand) differs by factor 1.4 (1 unit sugar beet pulp = 1.4 units molasses). The assessed 150-L fermentation system (112.5 L operation volume) in combination with the specific yield of 0.1 kgProduct/kgGluose can produce a 0.211 kg (rhamnolipids and molasses) and 0.316 kg (rhamnolipids and sugar beet pulp) product per volume change of the fermentation, which results in a number of three batches in minimum to achieve the intended 1 kg of product. Further microorganism-specific studies under laboratory conditions have shown yields with coefficients up to 0.2 kgProduct/kgGluose (without optimization measures), which would cut down the results of PE massively. For the fermentation stage, the dilution of substrate is approximately 50% water for molasses-driven processes and 60% for sugar beet pulp-driven processes. Additional inputs to the fermentation process are the minimal medium (13.2 gMedium/kgFermentation broth) and inoculum [0.5% (v/v)].


TABLE 3. Life-cycle inventory of rhamnolipid production-process chains RL_I and RL_II for the use of a 150-L batch-fermentation process.

[image: Table 3]
Further process modules require different—substance flow mass depending—amounts of precipitation agent (acetone) and extraction agent (ethyl acetate), which are recycled by a defined default share of 80%, and acidification agents. The outcoming theoretical product amounts of 0.359 kg (molasses) and 0.240 kg (sugar beet pulp) are contained in a fermentation broth output of 133.6 kg for the molasses-driven process and 107.8 kg for the sugar beet pulp-driven process. The product losses throughout the entire process (e.g., during extraction) can be quantified with ca. 12% for both production processes.



Analytics


Optical Density

For determination of the optical density, a spectrophotometer (Genesys 20, Thermo Fisher Scientific, Waltham, MA, United States) was used for the experiments to determine the optimal induction point, while for the experiments regarding minimal medium and chassis optimization an Ultrospec 10 Cell Density Meter (Biochrom GmbH, Berlin, Germany) was used. The optical density was measured in 1-cm cuvettes at a wavelength of 600 nm. Prior to measurement, the sample was appropriately diluted using 0.9% NaCl. The measurement was carried out in duplicate for each sample.

For the correlation of OD600 to cell dry weight (CDW), the factor of 0.3 was determined for the Ultrospec spectrophotometer.



pH Value

The pH value was determined with an InLab Easy pH electrode (Mettler Toledo, Germany) and a CyberScan pH 510 m (Eutech Instruments, Thermo Fisher Scientific, Waltham, MA, United States). Appropriate buffers were used for calibration.



Carbon Source Quantification

The glucose concentration in the experiments to determine the optimal induction point was determined by HPLC (Dionex Ultimate 3000, Thermo Fisher Scientific, Waltham, MA, United States) using a refractive index detector (RefractoMax 521, Thermo Fisher Scientific, Waltham, MA, United States). An organic acid resin column (250 mm × 8 mm, CS-Chromatographie Service, Langerwehe, Germany) was used for separation at a temperature of 40°C. 1 mM sulfuric acid was used as a mobile phase. A flow rate of 0.8 mL/min was used.

For the experiments regarding minimal medium and chassis optimization, glucose, gluconate, and ketogluconate were quantified by using a Beckmann Coulter System Gold HPLC with a UV detector 166 (Beckmann Coulter, Brea, CA, United States) at 210 nm and a refractory index detector RI2300 (Knauer GmbH, Berlin, Germany). For separation, a Metab-AAC 300 mm × 7.8 mm column (particle size: 10 μm, ISERA GmbH, Düren, Germany) was used. Elution was performed with 5 mM H2SO4 at a flow rate of 0.5 mL/min at 40°C.



Qualitative Detection of Rhamnolipids via Hemolysis Assay

Blood agar plates for hemolysis assays were prepared with 40 g/L blood agar basis (Carl Roth, Karlsruhe, Germany) in water. After autoclaving and cooldown to below 50°C, 10% (v/v) defibrinated sheep blood (Fiebig Nährstofftechnik GbR, Idstein, Germany) and, if applicable, antibiotics and sodium salicylate (5 mM) were added. Bacteria were applied to the solid medium using a 96-pin replicator. After overnight growth at 30°C, the plates were stored at 4°C. Lysis halo formation was documented daily using a CAMAG TLC Visualizer 2 (Camag AG & Co. GmbH, Muttenz, Switzerland).



Quantification of Rhamnolipids

For sample preparation, the cell-free culture broth was mixed 1:1 with acetonitrile and stored at 4°C overnight. Subsequently, the mixture was centrifuged at 11,000 × g for 2 min. All samples were filtered with Phenex-RC syringe filters (0.2 μm, ∅ 4 mm, Phenomenex, Torrance, CA, United States). Reversed-phase chromatography couple to Corona Charged Aerosol Detection (CAD) was performed to quantify rhamnolipid and HAA concentrations based on a previously developed method (Behrens et al., 2016; Tiso et al., 2016) using an Ultimate 3000 with a Corona Veo Charged Aerosol Detector (Thermo Fisher Scientific, Waltham, MA, United States). For separation, a NUCLEODUR C18 Gravity 150 mm × 4.6 mm column (particle size: 3 mm, Macherey-Nagel GmbH & Co. KG, Düren, Germany) was used. The flow rate was set to 1 mL/min, and the column oven temperature was set to 40°C. Acetonitrile (A) and 0.2% (v/v) formic acid in ultra-pure water (B) were used as running buffers. The method started with a ratio of 70% buffer A:30% buffer B and a linear gradient was applied to reach a ratio of 80%:20% in 8 min. The acetonitrile fraction was increased linearly from 80 to 100% between 9 min and 10 min and decreased linearly to 70% between 11 min and 12.5 min. The measurement was stopped after 15 min.

For the purpose of this paper, the term “rhamnolipids” refers to the resulting natural product mixture containing mono-rhamnolipids and a small fraction of the aglycon HAA.



Transcript Levels

Total RNA was isolated from harvested cells equivalent to an OD580 = 2 in 1 mL using a NucleoSpin RNA Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according the manufacturer’s instructions with an additional DNA digestion step (RNase-Free DNase Set, Qiagen GmbH, Hilden, Germany) on the spin filter. After elution, potentially remaining DNA was eliminated using the DNA-free DNA Removal Kit (Thermo Fisher Scientific GmbH, Waltham, MA, United States). The extraction yielded 17.4 μg ± 1.6 for strain pPS05, 26.5 μg ± 2.3 for strain SK4, and 33.728 μg ± 8.5 for strain SK40 (means and standard deviations of biological triplicates). The RT-qPCR (reverse transcription and quantitative PCR) was performed with Power SYBR Green RNA-to-CT 1-Step Kits (Thermo Fisher Scientific GmbH, Waltham, MA, United States) according to the manufacturer’s instruction and run on an Applied Biosystems 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific GmbH, Waltham, MA, United States). The runs were analyzed using the software SDSv2.3 (Thermo Fisher Scientific GmbH, Waltham, MA, United States). Amplicons (136 bp) of rhlB were generated using the primers PA-rhlB_fw-RT and PA-rhlB_rv-RT (Supplementary Material and Table 3). The primers were designed using the Primer3 Web tool (Kõressaar et al., 2018). To each reaction, 50 ng of the total RNA preparation was added. For calibration, serial dilution of vector pYTSK40K_1G7_rhlAB was used as qPCR template in technical triplicates, allowing for calculation of rhlB transcript copy numbers (Supplementary Figure 1). Copy numbers per OD were calculated based on the initially extracted total RNA from cells equivalent to OD580 = 2 in 1 mL. For statistical analysis of the differences between the expression systems, an unpaired student’s t-test was applied. We routinely analyzed melting curves to ensure primer specificity (Bustin et al., 2009) (Supplementary Figure 1). The qPCR results were additionally verified by using reaction mixtures containing H2O instead of RNA and reaction mixtures without reverse transcriptase as negative controls for each biological sample.



BCA Protein Assay

Protein/peptide content of aqueous samples in liquid–liquid extraction was determined by BCA Protein Assay (Thermo Fisher Scientific, Waltham, MA, United States) according to Biselli et al. (2020).



RESULTS

To address the challenges associated with rhamnolipid production on all levels, strain engineering, process development, and environmental impact were simultaneously considered. Necessary changes were communicated back to the preceding process stage (Figure 3).
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FIGURE 3. The sequence in which the experiments have been carried out in this study.


Phase 1: We established a strategy for rhamnolipid production in a non-pathogenic strain and a suitable medium sustaining growth and high production. Feedback from the design of downstream processing led to discarding media with high protein/peptide contents (LB medium). Phase 2: Based on these prerequisites, we now streamlined the strain, evaluated the inducible expression system, and designed a downstream process. Phase 3: The gained insights were subsequently used to establish a lab-scale bioreactor fermentation and to design a basic process. Phase 4: Finally, all knowledge was used to do a process evaluation (LCA).


Inducible Expression of Chromosomally Integrated Rhamnolipid Synthesis Genes Entails Genetic Stability

Plasmids with strong synthetic promoters have been commonly used for the expression of the genes for rhamnolipid biosynthesis in studies on rhamnolipid production with P. putida (Loeschcke and Thies, 2020). Contradictorily, chromosomal integration of expression modules is regarded in general as beneficial for stable production strain development circumventing the need for supplementation of antibiotics (Li et al., 2019). We compared here advanced expression cassettes for the stable integration of the P. aeruginosa PAO1 rhlAB operon encoding mono-rhamnolipid biosynthesis into the attTn7 site of the genome with the state-of-the-art plasmid-based system (Beuker et al., 2016a; Tiso et al., 2016). Besides strain SK4 harboring a cassette with a strong constitutive promoter that was recently established (P14ffg) (Köbbing et al., 2020) and already used for mono-rhamnolipid production in P. putida (Bator et al., 2020b), we evaluated also in strain SK40 an inducible expression system based on NagR/PnagAa, which proved very promising in previous studies for the production of bioactive secondary metabolites in P. putida (Schmitz et al., 2015; Bator et al., 2020b).

Three independent microscale cultivations of each strain in the LB medium with 10 g/L glucose were conducted in parallel for 24 h. 3.5 h after inoculation, the cultivation was shortly interrupted to supplement the SK40 cultures with 2 mM of salicylate for the induction of the NagR-dependent expression system. Biomass formation was continuously monitored via scattered light. While the growth behavior of all three strains was similar, the inducible strain reached slightly higher growth rates and final cell densities (Figure 4A). After 24 h, the expression strength of the complete biosynthetic operon rhlAB was determined by RT-qPCR as transcript copies of rhlB, the second gene of this transcriptional unit. The strain with plasmid-based expression (pPS05) showed stronger rhlB transcript accumulation than the other two strains, which may be connected to a gene dosage effect evoked by the higher copy number of plasmids (Figure 4B). P14ffg-driven expression appeared to be stronger than the inducible system, which was expected considering the strong activity of the synthetic promoter. However, this difference was not significant. The supernatants of all cultures were analyzed with regard to the achieved rhamnolipid titers (this includes besides the mono-rhamnolipid also the aglycon HAA). In accord with the transcript analysis, the ffg expression cassette in strain SK4 led to the accumulation of the highest concentration of rhamnolipids among the three systems tested with nearly 1.9 g/L (Figure 4C). The salicylate inducible expression (SK40) led to titers around 1.3 g/L. Remarkably, the plasmid-based expression yielded the lowest titer under the chosen conditions.
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FIGURE 4. Characterization of P. putida carrying genome-integrated rhlAB expression cassettes in comparison with P. putida KT2440 pPS05. (A) Growth of P. putida KT2440 containing plasmid pPS05 (Psyn16), or integrons P14ffgrhlAB (strain SK4) and PnagAarhlAB (strain SK40), respectively, in flower plates with LB medium supplemented with glucose. The shown curves represent mean values of three independent cultures with standard deviation. The dashed vertical line marks the induction time (for PnagAarhlAB) and sampling. (B) Copy number of the rhlB transcript after 24 h per cell number equivalent to an OD580 = 1 in 1 mL as determined by RT-qPCR. RNA was prepared from three biological replicates. The shown values represent mean values of the three replicates with standard deviation. (C) Titers of HAA (top) and mono-rhamnolipid (bottom) in the supernatants of the expression strains after 24 h as determined by HPLC. The shown titers represent mean values of three biological replicates with standard deviation. (D) Stability of rhamnolipid production of the different strains over many generations, during passaging on LB agar plates under selection pressure. After each passage, the grown colonies were transferred to blood agar with 5 mM salicylate if applicable and incubated overnight at 30°C. Plotted is the remaining percentage of producing colonies among the total number of colonies (Psyn16 and P14ffg: 16 colonies, Psal: 24 colonies) after each passage on LB.


One general advantage of genome-integrated expression cassettes over the utilization of plasmids is the stability of the resulting production strain. Hence, the three strains were compared regarding the maintenance of their capability to produce rhamnolipids. To this end, we performed a passaging experiment on agar plates and determined the percentage of rhamnolipid-producing colonies after each passage. Preculture from cryostocks was used to inoculate in total 56 cultures. After growth overnight, samples were spotted onto blood agar plates (with salicylate in case of NagR/PnagAa strains) to determine the situation at the start [number of passages (P) = 0], and onto LB-agar plates. After overnight incubation, the formed colonies were transferred from the LB plates onto (i) again blood agar plates (P = 1) and (ii) fresh LB agar. This was repeated nine times. Selection pressure by antibiotics was maintained during the whole experiment to avoid mere plasmid or integron loss. The results revealed that the capability for rhamnolipid production is more stable using a genome-integrative system, while the plasmid bearing strain showed heterogeneity already at P = 0 (Figure 4D). P14ffg strains also lost rapidly the ability to produce rhamnolipids during the passaging. The apparent regaining of production by three clones at (P = 3) is an artifact of the completely qualitative nature of the experiment. In contrast, the inducible strain, which was passaged under non-inducing conditions, maintained its ability for rhamnolipid production. Conclusively, constitutive expression of rhlAB genes appeared to exhibit strong selection pressure that led to loss of function, although this was not directly visible from the growth curves. Hence, strain stability was massively increased compared to the state-of-art-system by genome integration of the expression cassette and by inducible expression.



Efficient Rhamnolipid Production Using Minimal Media

The usage of the LB medium complemented with glucose seems to be highly suited for the synthesis of rhamnolipids, as medium components are used for cell growth, while the glucose is supplied to the rhamnolipid synthesis pathway (Wittgens et al., 2011). This medium is, therefore, commonly used in fundamental research with microbiological focus. However, for industrial-scale processes, complex media are not suited. Furthermore, previous work within our consortium has demonstrated that the high protein/peptide content therein is detrimental for downstream processing (Biselli et al., 2020).

Thus, four different minimal media were tested for their suitability for rhamnolipid production using glucose as the sole carbon source. For these experiments, the strain that was previously observed (Figure 4) to have the highest metabolic capacity was used (P. putida KT2440 SK4). The results (Figure 5) show that growth on all tested media is similar. After around 13 h, the cell dry weight (CDW) reached approximately 3 g/L. Also, glucose depletion was comparable, as after 12 h glucose was completely consumed in all cases. The highest rhamnolipid concentrations reached during the cultivations (Figure 5B) indicated that the Delft medium is best suited for rhamnolipid synthesis using recombinant P. putida KT2440 SK4 (700 mg/L). The yield observed was 0.06 gRL/gGlc, which amounts to 14% of the theoretically possible yield. Compared to the other media, the Delft medium allowed an increase in rhamnolipid titers of about 30%.
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FIGURE 5. Rhamnolipid production of P. putida KT2440 SK4 with different minimal media. (A) Growth of P. putida KT2440 SK4 on four different minimal media and the course of the glucose concentration. (B) Rhamnolipid titers after 14 h of cultivation. Cultivation conditions: 500-mL shake flasks with 50 mL filling volume, mineral media with 10 g/L glucose at a shaking frequency of 300 rpm with a shaking diameter of 50 mm, and an initial optical density of 0.1. The error bars are based on two biological duplicates.




Chassis Optimization by Decreasing the Metabolic and Energetic Burden of the Cell

Up to now, the metabolic burden opposed on the cells by introduction of the non-native rhamnolipid synthesis operon has been evaluated. Additionally, here, it is attempted to lower the intrinsic metabolic burden by deleting high-energy or resource-demanding side activities. Consequently, the expression with the highest metabolic demand was chosen (the constitutive promoter P14ffg). The first target was the flagellar machinery (flag), which has been shown to consume a considerable amount of metabolic currency. Furthermore, the relevant genes amount to about 1% of the genome (Martinez-Garcia et al., 2014). Removing this structure might free up resources, which can be used to synthesize secondary metabolites like rhamnolipids. The second target was the pathway for polyhydroxyalkanoate (PHA) synthesis. It has previously been shown that the precursor R-3-hydroxyacyl-CoA is predominantly involved in rhamnolipid and PHA production in P. aeruginosa (Abdel-Mawgoud et al., 2014). Nevertheless, it is believed that R-3-hydroxyacyl-ACP generated by fatty acid de novo synthesis is also used for rhamnolipid and PHA production. Although the involvement of de novo synthesis or β-oxidation for rhamnolipid production in P. putida is not investigated, the potential competition of the precursor needed for rhamnolipid synthesis was addressed. As shown by Rehm et al. (2001), the gene phaG is present in P. putida, which encodes PhaG, a 3-hydroxyacyl-acyl carrier protein-coenzyme A transferase. PhaG transfers a CoA to the hydroxy fatty acid, releasing the ACP (Rehm et al., 1998). Subsequently, the PHA polymerases (PhaC1 and PhaC2) start forming the polymer. The genes phaC1 and phaC2 are clustered together with the gene for the PHA depolymerase phaZ, phaD (a transcription regulator), phaF, and phaI (PHA granule-associated proteins, phasins). The gene phaG is in a different locus. Abolishing PHA synthesis might relieve the metabolic network and direct the metabolic flow into rhamnolipid synthesis. In this study, phaG, and the complete PHA operon (phaC1ZC2DFI) are knocked out individually and in combination.

As expected, relieving P. putida of the metabolic burden to operate the flagellar machinery led to an increase in rhamnolipid synthesis (Figure 6, Δflag). As control, we used the knockout free rhamnolipid producer SK4, which produced 0.47 g/L rhamnolipids. Compared to this strain, the flagellum knockout strain achieved a 130% higher titer. A similar increase was observed when deleting genes from the PHA-synthesis pathway. Knocking out phaG led to an increase of 27% in the rhamnolipid concentration while the knockout of the complete PHA operon effectuated a doubling in rhamnolipid titers (115% increase). The increase of the rhamnolipid concentrations caused by the deletion of phaG indeed in all likelihood indicates an involvement of fatty acid de novo synthesis for the supply of the precursor for PHA and rhamnolipid production. Knocking out all genes involved in PHA synthesis (phaG and phaC1ZC2DFI) did not increase rhamnolipid titers further. The best-producing strain (Δflag) featured a carbon yield of 0.10 gRL/gGlc, which amounts to 22% of the theoretically possible yield. This poses a significant increase compared to the 14% achieved with the wild-type strain. The lower rhamnolipid titer in comparison to Figure 5 might be caused by rhamnolipid degradation after the carbon source was depleted (sample time was 24 h). Although we usually do not see degradation of rhamnolipids, this might have happened here.
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FIGURE 6. Chassis optimization. Rhamnolipid production of different knockout mutants using the constitutive expression system. Cultivation conditions: 500-mL shake flasks with 50 mL filling volume, Delft medium with 10 g/L glucose at a shaking frequency of 300 rpm with a shaking diameter of 50 mm and an initial optical density of 0.1. Samples were taken after 24 h. The error bars are based on biological duplicates.




Early Induction Leads to Higher Productivity

Previously, the expression levels and thus the synthetic metabolic burden (Figure 4) and production in a minimal medium (Figure 3) have been assessed separately. By revising the induction time point using the inducible PSal promoter in the minimal medium, we might be able to modulate the expression level (and thus metabolic stress on the cell) further. Consequently, the influence of different induction time points on strain P. putida KT2440 SK40 was investigated by online monitoring of the oxygen transfer rate (OTR) for detailed physiological and metabolic characterization. Two mM salicylate was added at different cell densities to investigate the impact of different induction time points on rhamnolipid formation. The data are presented in Figure 7.
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FIGURE 7. Physiological studies of P. putida KT2440 SK40 for variation of time of the time point of induction with salicylate. Detailed physiological data for glucose (triangles), pH (squares), and optical density (stars) (A,C,E,G) as well as oxygen transfer rate (OTR) (closed and open squares) and surfactant concentration (stars) (B,D,F,H) at different times of induction. The dashed vertical line marks the induction time point. The dotted horizontal line marks the maximum oxygen transfer capacity (OTRmax) according to Meier et al. (2016). Induction with 2 mM salicylate after 4 h (C,D), 5.3 h (E,F), and 6.5 h (G,H) and non-induced culture (A,B). Cultivation conditions: 250-mL shake flasks with 10 mL filling volume, M9 minimal medium (17 g/L glucose, 0.1 M MOPS buffer, pH 7) at a shaking frequency of 250 rpm with a shaking diameter of 50 mm and an initial optical density of 0.1.


An exponential increase in the OTR was observed for all cultures (Figures 7B,D,F,H, squares). This increase continues after induction, indicating no strong metabolic burden. Typically, a strong metabolic burden is reflected by visible changes in the OTR after induction (Rahmen et al., 2015a,b; Ihling et al., 2018; Mühlmann et al., 2018). The maximum oxygen transfer capacity (OTRmax) under the chosen cultivation conditions was determined to be 52 mmol/L/h according to Meier et al. (2016). Consequently, all cultures reach an oxygen limitation indicated by a constant OTR (Figures 7B,D,F,H). After depletion of glucose, a smaller peak in the OTR curves at 10 and 20 mmol/L/h (Figures 7D,F, squares) indicates diauxic gluconate and ketogluconate consumption (Supplementary Figures 3B,C, respectively). For the non-induced culture and the culture induced at an OTR of 45 mmol/L/h (Figures 7B,H, respectively), this second peak is not visible, because the majority of gluconate and ketogluconate was already metabolized during the oxygen limitation (Supplementary Figures 3A,D, respectively). In addition, the measurement values of the OTR were recorded 30 min apart from each other, so that the consumption of the residual remaining gluconate and ketogluconate is not clearly visible. The diauxic growth behavior was also reflected by the changing increase of the biomass concentration seen previously (Figure 4A). Since gluconate is metabolized, no inhibition by pH is observed (Scheidle et al., 2011). At the end of the cultivation, all cultures reach a comparable optical density (Figures 7A,C,E,G, green circles).

As expected, no rhamnolipids were produced, if the culture was not induced (Figure 7B, stars). Induction at increasing OTR values, corresponding to increasing biomass concentrations, reveals that an early induction at an OTR of around 10 mmol/L/h was favorable for higher rhamnolipid titers. Consequently, the rhamnolipid titers from early-induced cultures exceeded the titers obtained at the other conditions by 18%. These observations fit with the high titers observed with constitutive promoters. As no metabolic burden was observed, induction could be performed right from the beginning. The main advantage of the inducible system may be to conduct seed fermentations under non-inducing conditions.

The data also clearly show that, despite being oxygen limited during cultivation, all induced cultures continue the production of rhamnolipids. However, the different efficiencies show that rhamnolipid synthesis seems thus to be sensitive to small changes in the cultivation conditions.



The Usage of Minimal Medium Entails Advantages in Liquid–Liquid Extraction

To design an overall efficient production process, efficient separation and purification are as important as the development and utilization of efficient production strains and fermentation conditions. A previous study evaluated the pH value and phase ratio dependent liquid–liquid extraction of rhamnolipids from cultivation supernatants produced based on LB medium using ethyl acetate as organic solvent (Biselli et al., 2020). It was shown that proteins/peptides in the cultivation supernatant accumulate in interphases in the liquid–liquid extraction process at acidic pH values. Further, the observed interphase formation was coupled with a reduced recovery of rhamnolipids in ethyl acetate. Here, we evaluated how far interphase formation and the recovery of rhamnolipids in ethyl acetate is influenced by the use of cultivation supernatants produced based on minimal medium instead of LB medium.

Table 4 depicts the results of the pH value-dependent extraction screening using cultivation supernatant produced based on minimal medium. During the liquid–liquid extraction, a pH value-dependent interphase formation was observed (Table 4). Thereby, strong interphase formation occurred for pH values of 1 and 8, while moderate interphase formation for a pH value of 6, and only minor interphase formation for a pH value of 3 was observed. For acidic pH values (1, 3, 6), a rhamnolipid reduction from the aqueous phase above 98 w% was observed. At a pH value of 8, a rhamnolipid reduction from the aqueous phase of 74.4 w% was observed. However, all samples with interphase formation showed strongly reduced recoveries of rhamnolipids in the organic phase (23.3–64.9 w%). At a pH value of 8, no clear organic phase could be separated. Accumulation of proteins/peptides in the interphase appears probable because of the qualitative degree of interphase formation, which correlates with the amount of protein/peptide reduction from the aqueous phase. Further, the experiment revealed a relation between interphase formation and reduced recovery of rhamnolipids in the organic solvent, which is in line with previous reports. An accumulation of rhamnolipids in interphases is assumed (Schilling et al., 2016; Biselli et al., 2020).


TABLE 4. Results of the liquid–liquid extraction of rhamnolipids from cultivation supernatant produced based on minimal medium.

[image: Table 4]


Foam Recycling in a Bioreactor Setup Allows Efficient Rhamnolipid Production

From the previous experiments, the following conclusions can be drawn: The maximal burden for the cells with high expression levels (=synthetic metabolic burden high) in the wild-type background (=intrinsic burden normal) led to rhamnolipid titers of 0.5–0.7 g/L (minimal medium experiments). Maintaining the high intrinsic burden (wild-type background) but decreasing the synthetic burden (adjusting the induction time point) led to higher titers (0.9 g/L). By the reversed experiment with high expression levels and lowered intrinsic metabolic burden (by metabolic engineering), the so far highest titers could be achieved (1.1 g/L). For the scale-up experiment, P. putida KT2440 Δflag SK4 was chosen.

For the first scale-up of the rhamnolipid production process, a batch fermentation procedure was established in a 1-L bioreactor. Due to the surface-active properties of the product, a special reactor design is required, since an aerated biosurfactant fermentation process leads to strong foam formation. A very simple and robust bioreactor setup with continuous foam recycling was developed for this purpose. Using this system, it was possible to control the foaming without the usage of antifoaming agents or mechanical foam breakers, which can have a significant negative impact on the performance and on the costs of the process. Especially the purification of the product becomes challenging when antifoaming agents are used, as the product has to be isolated from an emulsion.

The batch fermentations were conducted as biological duplicates with P. putida KT2440 Δflag SK4 using the Delft medium supplemented with 10 g/L glucose as sole carbon source. The foam produced during fermentation was collected in a 10 L foam tank and left undisturbed to collapse. The collapsed foam was continuously pumped back into the reactor, which nearly completely prevented the loss of biomass and product. This avoided a reduction in productivity over time due to loss of biomass in the foam.

The fermentations were carried out over 10 h, and a maximum biomass concentration of 2.8 g/L with a maximal growth rate of 0.56 1/h was achieved. Remarkably, during the whole fermentation, the biomass concentration in the foam phase was comparable to the biomass concentration in the reactor, if not slightly lower (Figure 8B). This might be a positive effect of the knockout, since usually the biomass is accumulating in the foam (Beuker et al., 2016b). The break in the growth and production curves after 5 h (Figures 8A,B) can be explained by glucose depletion (Figure 8C). Afterward, the strain grew with a lower growth rate on gluconate and 2-ketogluconate, which are both produced in the periplasm as intermediates of the glucose metabolism in P. putida. This diauxic growth behavior was also observed during investigation of the induction time point for the inducible expression system, but considerably later in the batch phase. At the end of the fermentation, a rhamnolipid titer of about 1.5 g/L was achieved and a slight enrichment of the product in the foam phase was observed over the whole fermentation (Figure 8A). The rhamnolipid titer is 38% higher compared to the shake flask experiment with the flagellum knockout strain. Although an exact comparison is difficult due to the lower rhamnolipid titers in Figure 6, the decisive point is that production in reactors is not worse than in flasks. At the end of the batch, the foam tank was full of foam, because over time a very dry and stable foam was formed in the upper part of the tank, which could not be pumped back efficiently. However, with this bioreactor setup, a product-to-substrate yield of 0.13 gRL/gsubstrate was obtained, which is 30% higher compared to the shake flask experiment. The product-to-biomass yield was 0.59 gRL/gCDW. Furthermore, a space time yield of 0.16 gRL/L/h was reached over the entire fermentation time.


[image: image]

FIGURE 8. Fermentation of P. putida KT2440 Δflag SK4 for rhamnolipid production. (A) Courses of rhamnolipid (circles) and total carbon (triangles) concentrations (including glucose, gluconate, and 2-ketogluconate) in the fermenter (blue) and in the foam (cyan). (B) Courses of cell growth in CDW in the fermenter (blue) and in the foam (cyan). (C) Concentrations of the single carbons: glucose (cyan), gluconate (red), and ketogluconate (green). Cultivation conditions: 1.3 L bioreactor with 1 L working volume, Delft medium with 10 g/L glucose, an aeration rate of 0.1 L/min (0.1 vvm), and an initial optical density of 0.5. The error bars are based on biological duplicates.


This bioreactor system shows that a scale-up of the rhamnolipid production process is possible without the usage of antifoaming agents or additional equipment during batch operation. By simply pumping back the collapsed foam, it was possible to control the excessive foam formation during the process. This will be a decisive challenge for fed-batch fermentations with higher rhamnolipid concentrations, where additional methods for foam control have to be established.



Process Development for Subsequent LCA

For the subsequent evaluation of environmental impacts, process chains had to be designed. Consequently, all previously obtained results were integrated and used for the development of a process on a technical scale. For the experiments carried out, the carbon source used was glucose, which is suited best for quantitative lab-scale experiments. However, for industrial production of commodity chemicals, glucose is too expensive. Sustainable substrates considered here instead are sugar beet molasses and sugar beet pulp, as they are by-products of sugar production from sugar beets, which are a major agricultural product in North Rhine-Westphalia (Germany). Thus, two theoretical processes were designed.

The process shown in Figure 9 represents both studied and implemented process chains RL_I and RL_II, which differ by the used substrate (molasses, sugar beet pulp, both regionally available). Besides the specific throughput of substrate and its allocation coefficient, the technical difference of both process chains is limited to the storage and preparation stage (Supplementary Figure 2). While molasses can be used without preparation, the delivered sugar beet pulp needs to be hydrolyzed (e.g., enzymatically) to increase the accessibility of directly digestible sugar molecules.


[image: image]

FIGURE 9. Exemplary qualitative flowchart of the technical scale process for rhamnolipid production with hydrolyzed sugar beet pulp as substrate.


The fermentation step includes the production and operation of the fermentation tank as well as the production and operation of the aeration module. The preconnected seed fermentation is included by a two-step tank layout (1.5 and 15 L) and is represented by its production and operation. Furthermore, centrifugation for the separation of fermentation broth and solid shares follows, whereby the utilization of separated biomass (e.g., recycling to process) is not included but factored by a suitable disposal option.

Product isolation and purification include protein precipitation followed by centrifugation, where the precipitation agent (acetone) is added in a volume ratio (agent:broth) Ψ = 1:1 to the fermentation broth. A subsequent precipitation agent recovery by a heating and cooling unit is followed by the extraction stage. The mixer–settler unit is operated after the infeed of the protein-free fermentation broth, using an extraction agent (ethyl acetate, Ψ = 1:5) and an acidification agent amounting to 0.1% (v/v). The emerging heavy aqueous phase without rhamnolipids [except 5% (v/v) losses] is in principle intended for recirculation, which is not included in the present study. Afterward, the contained rhamnolipid is separated by the extraction-agent recovery stage where a combined heating and cooling unit as well as a centrifugation is applied to get an almost finished rhamnolipid product. In a final step, the rhamnolipid is dried again by an appropriate heating unit.



Environmental Impacts

Based on the developed processes and the related inventory, the implementation in the LCA software and the LCIA for two different process chains was realized. Related to the general key data (Table 3), the different substrate-driven processes show varying starting points. Different sugar contents and preparation steps (hydrolyzation of sugar beet pulp) lead to a different throughput of substrate and further connected input flows (e.g., water and extraction agent). Since the yield and conversion rates do not differ between RL_I and RL_II, these factors do not influence the environmental impact in a process-chain-specific way in the present study.

The implemented process chain RL_II (sugar beet pulp) causes an environmental impact of 1.70 PE, while the use of molasses results in 1.37 PE per kg of product (Figure 10B). Under the assumption of any inaccuracies that may exist, these results can be presumed as slightly different. Distinct differences between the two process chains can be identified by a view on the impact categories.
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FIGURE 10. Person equivalents per impact category (ILCD) for process stages of process chain RL_I and RL_II. Absolute number of person equivalents per impact category (ILCD) for process stages of process chain. (A) RL_I and (B) RL_II.


It can be seen that the impact of process chain RL_I is mainly represented by the impact categories of “Human toxicity, cancer effects” (HT CE), “Ecotoxicity freshwater” (ET FW), and “Resource depletion water” (RD W). Impact generating and mainly (>80%) influencing process modules can be named with the “sugar beet production and processing” (biomass supply), the ethyl acetate production (extraction stage), and acetone purge flow utilization as well as the acetone production (precipitation stage), the fermentation tank production, and the compressed air production (fermentation) for RL_I.

The results of RL_II (Figure 10B) illustrate similar impact contributions by the categories HT CE, RD W, and ET FW. The biomass supply, the treatment of acetone purge flow, and the production of ethyl acetate and acetone, the fermentation tank production, and the compressed air production and electricity supply for the fermentation are the main impacting process modules. The quantitative differences of some individual impact categories are given in several cases by more or less significant deviations.

Besides the identification of specific environmental impact sources, the distribution of contributions in relation to the defined process stages is determined and expressed in PE per process stage (Figure 10A). Reliable derived remarks can be found by the comparison of two stage results for different substrates, but less by the comparison of different process stages due to the randomly defined boundaries of each stage. The results show that the main sources of the molasses-driven process chain impacts can be found in the stages fermentation, waste utilization, and biomass supply for RL_I. Process chain RL_II is dominated by the fermentation, the waste utilization, the precipitation, and the extraction stages.

Furthermore, it can be stated that single impact categories show different shares in the same process stage depending on the process chain (e.g., EU Tof waste utilization or CC of fermentation). In general, it can be seen that most process stages (10 of 11) have larger impacts for RL_II, which can be traced back to the higher throughput due to different dilutions by water. The most impressive example for this is the seed fermentation stage, which is almost five times larger in comparison to RL_I. Most process stages like the drying unit or the precipitation recovery stage illustrate result in the same range for both process chains. On the other hand, RL_I shows one stage with a significantly larger impact. As one (impact-related) decisive process stage, the biomass supply shows the largest impact for RL_I and is 1.4 times higher than for RL_II. Reasons can be found in the parameter of sugar content of substrate, the water-substrate-ratio of the fermentation step, and different economic allocation factors (see goal and scope definition).



DISCUSSION

In a multidisciplinary approach, we were able to evaluate rhamnolipid production using recombinant P. putida KT2440. Regarding the development of producer strains, we were able to optimize the expression cassette to achieve a very stable genome-integrated inducible expression system and engineer the bacterial chassis cell to almost double rhamnolipid titers after the deletion of the flagellar machinery or the PHA-synthesis operon. Regarding lab-scale process engineering we optimized the induction time point and learned that titers can be increased by 18% when inducing early, found an optimal minimal medium by comparing different recipes allowing up to 30% higher rhamnolipid titers, and identified an optimal minimal medium with regard to reduced interphase formation in liquid–liquid extraction. In subsequent upscaling experiments, we were able to meet the performance in shake flasks despite the excessive foaming in aerated fermenters. Based on the achieved results, we further conceptualized a technical-scale process (disregarding the foam challenges for now) and carried out a life-cycle impact assessment identifying the major contributors to the environmental impact.


Strain Engineering for Robust Production of Heterologous Secondary Metabolites

Pseudomonas putida KT2440 has been developed into a platform for recombinant rhamnolipid biosynthesis whereby plasmid-based expression was usually utilized with as strong synthetic constitutive promoters (Loeschcke and Thies, 2020). In a comparative analysis of three production strains harboring expression cassettes with different modes of activation, we observed that inducible production of rhamnolipid biosynthesis outcompeted the constitutive production in terms of strain stability. Remarkably, the plasmid-bearing strain showed the lowest biosurfactant titers despite the by far strongest accumulation of transcript copies. Here, transcript copy numbers after 24 h might even be underestimated in the constitutively expressing strains if mutations accumulated in the population that caused failure in rhl gene transcription (e.g., in the promoter region) as suggested by the stability experiment. We consider the exploration of population heterogeneity as an interesting target for further studies. Importantly, maximal transcription appears not necessarily beneficial for product accumulation in this context. This is in line with reports on comparably poor performance of the highly processive T7 polymerase in terms of product levels of an expressed biosynthetic pathway in P. putida or E. coli (Wittgens, 2013; Domröse et al., 2015; Calero et al., 2016; Du et al., 2017). The salicylate-inducible expression system was previously successfully applied for accumulation of bioactive phenazines in P. putida (Schmitz et al., 2015; Bator et al., 2020b) and may, thus, represent a promising extension of the existing toolbox for recombinant natural product biosynthesis. The high selection pressure apparently exerted by rhamnolipids is to some extent astonishing, as P. putida is known to resist high concentrations in the medium (Wittgens et al., 2011) and to rebalance the metabolic fluxes upon rhamnolipid production to maintain the balance of essential metabolites (Tiso et al., 2016). Furthermore, this platform strain is considered as very robust concerning the production of bioactive compounds. For example, constitutive production strains for the bioactive compound prodigiosin appeared very stable achieving the same titers after several passages (Domröse et al., 2019). It seems likely that the observed selection pressure during rhamnolipid production is connected to the biosynthesis rather than the compound’s properties itself. It may be due to a massive drain of lipid precursors or other types of metabolic burden, especially during the early growth phases. This hypothesis is supported by the results from the chassis optimization experiments. When relieving the cell from the metabolic burden effectuated by the synthesis of PHA, rhamnolipid titers increase. This indicates that a metabolic limitation was existent despite the remarkable ability to reroute metabolic fluxes (Sudarsan et al., 2014). Further, energy savings might effectuate freeing up of resources which can be utilized for the production of secondary metabolites as indicated by the results obtained with the flagellum mutant. Likewise, Martinez-Garcia et al. (2014) observed an increased energy charge in flagellum-negative P. putida. However, the robust metabolism of this bacterium has been shown to outbalance energy drain to a remarkable extent (Ebert et al., 2011). The increase in rhamnolipid titers can thus not be merely explained by an increased energy availability.

A direct consequence of the burden the rhamnolipid synthesis poses on the cell’s metabolism could be observed when looking at the genetic stability of the integrated rhamnolipid synthesis genes. This might also be causing the fluctuating productivity of the recombinant wild-type rhamnolipid producers (700 mg/L vs. 500 mg/L in this study). Using the newly developed inducible expression system should supersede these shortcomings and thus represent an ideal system for biotechnological applications.

While the engineered strains showed beneficial traits regarding rhamnolipid production, they were impaired by the usage of the strong, yet unstable constitutive expression system. For further evaluation and especially for longer cultivations (fed-batch or continuous), the metabolic improvements should be combined with the inducible expression system, which showed clear benefits in terms of genetic stability.



Process Engineering Approaches for Enhancing Rhamnolipid Production

The presented results regarding liquid–liquid extraction are in basic accordance with our previous results (Biselli et al., 2020). We could show that interphase formation could be reduced by the utilization of a minimal medium within the fermentation process. Despite the fact that interphase formation was reduced compared to our previous results, no increase in the recovery of rhamnolipids in the organic phase could be observed. However, reduced interphase formation is beneficial with regard to the process control within a mixer–settler device.

These findings reveal a new target for strain engineering: Extracellular proteins in the supernatant. Assuming that proteins, which lead to interphase formation within the liquid–liquid extraction and thereby strongly reduce the recovery of the product in the organic solvent, are secreted by the cells and are not the result of lysis, metabolic engineering might provide an appropriate solution. The identification of the main proteins in the interphase might lead to strategies to avoid their formation. Apart from improving the efficiency of downstream processing, this could also lead to a further reduction of metabolic demand and result in enhanced rhamnolipid production.

A major obstacle in the widespread industrial use of microbial biosurfactants is the high production cost compared to conventionally produced crude-oil-based surfactants. One example of microbially produced surfactants that have made to jump to industrial-scale production is the sophorolipids (Henkel et al., 2017). The main production host is Starmerella bombicola, which is known to feature high titers of extracellular sophorolipids of above 100 g/L (Daniel et al., 1998). These high values are mainly achieved due to the very low solubility of sophorolipids in water. This entails two crucial advantages: (1) The cost and effort for downstream processing are significantly reduced, and (2) foaming does not occur (Van Bogaert et al., 2007).

However, high titers have also been reported in rhamnolipid production with the wild-type producer P. aeruginosa. Titers of about 40 g/L have been reached (Müller et al., 2010), mainly facilitated by the usage of hydrophobic carbon sources such as sunflower oil, which act as defoamers. However, using these substrates complicates the downstream processing, as a stable emulsion is formed if quantities of the substrate remain unused after the fermentation (Marchant and Banat, 2012).

The usage of recombinant P. putida KT2440 strains circumvents this downside as the metabolic preferred carbon sources are water-soluble carbohydrates (mainly sugars). Unfortunately, without the second organic phase, foaming becomes a severe challenge. In fact, it has recently been shown that within less than 2 min after inoculation of the bioreactor, the foaming was already intense enough to drive out almost the complete fermentation broth. In a fed-batch fermentation, Beuker et al. (2016a) were able to reach 15 g/L rhamnolipids, however, under the heavy use of antifoaming agents (15 g/L was added).

Fortunately, some solutions to the presented issues have been developed. Already some decades ago, foam fractionation has been identified as a suitable method to cope with the heavy foaming and at the same time enable a pre-purification step, increasing the product concentration in the broth (Siemann-Herzberg and Wagner, 1993). This concept has recently been refined and coupled to direct foam adsorption to collapse the foam and capture the rhamnolipids (Anic et al., 2017). Still, these approaches were burdened by cell loss via foam entrainment. Cells are dragged along by the foam because of hydrophobic proteins on the cell surface “sticking” into the air bubbles. Recently, it has been shown that by eliminating these proteins, cell loss can significantly be reduced (Blesken et al., 2020).

Two recent approaches are again based on the in situ use of a second organic phase. In a comprehensive solvent screening, identified ethyl decanoate as suitable extraction solvent for in situ product removal (ISPR). The trick is a pH-sensitive partition coefficient, which enables the researchers to completely avoid foaming over the whole fermentation time while reaching a concentration of above 5 g/L rhamnolipids calculated back in the aqueous phase. A second approach used again a combination of strain and process engineering. Bator et al. (2020a) adapted P. putida to the usage of ethanol as carbon source and developed a lab-scale process in which ethanol was added to a foam collection bottle to collapse the foam. The formed solution containing the collapsed foam and ethanol was recycled back into the fermenter. This concept facilitated the accumulation of more than 5 g/L of rhamnolipids.

A third approach is based on the usage of specific membranes for aeration. These membranes are designed to only allow diffusion of gasses. Oxygen is thus provided without the formation of bubbles. This is an effective way of avoiding foam formation. In a fed-batch fermentation, titers of above 2 g/L rhamnolipids could thus be reached without the formation of foam (Bongartz et al., in preparation).

These examples show how strain engineering can also contribute to challenges ostensibly only solvable by process engineering. Insights like these underline the need for multidisciplinary research to iterate results between the different research areas and obtain more relevant results.



Life-Cycle Assessment

The presented LCIA results show quantitatively slightly different environmental impacts (summarized and normalized) in both process chains. An identification of the more advantageous process chain in terms of the used substrate can be cautiously indicated with molasses based on these results. It can be stated that the impact reasons are inside and outside the area of influence. In summary, it can be concluded that the environmental impact clearly depends on certain components of the process chain and the influence of substrate choice is limited in the present setting.

The interpretation of results is limited because of missing comparability to other surfactants, for instance. The chosen scale is suitable to illustrate impact-, energy-, or material-intensive process stages or modules, and the more advantageous variant of process design. Moreover, this scale is usable for further sensitivity analyses to study the systems’ behavior in relation to the systems’ environmental impact. Assuming a type of “environmental economy of scale” and larger yields for complex substrates, a significant reduction of environmental impacts is expected in an industrial-scale model. When combining all favorable parameter changes (optimization of process modules, increasing yield, etc.), it can be assumed that an order of magnitude of the environmental impact comparable to that of conventional surfactants can be achieved.

For the comparison to similar processes and products, with which the own process must potentially compete, the chosen scale should be oriented toward the available data of other process chains. With regard to conventional surfactants, this means that the industrial scale is most likely preferable. The brief history of LCAs related to biosurfactants allows both conclusions, namely, that technical scale as well as industrial scale may be fitting. Summed up, it is getting clear that the definition of intended goals of the LCA study of (bio-)surfactants becomes the decisive factor, whose scale has to be taken into account. A further influencing variable is the provided data, which form the backbone of following design and implementation. A key question to be answered is what changes would appear in a “real” upscale and how these can be considered adequately. The scale-up based on technical-scale data should be realized by a continued iterative process. To get a holistic impression of the system designed sustainability, it should be in mind that also economic and social dimensions of sustainability shall be considered.



CONCLUSION

The integrative concept of this study revealed a beneficial combination of inputs from microbiology, bioprocess technology, and downstream processing completed by a life-cycle analysis based on a model process. This enabled the development of optimized stable and safe production strains and downstream strategies for rhamnolipid biosurfactants and the identification of key parameters to be addressed in continued studies with regard to an industrial-scale process based on the results presented here. This study shows in a first step the advantage of comprehensive integration of different research undertakings from multiple disciplines for a common goal and may serve as an incentive for the intensification of multidisciplinary research projects to advance biotechnological processes for microbial biosurfactants and beyond.
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A large variety of microorganisms produces biosurfactants with the potential for a number of diverse industrial applications. To identify suitable wild-type or engineered production strains, efficient screening methods are needed, allowing for rapid and reliable quantification of biosurfactants in multiple cultures, preferably at high throughput. To this end, we have established a novel and sensitive assay for the quantification of biosurfactants based on the dye Victoria Pure Blue BO (VPBO). The assay allows the colorimetric assessment of biosurfactants directly in culture supernatants and does not require extraction or concentration procedures. Working ranges were determined for precise quantification of different rhamnolipid biosurfactants; titers in culture supernatants of recombinant Pseudomonas putida KT2440 calculated by this assay were confirmed to be the same ranges detected by independent high-performance liquid chromatography (HPLC)-charged aerosol detector (CAD) analyses. The assay was successfully applied for detection of chemically different anionic or non-ionic biosurfactants including mono- and di-rhamnolipids (glycolipids), mannosylerythritol lipids (MELs, glycolipids), 3-(3-hydroxyalkanoyloxy) alkanoic acids (fatty acid conjugates), serrawettin W1 (lipopeptide), and N-acyltyrosine (lipoamino acid). In summary, the VPBO assay offers a broad range of applications including the comparative evaluation of different cultivation conditions and high-throughput screening of biosurfactant-producing microbial strains.

Keywords: biosurfactants, colorimetric assay, screening, quantification, rhamnolipid, recombinant production, Victoria Pure Blue BO


INTRODUCTION

Microbial biosurfactants are a structurally heterogeneous group of secondary metabolites. Surface active natural products are for instance glycolipids like rhamnolipids, trehalolipids, sophorolipids, and mannosylerythritol lipids (MELs) as well as lipopeptides (or lipoamino acids like) surfactin, serrawettin W1, N-acylamino acids, or polymers like emulsan (Soberón-Chávez et al., 2011; Jahan et al., 2020). Microbial biosurfactants are gaining increasing attention as an alternative to petrol-based surfactants and are one of many natural compounds which can contribute to a biobased economy (Olasanmi and Thring, 2018; Naughton et al., 2019). Several biosurfactants already reached the level of industrial production including rhamnolipids, sophorolipids, MELs, and surfactin (Erum et al., 2013; Singh et al., 2019). The best-known producer of rhamnolipids is the bacterial pathogen Pseudomonas aeruginosa; sophorolipids and MELs are produced with high titers by different yeasts. These glycolipids are discussed for many applications, e.g., in cosmetics, household detergents, or environmental remediation (Khan et al., 2014). Additionally, many lipopeptides are well-known for their pronounced bioactivities; an example is serrawettin W1 which is naturally produced by the pathogenic bacterium Serratia marcescens DSM12481 (Gudiña et al., 2016; Hage-Hülsmann et al., 2018).

Recent advances in synthetic biology and biotechnology offer new possibilities to fully capture the metabolic potential of microorganisms for biosurfactant production and thus increase their economic competitiveness (Perfumo et al., 2010; Geys et al., 2014). Heterologous and engineered non-pathogenic production strains give access to chemically diverse and tailored compounds and enable implementation of more cost-effective processes (Kubicki et al., 2019). In this context, Pseudomonas putida KT2440 proved to be especially promising for the production of bacterial biosurfactants like rhamnolipids (Wittgens et al., 2011; Loeschcke and Thies, 2020).

Simple and robust high-throughput identification methods complemented by high-resolution but time-consuming quantification methods like high-performance liquid chromatography (HPLC) and techniques such as mass spectrometry are needed to develop new strategies and identify production strains (Chen et al., 2007). Several methods have been described for the detection of rhamnolipids (Varjani and Upasani, 2017). These techniques visualize the surfactant-induced change in surface tension, examples include the drop collapse-, oil spreading-, grid-, or atomized oil-assay, or rely on hemolytic activity, complex formation with of pigments or fluorophores, or detection reactions with sugar components (Youssef et al., 2004; Burch et al., 2010; Laabei et al., 2014; Yang et al., 2015; Varjani and Upasani, 2017). These methods typically lack specificity for chemically diverse biosurfactants and, hence, are prone to interference with chemical and biological compounds in culture media, demand time-consuming extraction procedures, or do not deliver quantitative information. These features restrict the application of standard assays for reliable high-throughput screening of large sample numbers. Currently, the field of biosurfactant biology and biotechnology is rife with mal-reported compounds and their alleged production from various microbes, with many reports often lacking the rigor required to identify and quantify the surface-active compound under study (Irorere et al., 2017). In addition, a robust and reliable method to determine residual levels of cationic and non-ionic detergents (CTAB, C12E8, Tween 80) in vaccine preparations under defined conditions was described (Roosloot and Schoen, 2011). The method is based on the detergent-dependent solubilization of a dye used commercially in ball-pen inks (Miller et al., 1958). This assay was reported to allow the determination of the critical micelle concentration (CMC) of defined detergents without tensiometric equipment (Vulliez-Le Normand and Eisele, 1993; Little et al., 1994; Chandran and Nibert, 1998).

These studies prompted us to develop a robust and sensitive colorimetric assay for the detection and quantification of biosurfactants in culture supernatants using the dye Victoria Pure Blue BO (established acronyms VPBBO or VPBO). We established a protocol for determination of biosurfactant concentrations in microtiter plates (MTPs) and evaluated the assay with the purified biosurfactants 3-(3-hydroxyalkanoyloxy) alkanoic acid (HAA), mono-rhamnolipids (mRL), and di-rhamnolipids (dRL). The assay was used for the quantification of rhamnolipid biosurfactants in recombinant P. putida KT2440 culture supernatants. Furthermore, we have demonstrated the suitability of the VPBO assay to detect chemically different biosurfactants in culture supernatants, namely, the non-ionic glycolipid MEL produced by Ustilago maydis MB215, the lipopeptide serrawettin W1 produced by recombinant P. putida KT2440, and N-acyltyrosines in culture supernatants from Escherichia coli DH10b.



MATERIALS AND METHODS


Strains, Plasmids, and Culture Conditions

All strains used in this study are listed in Table 1. Bacterial strains were cultivated for 6 and 24 h after inoculation from a preculture in LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, Carl Roth) to an optical density of OD580nm = 0.05 in 1 ml LB medium containing 10 g/L glucose in sterile 48-well flowerplates (MTP-48-OFF, m2p-labs GmbH, Aachen, Germany) using a deep-well plate incubator (ThermoMixer C, Eppendorf, Hamburg, Germany, 1,200 rpm). P. putida KT2440 harboring pVLT plasmids was grown in the presence of 25 mg/L kanamycin for plasmid maintenance. Expression of swrW was induced by adding isopropyl-β-D-thiogalactopyranoside (IPTG; 0–2 mM) to the culture after 3.5 h of growth. Cultures of E. coli DH10b containing pEBP plasmids were supplemented with 50 mg/L kanamycin. P. putida KT2440 cultures were grown with orbital shaking at 30°C, E. coli DH10b cultures at 37°C. Culture supernatants were prepared by centrifugation in a tabletop centrifuge (1 min, 18,000 × g). All cultivations for validation of the VPBO assay were conducted as biological triplicates. The pH of the supernatants was determined using a Laboratory pH Meter 766 Calimatic (Knick GmbH & Co. KG, Berlin, Germany).


TABLE 1. Strains used in this study.

[image: Table 1]U. maydis MB215 strains were cultivated as described before (Müller et al., 2018) in shake flasks at 28°C for 20 h. All cultivations were performed in modified Verduyn medium (10 g/L glucose, 0.9 g/L NH4NO3, 0.5 g/L KH2PO4, 0.2 g/L MgSO4 × 7 H2O, 0.01 g/L FeCl3 × 6 H2O and 1 ml/L trace element solution). The trace element solution contains 15 g/L ethylenediaminetetraacetic acid (EDTA), 4.5 g/L ZnSO4 × 7 H2O, 1.3 g/L MnCl2 × 6 H2O, 0.3 g/L CoCl2 × 6 H2O, 0.3 g/L CuSO4 × 5 H2O, 0.4 g/L Na2MoO4 × 2 H2O, 4.5 g/L CaCl2 × 2 H2O, 1 g/L B(OH)3, 0.1 g/L KI. The medium was buffered with 0.1 g/L 2-(N-morpholino)ethanesulfonic acid (MES, pH 6.5). Culture supernatants were harvested by centrifugation (15 min, 18,800 × g). Cultivations tested with the VPBO assay were grown as biological duplicates.



Isolation and Thin-Layer Chromatography of Biosurfactants

Samples containing N-myristoyltyrosine or serrawettin W1 were prepared by extracting 500 μl culture supernatant from recombinant E. coli DH10b and P. putida KT2440 obtained by centrifugation (1 min, 18,000 × g) with 3 × 500 μl of ethyl acetate. After vortexing, the separation of the organic phase was performed by centrifugation in a tabletop centrifuge (30 s, 18,000 × g). The organic phases of the three extractions were collected, and the solvent was evaporated in a vacuum centrifuge (Speed-Vac concentrator 5301, Eppendorf, 120 min, 45°C). The solid pellet was dissolved in 20 μl ethanol, and 10 μl were separated by thin-layer chromatography (TLC) on silica 60 plates (SIL-G, Macherey-Nagel, Düren, Germany). Chemically synthesized N-myristoyltyrosine (Thies et al., 2016) and a chloroform extract of S. marcescens DSM12481 grown on solid tryptone-glycerol medium (Thies et al., 2014), respectively, were used as references. To distinguish between serrawettin W1 and prodigiosin in this extract, ethanol extracts of heterologously produced prodigiosin (Domröse et al., 2015) were additionally spotted on the TLC plates. TLCs were developed as described before using a mixture of chloroform, methanol, and acetic acid (65:15:2, v/v/v) for N-myristoyltyrosine and a mixture of chloroform, methanol, and 7 M ammonia in methanol (85:26:3, v/v/v) for serrawettin W1 as mobile phase. For visualization of N-myristoyltyrosine and serrawettin W1, the TLC plates were stained after solvent evaporation by exposure to iodine vapor from sublimating crystals in a beaker for 30 min.

For TLC with glycolipids from U. maydis MB215, supernatants were extracted by mixing 500 μl culture broth and 500 μl of ethyl acetate. The ethyl acetate phase was collected and evaporated, and glycolipids were dissolved in 15 μl methanol. Extracts were analyzed by TLC on silica plates (Silica gel 60; Merck) with a three-step solvent system. The first step included 5-min incubation in a buffer consisting of chloroform, methanol, and water (65:25:4, v/v/v), followed by 2 × 17 min in chloroform and methanol (9:1, v/v). Sugar-containing compounds were visualized by spraying with a mixture of acetic acid, sulfuric acid, and p-anisaldehyde (50:1:0.5, v/v) and heating at 110°C for 5 min.



Analysis and Purification of 3-(3-Hydroxyalkanoyloxy) Alkanoic Acids and Rhamnolipids by High-Performance Liquid Chromatography-Charged Aerosol Detector

Reversed-phase chromatography and product detection with a charged aerosol detector (CAD) was performed for analysis of HAA, mono- and di-rhamnolipid as described before (Bator et al., 2020). For sample preparation, the cell-free culture broth was mixed 1:1 with acetonitrile and stored at 4°C overnight. Subsequently, the mixture was centrifuged (2 min, 18,000 × g). All samples were filtered with Phenex RC syringe filters (0.2 μm, Ø 4 mm, Phenomenex, Torrance, United States). The HPLC system Ultimate 3000 equipped with a Corona Veo Charged Aerosol Detector (Thermo Fisher Scientific, Waltham, MA, United States) was used with a NUCLEODUR C18 Gravity 150 × 4.6 mm column (particle size: 3 μm, Macherey-Nagel GmbH & Co. KG, Düren, Germany). The flow rate was set to 1 ml/min, and the column oven temperature was set to 40°C. Acetonitrile (A) and 0.2% (v/v) formic acid in ultra-pure water (B) were used as running buffers. The method started with a ratio of A:B from 70:30%, and a linear gradient was applied to reach a ratio of 80:20% in 8 min. The acetonitrile fraction was increased linearly from 80 to 100% between 9 and 10 min and decreased linearly to 70% between 11 and 12.5 min. The measurement was stopped after 15 min.

For preparation of biosurfactant standards, recombinant P. putida strains producing HAA, mRL, and dRL were used. The production and purification of the respective C10-C10 congeners were performed as described previously (Blesken et al., 2020).



Victoria Pure Blue BO Assay

MTPs containing VPBO coatings were prepared using a 0.1 mg/ml solution of VPBO (Santa Cruz Biotechnology, California, United States) in isopropanol according to a protocol described previously (Roosloot and Schoen, 2011). Each well in a 96-well plate (Microplate, Greiner Bio-One, Kremsmünster, Austria, flat bottom, polystyrene) was filled with 50 μl of VPBO-solution, and the isopropanol was evaporated under vacuum (Speed-Vac concentrator 5301, Eppendorf, Hamburg, Germany, desiccator function, 60 min, 45°C). Afterward, 0.5 M NaOH (300 μl per well) was added and incubated for 10 min at room temperature. The NaOH solution was aspirated, and the plate was dried again (Speed-Vac concentrator 5301, Eppendorf, desiccator function, 60 min, 45°C). After this stage, the ready-to-use plates were used directly or stored at 4°C sealed with an aluminum foil plate seal.

For the reference measurements, serial dilutions of pure biosurfactants (C10-C10 congeners of HAA, mRL, and dRL, as well as N-myristoyltyrosine) were prepared in LB medium. Specifically, 18–30 dilutions were prepared for each surfactant in the following concentration ranges: between 0.01 and 5 mg/ml for HAA, between 0.01 and 3.6 mg/ml for mRL, between 0.01 and 5 mg/ml for dRL, and between 0.01 and 2.25 mg/ml for N-myristoyltyrosine (here from a stock solution with 2 mM NaOH). Aliquots of each dilution (250 μl/well) were transferred to the plate in triplicates. For biological samples, likewise, 250 μl of culture supernatant (30 s, 18,000 × g) was transferred in triplicates to the assay plate. The plate was sealed with an aluminum plate seal and incubated for 1 h at 23°C and 750 rpm (Thermomixer C, Eppendorf, Hamburg, Germany). Afterward, aliquots of 200 μl were transferred to a clean 96-well microplate, and the VPBO-dependent absorbance of the solution was determined at a wavelength of 625 nm (infinite M1000 Pro fluorescence microplate reader, Tecan). For calculation of biosurfactant concentrations in supernatants from the absorption values, logarithmic trendline equations were calculated via Excel (Microsoft, Redmond, US) from the plots for the pure biosurfactant serial dilution. Verduyn or LB medium was used as negative control, 100 mM Tween 80 solution as positive control for the assay.

Changes of VBPO absorption at different pH values were determined with LB medium adjusted to pH 2 or 13 with HCl and NaOH, respectively. The absorption spectra were recorded using a spectrophotometer (Genesys 10S UV-Vis, Thermo Fisher Scientific, Waltham, United States) with a quartz cuvette (SUPRASIL CG, 10 × 2 mm). In addition, serial dilutions of the commonly used detergents cetyltrimethylammonium bromide (CTAB, Carl Roth), Tween 80 (Carl Roth), and sodium dodecyl sulfate (SDS, Carl Roth) were prepared in LB medium at concentrations ranging from 0.001 to 5 mg/ml for Tween 80 and CTAB, and 0.0125–5 mg/ml for SDS. The solutions were adjusted to pH 4, 7, and 9 and analyzed with the VPBO assay as described above.



RESULTS


Victoria Pure Blue BO Assay for Determination of Biosurfactants

Several microbial species produce biosurfactants and secrete them into the culture supernatant. Usually, extractions are required as a first step for the determination of biosurfactant amounts and titers. Here, we have adapted a method utilizing surfactant-dependent dye solubilization to quantify detergents in vaccine preparations (Roosloot and Schoen, 2011) for the quantification of biosurfactants in culture supernatants using rhamnolipids as model compounds. In contrast to, e.g., orcinol or anthrone reactions for rhamnolipid detection, this method relies on the surface activity of compound, not on a less specific chemical reaction with reducing sugars in general. In contrast to drop collapsing and emulsification assays, this method results in quantitative data and additionally enables higher throughput than current colorimetric semiquantitative or HPLC-based methods. The experimental strategy is schematically illustrated in Figure 1. VPBO is dried in 96-well plates and treated with NaOH, which leads to a discoloration (Figure 1A) and immobilization of the dye on the polystyrene surface. Dried plates containing VPBO can be readily used for sample application. Solubilization of the immobilized dye by a (bio)surfactant results in an increase of the VPBO-specific absorption by the (bio)surfactant preparation in buffer or the surfactant-containing culture supernatant (Roosloot and Schoen, 2011). The amount of released dye can be quantified spectrophotometrically at 625 nm after the transfer of the sample to a clean MTP. Complete solubilization of the fixed VPBO (attached to the plastic wall of the MTP wells) was achieved with 250 μl of a 100-mM Tween 80 solution as described by Roosloot and Schoen (2011) and leads to an absorption value of around 1.1 in our setup. The VPBO assay appears rather pH robust as the dye shows a stable absorption spectrum at pH values in the range of pH 3–11 (Figure 1B). We also determined with the VPBO solubilization by the synthetic surfactants Tween 80, CTAB, and SDS at pH 4, 7, and 9, indicating that the absorption remained nearly constant (Supplementary Figure S1). Nevertheless, as the assembly behavior of biosurfactants to macrostructures typically changes with pH (Jahan et al., 2020), it is important to work in a pH range that allows the formation of solubilizing biosurfactant micelles.
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FIGURE 1. Colorimetric VPBO biosurfactant assay. (A) Illustration of the workflow: VPBO is immobilized in the wells of a polystyrene MTP after treatment with NaOH. For the detection of surface-active ingredients, samples are added, leading to solubilization of the blue dye. This can be subsequently detected by absorption measurement at 625 nm after transfer of the liquid to a fresh MTP. Pictures of MTP and reaction tubes were retrieved from Servier Medical Art (https://smart.servier.com/) licensed under Creative Commons Attribution 3.0 (CC BY). (B) The pH capacity of the VPBO dye as shown by the absorption behavior in solutions of different pHs. A, absorption; VPBO, Victoria Pure Blue BO; PS, polystyrene; MTP, microtiter plate.




Quantification of Biosurfactants

The applicability of the VPBO assay for quantification of biosurfactants in culture medium was tested with HAA, mRL, and diRL, which are structurally and physicochemically different compounds (Figure 2A) produced and secreted by engineered P. putida (Tiso et al., 2017). We prepared serial dilutions of C10-C10 congeners of HAA, mRL, and dRL in sterile LB medium to mimic application conditions and performed the VPBO assay. In all cases, a concentration-dependent increase of absorbance following a sigmoidal curve was observed in a logarithmic plot (Figure 2B). For HAA, the curve showed a relatively flat slope. The absorption starts to increase at an HAA concentration of about 0.1 mg/ml and reaches the maximal absorption marking the solubilization of the entire dye at about 3 mg/ml. In the case of mRL, the slope is steeper, and the solubilization of dye by this surfactant appears to be more effective. It starts at around 0.08 mg/ml and reaches a maximum of absorbance at a concentration of 0.9 mg/ml. Application of dRL-solutions led to an even steeper slope starting at a concentration of 0.06 mg/ml and ending at 0.2 mg/ml. The differential behavior of the three rhamnolipid surfactants may reflect the differences in the solubilization efficiency for hydrophobic compounds. The concentration at which solubilization starts can be considered as the CMC.
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FIGURE 2. Concentration-dependent solubilization of VPBO by different biosurfactants. (A) Chemical structures of biosurfactants C10-C10-HAA, C10-C10-mRL, C10-C10-dRL. (B) Biosurfactants were tested at different concentrations plotted in log scale on the x-axis, and the absorbance of VPBO released was measured at 625 nm and plotted on the y-axis (upper row). Concentrations and signal intensities were correlated to obtain calibration curves for each compound in the concentration range in which the logarithmically plotted slope is linear and R2 > 0.99. The respective sections of the plots are depicted (lower row). The respective logarithmic equations usable for surfactant quantification are: for HAA: y = 0.34ln(x) + 0.7 in a range from 0.2 to 3 mg/ml, for mRL: y = 0.51ln(x) + 1.4 for a range from 0.09 to 0.5 mg/ml, for dRL: y = 0.65ln(x) + 1.8 for a range from 0.07 to 0.2 mg/ml. A, absorption; HAA, = 3-(3-hydroxydecanoyloxy) decanoic acid; mRL, C10-C10 mono-rhamnolipid; dRL, C10-C10 di-rhamnolipid; VPBO, Victoria Pure Blue BO.


The clearly concentration-dependent increase of absorbance of the LB-biosurfactant-solution should enable the quantification of those metabolites in complex environments like culture supernatants. Therefore, absorbance data points in the slope areas were fitted using a logarithmic trend. This approach yielded calibration curves fulfilling a R2 > 0.99 within a range of 0.2–3 mg/ml for HAA, 0.09–0.5 mg/ml for mRL, and 0.07–0.2 mg/ml for dRL.



Quantification of Rhamnolipid Biosurfactants in Culture Supernatants

Rhamnolipids produced by different bacteria are commonly a mixture of certain congeners differing, for example, in the length of the fatty acid chains (Abdel-Mawgoud et al., 2010). We used the VBPO assay to quantify different rhamnolipid-derived biosurfactants using recombinant P. putida KT2440 harboring plasmid pSB01 with the gene PA_rhlA, pPS05 with the genes PA_rhlAB, and pWJ02 with the genes PA_rhlABC for the production of HAA, mRL, and dRL, respectively. These strains were cultivated for 24 h, and the production of rhamnolipid-derived biosurfactants was confirmed by HPLC-CAD analysis (Supplementary Table S1). The analysis showed that the supernatants contained the typical distribution of congeners with C8-C10, C10-C10, C10-C12:1, and C10-C12 fatty acids that usually occur during heterologous production of HAA, mRL, or dRL upon expression of P. aeruginosa rhl genes in P. putida KT2440 (Behrens et al., 2016). Besides, the analysis revealed that P. putida KT2440 pJW02 produced dRL with a minor fraction of mRL (ca. 20% of total RL after 24 h). This was expected since exclusive dRL synthesis apparently does not occur in biological production systems.

Samples taken after 6 and 24 h of cultivation of all production cultures were subjected to the VPBO assay. To exclude acidification of the culture broth by organic acid production that would affect solubility and micelle formation of the surfactants, the pH was measured and found to be in the same range (pH 7.2–7.5) as for pure LB used for calibration. The supernatants of the production strains were able to solubilize VPBO to a much greater extent than the control supernatant of P. putida KT2440 without plasmid (Figure 3A). For the control strain, the low absorption value of about 0.1, which is in the same range as the control without any surfactants, indicated that P. putida KT2440 itself did not release detectable amounts of solubilizing metabolites into the medium. Furthermore, the supernatants sampled after 24 h from the biosurfactant producing strains led to higher solubilization of the dye than samples taken after 6 h. KT2440 pJW02 supernatants led to an absorption that indicated a dRL titer beyond the concentration that is sufficient to completely solubilize the immobilized dye and therefore out of the range of calibration. Hence, the P. putida KT2440 pJW02 supernatant was diluted 1:4 in LB and assayed again (Figure 3A).
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FIGURE 3. Quantification of rhamnolipid biosurfactants in culture supernatants with the VPBO assay. (A) Absorption values at 625 nm obtained with the culture supernatants, sampled after 6 and 24 h of cultivation from PP_wt, PP_HAA, PP_mRL, and PP_dRL. For PP_dRL, the absorption of 1:4 diluted culture supernatant is shown. The dilution in LB medium was necessary to obtain an absorption value within the calibration range. For illustration, the colors of undiluted culture supernatants after the assay are shown below the diagrams. Data represent mean values with standard deviations of biological and technical triplicates. (B) Comparison of data obtained from the VPBO assay (blue-shaded bars) with data obtained by HPLC-CAD measurements (gray-shaded bars). Cell-free supernatants of strains PP_HAA, PP_mRL, and PP_dRL were tested after 6 and 24 h of cultivation. A, absorption; VPBO, Victoria Pure Blue BO; PP_wt, P. putida KT2440; PP_HAA, P. putida KT2440 pSB01; PP_mRL, P. putida KT2440 pPS05; PP_dRL, P. putida KT2440 pJW02; HPLC-CAD, high-performance liquid chromatography-charged aerosol detector.


The determined absorbance values at 625 nm were used to calculate the biosurfactant titers based on the calibrations obtained with purified congeners. The titers calculated accordingly were compared to results from HPLC-CAD quantification (Supplementary Table S1) to evaluate the accuracy of the assay. For strain P. putida KT2440 pPS05, the calculated total amount of biosurfactants after 24 h matched the titers determined by HPLC-CAD with only small deviations (Figure 3B), despite the presence of several congeners in the supernatants of the production strains as opposed to the reference compounds used for calibration. However, the C10-C10 congener used for calibration represented the main congener in the biological samples with a proportion of more than 70%. The calculated total surfactant amount for P. putida KT2440 pJW02 supernatants (i.e., mRL/dRL mixture) matched HPLC measurements remarkably well if the results obtained from the equations for C10-C10-mRL and C10-C10-dRL were weighted according to the proportions of both surfactants determined by HPLC-CAD. Of course, for quantification applications of unknown samples from dRL producer strains, a known and reproducible congener ratio would be a prerequisite. The quantification of RL titers using exclusively the dRL calibration did not work out, and the proportion of mRL in the samples appears to have significantly influenced the dye solubilization properties of the mixture. For the HAA producer strain P. putida KT2440 pPS05 after 6 and 24 h of cultivation, the VPBO calculated amounts do not fit well to the HPLC-determined amounts probably because the titers were out of the calibration range (0.2 and 3 mg/ml for HAA and 0.09 and 0.5 mg/ml for mRL) (Figure 2). In general, the in vivo studies indicated that the VPBO assay is suited for fast determination of rhamnolipid concentrations in culture supernatants.



Detection of Biosurfactant Production by Different Microorganisms

The dependence of the VPBO assay on surfactant properties instead of sugar content, charge, or complex formation suggests that this assay may respond to a wide range of surfactants beyond rhamnolipids. We have tested the supernatants of microbes producing different classes of biosurfactants in comparison to non-producing control strains (Figure 4). Addressed compounds included the non-ionic lipopeptide serrawettin W1 (produced with recombinant P. putida KT2440), the anionic lipoamino acid surfactant N-acyltyrosine produced by recombinant E. coli DH10b, and ustilagic acid and the non-ionic MELs (all glycolipids) produced by U. maydis MB215 (Figure 4A). Culture supernatants were sampled from bacterial cultures 6 and 24 h after inoculation. For U. maydis strains, supernatants were prepared after 20 h of growth. Qualitative analysis using established extraction and TLC protocols for the respective compounds confirmed the production of the biosurfactants (Figure 4B). All supernatants were analyzed with the VPBO assay (Figure 4C). For all surfactant producers, pronounced dye solubilization was indicated by increased absorption at 625 nm except U. maydis strain MB215 Δemt1 that produces solely ustilagic acid. The missing response to ustilagic acid probably results from its low solubility in aqueous solution (Lemieux et al., 1951). Hence, the determined absorption obtained with supernatants from the wild-type strain is probably caused by MELs only.
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FIGURE 4. Detection of biosurfactants in culture supernatants with the VPBO assay. (A) Chemical structures of tested biosurfactants lipopeptide serrawettin W1, lipoamino acid N-myristoyltyrosine, and mannosylerythritol lipids MEL A-D. (B) Detection of biosurfactants in supernatant extracts obtained from cultures of the bacterial strains, PP_SwrW, and EC_NmyrT after 24 h and U. maydis strains UM_KO, UM_UA, UM_MEL, and UM_wt after 20 h. Standards for bacterial surfactants consisted of chemically synthesized NmyrT, extracts from S. marcescens DSM12481 containing prodigiosin and serrawettin W1 (SM) and purified prodigiosin (P), the respective running heights are indicated. The strains PP_EV and EC_EV harboring empty vectors served as negative control. Separation was achieved by TLC (Supplementary Figure S3) and subsequent visualization via staining with iodine/p-anisaldehyde. (C) VPBO assay performed with the culture supernatant samples taken from cultures of the bacterial strains after 6 and 24 h cultivation in liquid LB media (measured in biological and technical triplicates) and from cultures of U. maydis after 20 h cultivation in liquid modified Verduyn medium (measured in biological duplicates and technical triplicates). VPBO, Victoria Pure Blue BO; TLC, thin-layer chromatography; NmyrT, N-myristoyltyrosine; SW, serrawettin W1; IPTG, isopropyl-β-D-thiogalactoside; MEL, mannosylerythritol lipids; UA, ustilagic acids; SM, S. marcescens DSM12481; P, prodigiosin; PP_EV, P. putida KT2440 pVLT33; PP_SwrW, P. putida KT2440 pVLT33-swrW; EC_EV, E. coli DH10b pEBP18; EC_NmyrT, E. coli DH10b pEBP18_BA354; UM_KO, U. maydis MB215 Δcyp1Δemt1; UM_UA, U. maydis MB215 Δemt1; UM_MEL, U. maydis MB215 Δrua1; UM_wt, U. maydis MB215.


Chemically synthesized N-myristoyltyrosine (Thies et al., 2016) was used as a reference to determine the concentration-dependent solubilization of VPBO using a serial dilution in the concentration range of 0.01–2.25 mg/ml. Here, again a sigmoidal curve was obtained, which allowed quantification of the biosurfactant in a concentration range between 0.05 and 1 mg/ml (Supplementary Figure S2). The results showed that the VPBO assay is suitable to detect different types of biosurfactants regardless of cultured microorganisms in different media.



Assessment of Optimal Inducer Concentration for Biosurfactant Production

Straightforward quantification methods for biosurfactants are particularly useful for screening purposes, e.g., for testing multiple different cultivation conditions, different concentrations of inducers, or identification of efficient producer strains within (meta)genomic libraries or strain collections. As an example, we have tested the production of the biosurfactant serrawettin W1 in 48 parallel cultivations of the expression strain P. putida KT2440 harboring plasmid pVLT_swrW to identify the optimal concentration of the inducer IPTG, which was supplemented 3.5 h post inoculation to final concentrations between 0 and 2 mM. IPTG induces the expression of the gene swrW, which is controlled by the LacI/Ptac promoter in this vector. After 24 h, the VPBO solubilization potential of the culture supernatants was investigated. The presence of serrawettin W1 in the supernatants of P. putida KT2440 pVLT33_swrW cultures was confirmed qualitatively by TLC of ethyl acetate extracts. The lipopeptides were visualized by exposure to iodine vapor (Figure 5A). The VPBO assay revealed a low basal production of the non-supplemented strain probably caused by leakiness of the LacI-dependent expression system. Furthermore, we observed increasing concentrations of solubilized dye with rising IPTG concentrations, which indicated a higher concentration of the surfactant in the supernatant up to an IPTG concentration of 0.8 mM, which presumably marks the point of optimal induction or the maximal achievable product accumulation under these conditions (Figure 5B). The complete solubilization of the dye, which would lead to an absorption of 1.1, is apparently not achieved. IPTG did not influence the solubilization indicated by the empty vector control with different IPTG concentrations.
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FIGURE 5. Production of serrawettin W1 with P. putida KT2440 containing plasmid pVLT33_swrW. Expression of the gene swrW was induced by addition of IPTG at different concentrations. (A) Iodine stained TLC (Supplementary Figure S3) of ethyl acetate extracts obtained from culture supernatants obtained from cultures of P. putida KT2440 harboring plasmids pVLT33 or pVLT_swrW and induced with different concentrations of IPTG. Extracts from S. marcescens DSM12481 grown on solid tryptone-glycerol medium (SM) were analyzed for comparison to identify spots of prodigiosin (P) and serrawettin W1 (SW). (B) VPBO assay with cell-free culture supernatant obtained from P. putida KT2440 containing pVLT33 and pVLT_swrW after 24 h cultivation in liquid LB medium. Shown are mean values and standard deviations of biological triplicates. A, absorption; VPBO, Victoria Pure Blue BO; TLC, thin-layer chromatography; SW, serrawettin W1; SM, S. marcescens DSM12481; P, prodigiosin; IPTG, isopropyl-β-D-thiogalactoside; PP_EV, P. putida KT2440 pVLT33; PP_SwrW, P. putida KT2440 pVLT33-swrW.




DISCUSSION

The development of production strategies for biosurfactants such as rhamnolipids gains increasing attention because of their great potential to replace petroleum-based and chemically synthesized surfactants. Therefore, methods are needed to assess product titers easily and rapidly and to compare different production strains. In this study, a sensitive colorimetric assay was developed, which is suitable for time- and resource-efficient screening and identification of biosurfactant producers as well as for biosurfactant quantification if suitable reference compounds are available. It is based on VPBO immobilized on polystyrene MTPs. Presumably, VPBO is deprotonated under basic conditions and attaches by hydrophobic interactions or via π-π interactions to the polystyrene surface of a 96-well MTP. If surfactant molecules are present in sufficient concentration, they will form micelles, which results in solubilization of the dye by weakening or even disturbing these interactions.

Compared to other high-throughput assays to determine especially rhamnolipid levels like fluorescein encapsulating vesicles (Laabei et al., 2014; Yang et al., 2015), the VPBO assay is easy to prepare and “ready-to-use” plates can be stored. Additionally, its major component VPBO is readily available and inexpensive. Other colorimetric assays using bromothymol blue (BTB) or cetylpyridinium chloride (CPC), which were described for high-throughput assessment of surfactin titers (Yang et al., 2015), or orcinol reactions for glycolipids (Chandrasekaran and Bemiller, 1980) rely on complex formation, molecular charge, or detection reactions with certain building blocks, which limit their applicability. Often, they require furthermore extraction steps for applications in liquid media, like the cetyltrimethylammonium bromide (CTAB)-methylene blue assay (Pinzon and Ju, 2009). In contrast, the VPBO assay detects the surfactant properties of different compounds directly via their ability to solubilize the dye from a plastic surface. Hence, the VPBO assay is insensitive regarding interference of metabolites produced by the microorganisms, e.g., resulting from glucose metabolism as reported for CPC-based methods (Heuson et al., 2019). Notably, compounds with emulsifying properties like polysaccharides coproduced with a biosurfactant of interest may interfere with the assay because it hardly distinguishes between different surfactants. Also, it does not provide direct information about the type of surfactant.

The suitability of the VPBO assay for the fast quantification of biosurfactant concentrations in culture supernatants as shown here for rhamnolipids is in line with reports on accurate quantification of detergents in defined vaccine preparations using a similar assay using dye extracted from ink pens (Roosloot and Schoen, 2011). A direct comparison of the VPBO assay with a vesicle lysis assay failed because this assay did not yield consistent results in our hands. The vesicle lysis assay was described for high-throughput rhamnolipid detection relying on the release of fluorescein from phospholipid vesicles in P. aeruginosa culture supernatants (Laabei et al., 2014).

Surfactant-dependent solubilization of extracted ink pen dye was initially described as a straightforward tool to determine the CMC of chemically synthesized surfactants (Vulliez-Le Normand and Eisele, 1993) because dye solubilization starts at a detergent concentration around the CMC (Roosloot and Schoen, 2011). We confirmed these observations for the VBPO assay by measuring absorptions with three synthetic surfactants at three different pH values (Supplementary Figure S1). This suggests that the VPBO assay may be feasible for the characterization of biosurfactants beyond the mere evaluation of concentrations. The CMC values of the four biosurfactants derived from the solubilization curves (Figure 2 and Supplementary Figure S2) were for HAA 0.15 ± 0.05 mg/ml, for mRL 0.09 ± 0.01 mg/ml, for dRL 0.06 ± 0.01 mg/ml, and for N-myristoyltyrosine 0.05 ± 0.01 mg/ml. Previous studies report CMC values for dianionic N-myristoyltyrosine at pH 12 of about 0.06 mg/ml (Thies et al., 2016), for mRL of 0.04 mg/ml (specifically C10-C10 congeners), and for dRL (also specifically C10-C10 congeners) of about 0.005 mg/ml (Rahman et al., 2002). For HAA, a CMC of 0.113 mg/ml was reported for a purified mixture of heterologously produced HAA (Tiso et al., 2017). Hence, for N-acyltyrosine, HAA, and mRL, the CMC derived from VPBO assay matches the range of previously reported values, however, for C10-C10 dRL, it does not. Nevertheless, other studies determined deviating CMCs for dRL (and for mRL as well) varying between 0.05 and 0.23 mg/ml probably dependent on impurities, mixtures, and variations in chain length and degree of saturation (Syldatk et al., 1985; Abalos et al., 2001; Nitschke et al., 2005; Dubeau et al., 2009; Tiso et al., 2017; Rocha et al., 2020). Furthermore, the CMC value depends on temperature, pH, and salt concentration, which may differ from the conditions in the present study (room temperature in LB medium adjusted to pH 7). A more detailed evaluation of the reliability of CMC determination with VPBO to elucidate the current inconclusive data situation should be addressed in further studies.

The VPBO assay may find applications as a robust assay to detect biosurfactant production regardless of their chemical structure, microbial strain, and culture conditions. This assertion is corroborated by the successful detection of the chemically different biosurfactants HAA (anionic fatty acid), mRL, and dRL (anionic glycolipids), N-acyltyrosine (anionic lipoamino acid), and serrawettin W1 (non-ionic lipopeptide), and MELs (non-ionic glycolipids), which are produced by E. coli DH10b, P. putida KT2440, and the eukaryotic fungus U. maydis MB215, respectively. Our observation that ustilagic acid production was not detectable with the VPBO assay indicates that low water solubility of a target biosurfactant may hinder its detection. Hence, assay conditions such as pH should be chosen with care to ensure solubility and the formation of micelles by the surfactants. In our study, rhamnolipid biosurfactants were produced by P. putida in a culture broth with a pH suitable to keep them in solution. Hence, it is recommended to adjust the pH or mix the supernatant with a buffer (as suggested by Roosloot and Schoen, 2011) prior to performing the assay. The VPBO assay is also suitable for high-throughput applications where large numbers of clones need to be analyzed in parallel for biosurfactant production as indicated by our experiments to identify the optimal concentration of IPTG for inducing the heterologous production of serrawettin W1 by P. putida KT2440. Combining the VPBO assay with other detection methods such as blood agar plates or the atomized oil assay in a screening workflow is feasible as well; such a combination of these assays will certainly increase the chances to detect biosurfactants with physicochemically different properties.

In summary, we have demonstrated that the VPBO assay allows detecting biosurfactant production under a wide range of different conditions. This assay thus constitutes a robust, fast, and inexpensive tool for the detection and, at least in some cases, quantification of different biosurfactants in microbial culture supernatants.
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Rhamnolipids are surface-active agents of microbial origin used as alternatives to synthetic surfactants. Burkholderia thailandensis is a non-pathogenic rhamnolipid-producing bacterium that could represent an interesting candidate for use in commercial processes. However, current bioprocesses for rhamnolipid production by this bacterium are not efficient enough, mainly due to low yields. Since regulation of rhamnolipid biosynthesis in B. thailandensis remains poorly understood, identifying new regulatory factors could help increase the production of these valuable metabolites. We performed a random transposon mutagenesis screening to identify genes directing rhamnolipid production in B. thailandensis E264. The most efficient rhamnolipid producer we identified harbored an inactivating transposon insertion in the scmR gene, which was recently described to encode as a secondary metabolite regulator in B. thailandensis. We investigated the impact of scmR loss on rhamnolipid biosynthesis and cell growth. Because biosynthesis of rhamnolipids and polyhydroxyalkanoates (PHAs) could share the same pool of lipid precursors, we also investigate the effect of ScmR on PHA production. We found that production of both rhamnolipids and PHAs are modulated by ScmR during the logarithmic growth phase and demonstrate that ScmR downregulates the production of rhamnolipids by affecting the expression of both rhl biosynthetic operons. Furthermore, our results indicate that PHA biosynthesis is reduced in the scmR- mutant, as ScmR promotes the transcription of the phaC and phaZ genes. By studying the relationship between ScmR and quorum sensing (QS) regulation we reveal that QS acts as an activator of scmR transcription. Finally, we pinpoint the QS-3 system as being involved in the regulation of rhamnolipid and PHA biosynthesis. We conclude that ScmR negatively affects rhamnolipid production, whereas it positively impacts PHAs biosynthesis. This could provide an interesting approach for future strain engineering, leading to improved yields of these valuable metabolites.

Keywords: biosurfactants, Burkholderia thailandensis, PHA granules, quorum sensing, gene regulation, metabolites


INTRODUCTION

Rhamnolipids are biosurfactants that were first identified in Pseudomonas aeruginosa cultures (Jarvis and Johnson, 1949). The amphiphilic character of rhamnolipids is due to the presence of a hydrophilic polar head, typically containing one or two rhamnose moieties, and a hydrophobic apolar tail, composed of a dimer of two esterified β-hydroxy-fatty acids. This diverse group of compounds comprises more than 60 reported congeners (Abdel-Mawgoud et al., 2010). Variations in the sugar and in the hydrophobic tail lead to structural differences between congeners. Their tensioactive properties, low toxicity and high biodegradability make them suitable for a variety of applications with a low environmental impact (Lang and Wullbrandt, 1999; Banat et al., 2000; Nitschke et al., 2005).

Rhamnolipid biosynthesis has been extensively investigated and the opportunistic pathogen P. aeruginosa remains the principal producing bacterial species. However, we previously showed that Burkholderia thailandensis also naturally synthesizes rhamnolipids and might represent an interesting candidate for industrial scale production of this biosurfactant (Dubeau et al., 2009). Indeed, this bacterium is non-pathogenic and produces one main congener, facilitating downstream processing. B. thailandensis was also recently found to be a producer of polyhydroxyalkanoates (PHAs), another valuable metabolite (Funston et al., 2017; Kourmentza et al., 2018; Martinez and Déziel, 2020) and PHA biosynthesis was suggested to be in metabolic competition with rhamnolipid production (Funston et al., 2017). Production processes for both rhamnolipids and PHAs have not yet been optimized in B. thailandensis likely because little is known on the regulation. Two rhl operons are responsible for rhamnolipid biosynthesis in B. thailandensis (Dubeau et al., 2009). While the global level of transcription of rhl genes was studied for the temperature effect on the rhamnolipid production (Funston et al., 2016), the respective regulation of these two operons has yet to be thoroughly explored.

Quorum sensing (QS) is a global regulatory mechanism of gene expression depending on bacterial density (Fuqua et al., 1994). Briefly, LuxI type synthases are responsible for the production of N-acyl-L-homoserine lactones (AHLs), signaling molecules which accumulate in the environment during bacterial growth until a threshold concentration. Then, the LuxR type transcriptional regulators are activated by the binding of cognate AHLs, allowing the regulation of the expression of QS target genes including the gene encoding the AHL synthase, creating an autoinducing loop. This way, bacteria synchronize their activities and act as multicellular communities in order to perform social functions. In B. thailandensis, the QS systems are referred to as the BtaI1/BtaR1 (QS-1), BtaI2/BtaR2 (QS-2), and BtaI3/BtaR3 (QS-3) systems (Majerczyk et al., 2013), mainly associated with C8-HSL, 3OHC10-HSL, and 3OHC8-HSL, respectively (Chandler et al., 2009; Le Guillouzer et al., 2017). These systems are intricately intertwined and differently regulated depending on the growth phase (Le Guillouzer et al., 2017) and regulate cell auto-aggregation and production of secondary metabolites such as antibiotics (Chandler et al., 2009). In P. aeruginosa and in Burkholderia glumae, rhl biosynthesis genes are under the control of distinct quorum sensing (QS) systems (Soberón-Chávez et al., 2005; Majerczyk et al., 2014a; Nickzad and Déziel, 2016). Although a relationship between QS and the biosynthesis of rhamnolipids has been previously noted in B. thailandensis (Majerczyk et al., 2014b; Irorere et al., 2019), there is very limited information on how QS regulates rhamnolipid production.

The aim of this study was to better understand the regulation of rhamnolipid and PHA production in B. thailandensis using a mutagenesis and functional screening approach. In doing so, we identified ScmR as a modulator of the biosynthesis of these metabolites in B. thailandensis. Since this regulator was also reported to be QS-controlled and to impact the production of AHL signals (Majerczyk et al., 2014a, b; Mao et al., 2017; Le Guillouzer et al., 2020), we further investigated the co-modulation of the biosynthesis of PHA and rhamnolipids by QS and ScmR in B. thailandensis.



MATERIALS AND METHODS


Strains and Plasmids

Strains used in this study are presented in Table 1.


TABLE 1. Strains and plasmids used in this study.
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Growth Conditions

Strains were routinely grown from frozen stocks at 37°C in tryptic soy broth (TSB) (BD Difco) in a TC-7 roller drum at 240 rpm (New Brunswick, Canada), or on TSB agar plates. For rhamnolipid production, nutrient broth (NB) medium (BD Difco) supplemented with 2 or 4% (w/v) glycerol was used (Dubeau et al., 2009). When necessary, antibiotics were used at the following concentrations: 10 μg ml–1 tetracycline (Tc) and 100 μg ml–1 trimethoprim (Tmp) for B. thailandensis and 15 μg ml–1 tetracycline (Tc), 100 μg ml–1 carbenicillin (Cb), and 100 μg ml–1 trimethoprim (Tmp) for E. coli. All experiments were performed in triplicate and conducted at least twice independently. For blue/white screening, 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) was added in LB plates for final concentration 40 μg ml–1. For experiments with AHL complementation, 2 μM C8-HSL, 3OHC10-HSL, or 3OHC8-HSL (Sigma-Aldrich Co., Oakville, ON, Canada) were added to cultures. AHLs stocks were prepared in HPLC-grade acetonitrile. Acetonitrile only was added to the controls.



Random Mutagenesis

A library of B. thailandensis transconjugants was generated as follows. Plasmid pIT2 carrying the ISlacZ/hah transposon was transferred in B. thailandensis E264 by conjugation with E. coli χ7213 (asd-) strain (Kang et al., 2002; Jacobs et al., 2003). NB agar supplemented with 4% glycerol and tetracycline was used for selection of transposants. The screening for rhamnolipid production was achieved using atomized mineral oil spraying (Burch et al., 2010), with a few modifications. Sudan Red dye (0.5%) was added to mineral oil to provide a better contrast. The presence of a halo surrounding colonies indicates the production of rhamnolipids caused by the amphiphilic properties of surfactants; the diameter of halos around colonies was measured and compared to a WT control. Clones with larger halos were selected as potential candidates for enhanced rhamnolipid production.


Identification of Transposon Insertion Sites by Sequencing (Tn-seq)

Total DNA was extracted from bacterial cultures using a mechanical lysis method, as previously described (Durand et al., 2015). DNA concentrations were estimated using the Quant-iTTM PicoGreen® dsDNA Assay Kit (Invitrogen, Life Technologies, Burlington, ON, Canada) following the instructions of the manufacturer. Total genomic DNA from the selected mutants were pooled together and sent to the McGill University and Génome Québec Innovation Centre for transposon insertion sequencing (MiSeq Illumina). Generated Tn-Seq reads were analyzed as follows: sequences were trimmed in order to remove the 3′ bases from the adaptor used for sequencing; only the 4 last bases from the cassette were conserved: TCAG. All the resulting sequences were alphabetically sorted and clustered. For each cluster, a unique consensus sequence was determined and sequence alignments with B. thailandensis E264 genome were performed on www.burkholderia.com, allowing the identification of the insertion site.




Construction of Plasmids

For pMCG11 construction, the dhfrII gene, encoding for a dihydrofolate reductase conferring resistance to trimethoprim, was amplified by PCR from pGP704N-dfr using primers dhfrFPstI (5′-AAAACTGCAGATATCTG AGCTGTTGACAATTAATCATCC-3′) and dhfrRPstI (5′-A AAACTGCAGCCACCAAACTTAGTTGATGCGTTCAAGCG-3′) and cloned inside the PstI site in the pTZ110 vector. The construct was transformed in E. coli DH5α and trimethoprim was used for selection.

Plasmids containing lacZ reporters to evaluate the transcription of both rhl operons were constructed. First, for pAH1 and pAH2 constructions, the two promoter regions and the first 102 pb of BTH_II1081 (rhlA1) and BTH_II1875 (rhlA2) genes were amplified by PCR using forward primers Thai-UpOp1-F (5′-GGAATTCCCCGAAGGATATCGGTTTTT-3′) for rhlA1 and Thai-UpOp2-F (5′-CCGGAATTCCGCATTC ACCACAATGGA-3′) for rhlA2 respectively, and the reverse primer Thai-UpOp-R (5′-CGGGATCCGTTCACGA GGATGACCGTCT-3′). The PCR products were cloned in the pGEM®-T Easy (Promega) to generate vectors pAH1 and pAH2. DH5α cells were transformed and positive clones were selected on LB plate containing carbenicillin and X-gal. The pAH1 and pAH2 plasmids were digested by BamH1 (NEB) and Ecl136II (Thermo Fisher Scientific) and the 1081 bp and 847 bp fragments respectively were ligated in StuI (NEB) and BamHI (NEB)-digested pMCG11 to generate pAH5 et pAH8. The two reporters were independently transferred either into B. thailandensis wild type (WT) or in the scmR mutant by electroporation (Dennis and Sokol, 1995).



β-Galactosidase Activity Assays

β-galactosidase assays were performed as described (Miller, 1972) with some modifications. Normalization of the activity was calculated using colony-forming units (CFU)/mL instead of OD600.



Rhamnolipid Quantification by Liquid Chromatography/Mass Spectrometry (LC/MS)

Rhamnolipid concentrations in cultures were determined by liquid chromatography coupled to tandem mass spectrometry, as we previously described (Dubeau et al., 2009), with some modifications. After six days of growth, 1 mL culture samples were retrieved and the OD600 was measured (Nanodrop ND-1000, Thermo Fisher Scientific). The samples were centrifuged at 16,800 × g for 10 min to remove the bacteria. A 500 μl sample of supernatant was transferred to an HPLC vial and 500 μl methanol containing 10 mg/L 5,6,7,8-tetradeutero-4-hydroxy-2-heptylquinoline (HHQ-d4) as the internal standard were added. The samples were then analyzed by high-performance liquid chromatography (HPLC; Waters 2795, Mississauga, ON, Canada) equipped with a C8 reverse-phase column (EVO, Phenomenex) using a water/acetonitrile gradient with a constant 2 mmol/L concentration of ammonium acetate (Dubeau et al., 2009). The detector was a tandem quadrupole mass spectrometer (Quattro Premier XE, Waters). Analyses were carried out in the negative electrospray ionization (ESI-) mode.



Quantification of Polyhydroxyalkanoates

Polyhydroxyalkanoates concentrations were estimated as described previously (Martinez and Déziel, 2020). Briefly, culture samples were collected and centrifuged during 3 min at 16,800 × g. Supernatants were discarded, and pellets were suspended in water. Samples were heated at 100°C for 10 min and immediately transferred on ice for 5 min. The samples were then centrifuged for 3 min at 16,800 × g and the pellets were suspended in water and transferred to a 96-well microtiter plate. An equal volume of a 0.02% (w/v) Nile Blue (Sigma Aldrich) solution was added to each well. After 4 min of incubation, the intensity of fluorescence was determined using a Cytation 3 multimode plate reader (Biotek), using excitation and emission wavelengths of 490 and 590 nm, respectively.



Transmission Electron Microscopy (TEM) for Visualization of PHA Granules

Sample preparation and staining were performed as previously described (Martinez and Déziel, 2020). Ultrathin sections (70−100 nm thick) were examined with a Hitachi H-7100 electron microscope with an accelerating voltage of 75 kV.



Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)

Extraction of total RNA from cultures of B. thailandensis E264 and btai123, btaI1, btaI2, btaI3 mutants at 24, 72, and 96 h, cDNA synthesis and amplification were done as before (Le Guillouzer et al., 2020). The scmR gene was amplified using primers SLG_qRThmqR_F (5′-CTTCGTATGTGTTGCCGAAC-3′) and SLG_qRThmqR_R (5′-ATGAGACGCGTGTTCAGATG-3′). To evaluate the expression of genes implicated in PHA accumulation, total RNA was extracted from cultures of B. thailandensis E264, scmR mutants at 24 and 48 h and cDNA synthesis and amplification were performed as previously described. The phaC and phaZ genes, which respectively encode for the PHA synthase PhaC and the PHA depolymerase PhaZ were amplified with primers phaC_thai_fwd (5′-GATCTGCTGTACTGGAACG-3′), phaC_thai_rev (5′-AGCTTGTTCTCGAGATAGGT-3′), phaZ_BTH_I0973_fwd (5′-TCTCACTGGGACTTCTATCA-3′), and phaZ_BTH_I0973_rev (5′-TGTATTCGTCGTAG AAGCG-3′).

For all experiments, the reference gene was ndh, which encodes for an NADH dehydrogenase (Subsin et al., 2007). This gene displayed stable expression in the various genetic contexts (Supplementary Figure S1). The primers used were the same as in our previous studies SLG_qRT_ndh_F (5′-ACCAGGGCGAATTGATCTC-3′) and SLG_qRT_ndh_R (5′-GATGACGAGCGTGTCGTATT-3′) (Le Guillouzer et al., 2017, 2018, 2020). Differences in gene expression between B. thailandensis E264 strains were calculated using the 2−ΔΔCT formula (Livak and Schmittgen, 2001).




RESULTS


Random Mutagenesis Reveals a Rhamnolipid Overproducer of B. thailandensis E264

In order to identify factors implicated in the regulation of the production of rhamnolipids in B. thailandensis, we performed a random transposon mutagenesis followed by a functional screening. We tested about 25,000 transposants of strain E264 for rhamnolipid production using an oil spraying method. Among the transposants selected, the best candidate for increased rhamnolipid production was isolate M63. It produced a halo of 22.89 ± 3.85 cm2, significantly bigger (t-test, p = 0.0224) than the area around a WT colony, at 6.3 ± 0.21 cm2 (Figure 1A). In order to validate the results obtained with the oil spraying method, rhamnolipid production for the M63 mutant was quantified in 5 days-old cultures prepared in NB broth with 2% glycerol. Our results confirmed that the M63 isolate produced three times more rhamnolipids than the WT (Figure 1B).
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FIGURE 1. Random mutagenesis identifies a rhamnolipid overproducer of B. thailandensis E264. (A) Phenotypic selection by oil spraying, (B) Rhamnolipid quantification after 5 days of culture in NB + 2% glycerol. The error bars represent standard deviation from the mean (n = 3 independent cultures). Asterisk indicates statistically significant differences (*p < 0.05) in paired Student’s t tests.




A scmR- Mutant Overproduces Rhamnolipids

TnSeq analysis of M63 generated one unique sequence (Supplementary Table S1); this mutant has a transposon inserted in the BTH_I1403 locus, which encodes the LysR-type transcriptional regulator ScmR. Interestingly, this regulator influences the production of several secondary metabolites in B. thailandensis E264 (Mao et al., 2017; Le Guillouzer et al., 2020). To investigate the impact of this mutation further, we performed cultures of a previously characterized scmR- mutant (ED1023, Table 1; Le Guillouzer et al., 2020) in baffled flasks containing NB medium with 2% glycerol and samples were collected daily. Growth was measured by OD600 measurements and live-cell counts (CFU/mL) and rhamnolipid production was quantified by LC-MS analyses. As we observed under different culture conditions (Le Guillouzer et al., 2020), OD600 measurements suggested a growth defect for this mutant (Figure 2A). However, CFU counts (Figure 2B) confirmed that both the WT and the scmR- mutant actually exhibit identical growth profiles. Rhamnolipid production was confirmed to rapidly reach about 10 times the WT levels within 2 days to finally reach a plateau (Figure 2C). A similar pattern was observed for isolate M63 (Supplementary Figure S2). Complementation of the scmR mutant with a plasmid-borne scmR gene restored the production toward WT levels (Figure 2C). Partial complementation is not unusual and can be attributed to several factors. First, an indirect regulation of rhamnolipid production is highly possible, thus complementation would also depend on additional regulatory elements. Second, a constitutive, not the native promoter is driving scmR on the expression plasmid, precluding transcription matching the appropriate level and timing. Third, ScmR is a LysR-type transcriptional regulator, thus requiring a ligand, whose availability might not be optimal, or depend on ScmR itself, since we reported that it is autoregulated (Le Guillouzer et al., 2020).
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FIGURE 2. A scmR mutant produces more rhamnolipid than the WT strain. (A) Growth (OD600), (B) Growth (CFU/mL), and (C) rhamnolipid production (mg/L). The values are means ± standard deviation (error bars) for three replicates.




Transcriptions of Both rhl Operons Are Augmented in a scmR- Mutant

In B. thailandensis, two paralogous rhl operons are encoded and functional, both contributing to total rhamnolipid production (Dubeau et al., 2009). We thus verified the expression of each rhl operon in both the WT and the scmR- mutant ED1023 using transcriptional reporters. While the coding regions of the rhl operons are essentially identical, their respective promoter regions are not. Cultures of both the WT and the scmR- mutant ED1023 containing a rhlA1-lacZ or a rhlA2-lacZ reporter were performed in NB medium with 2% (v/v) glycerol. Figure 3 shows that the expression of each operon is higher in the scmR- background compared to the WT, revealing that ScmR acts a repressor of both rhl operons in strain E264. Interestingly, this effect was even more pronounced for the rhl2 operon, for which the transcription was up to 10 times higher than the in WT, while the transcription level was up to 4 times higher for rhl1, after 72 h of cultivation.
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FIGURE 3. Transcription of both rhl operons is increased in the scmR mutant. β-galactosidase activity was measured using (A) rhlA1-lacZ and (B) rhlA2-lacZ reporters in both the wildtype E264 and the isogenic scmR mutant ED1023 in NB medium supplemented with 2% glycerol. OD420 measurements were normalized by CFU/mL. The values are means ± standard deviation (error bars) for three replicates.




ScmR Positively Activates PHA Biosynthesis

Burkholderia thailandensis is a known PHA producer (Funston et al., 2017; Kourmentza et al., 2018). Indeed, we demonstrated that B. thailandensis synthesizes significant levels of PHAs, leading to presence of granules inside the cells which makes unreliable the use of OD600 to estimate growth of this bacterium under conditions promoting PHA production (Martinez and Déziel, 2020). Judging by the discrepancy observed between OD600 measurements and the CFU counts profiles for both the WT and scmR- mutant strains (Figures 2A,B), and since PHAs are secondary metabolites, we hypothesized that ScmR could also affect the production of this biopolymer.

In order to verify if differences in PHA production are responsible for affecting the OD600 measurements shown in Figure 2A, we measured PHA cellular levels with Nile Blue fluorescent staining. PHA production was indeed lower (by about 50%) in the scmR- mutant vs the WT (Figure 4A). We then confirmed these results using electron microscopy and found that E264 contained an average of nine granules of PHA per cell, whereas the scmR- mutant had much fewer (an average of four granules) (Figures 4B,C). Also, cell shape and length comparisons highlighted that WT cells were 1.4-fold larger than mutant cells. These results revealed that ScmR promotes the production of PHAs in B. thailandensis and that PHA accumulation affects the cellular physiology, explaining the apparent growth defect of the scmR- mutant (Figure 2A). Complementation of the scmR-negative mutant with a plasmid-borne scmR gene corrected the OD600 difference we observed (Supplementary Figure S3) and restored production of PHAs to WT levels (Figures 4A,D).
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FIGURE 4. ScmR positively affects PHA biosynthesis. (A) PHA levels were determined by fluorescence following Nile Blue staining. The values are means ± standard deviation (error bars) for three replicates. (B–D) represent TEM images of E264, the scmR- mutant and the complemented scmR- mutant, respectively at a magnification of 10,000X.




Transcription of the Genes Responsible for the PHA Biosynthesis Is Affected in a scmR- Mutant

In order to better understand the effect of ScmR on the production of PHA, we looked at the expression of two genes implicated in PHA production. We previously demonstrated that the phaC gene from B. thailandensis, which encodes the PHA synthase, is homologous to the one found in the Cupriavidus genus (Martinez and Déziel, 2020). Also, in Cupriavidus necator, other genes are playing a role in PHA production, such as phaZ. The transcription levels of phaC and phaZ were quantified by qRT-PCR in the B. thailandensis E264 and in the scmR- mutant grown in NB with 2% glycerol, at 24 and 48 h of incubation. We measured reduced expression of phaC at both time points (Figure 5A), which correlates with the production patterns we observed (Figure 4A). The transcription levels of phaZ were also lower in the scmR mutant after 24 h, compared to the WT strain, while no significant difference was seen at 48 h (Figure 5B). All together, these data indicate that the decrease in PHA production we observed in the scmR mutant was likely caused by a lowered expression of pha metabolic genes.
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FIGURE 5. ScmR plays a role in PHA biosynthesis at the transcriptional level. Levels of transcription for the phaC (A) and phaZ (B) genes were determined by RT-qPCR in the wild type and the scmR– mutant strains. D1 and D2 are days of cultivation. The error bars represent standard deviation from the mean (n = 3 independent cultures). Data analyzed using a one-way ANOVA with post hoc. Dunnett’s multiple comparisons tests (∗∗p < 0.01, ∗p < 0.05, and ns = not significant).




The Expression of ScmR Is Regulated by Quorum Sensing

We demonstrated that ScmR is involved in both rhamnolipid and PHA biosynthesis. QS activates the transcription of the scmR gene in cultures of B. thailandensis grown in TSB (Le Guillouzer et al., 2020). Also, concentrations of all three AHLs are reduced in a scmR- mutant compared to the WT (Mao et al., 2017) when B. thailandensis is cultured in LB medium. We thus investigated the interplay between ScmR and QS to verify if they are associated in regulating rhamnolipid and PHA production under our specific conditions.

To further investigate the regulation of scmR by QS in NB with 2% glycerol, the transcription levels of scmR were quantified by qRT-PCR in the B. thailandensis E264 WT strain vs the ΔbtaI1ΔbtaI2ΔbtaI3 mutant. Since B. thailandensis possesses three QS systems (QS-1, QS-2 and QS-3) mainly associated with the production of C8-HSL, 3OHC8-HSL and 3OHC10-HSL respectively, we supplemented (or not) the AHL-defective ΔbtaI1ΔbtaI2ΔbtaI3 mutant with exogenous AHLs during the logarithmic growth phase to distinguish which of the three QS systems modulates the transcription of scmR under these culture conditions. We observed that expression of scmR is reduced in the absence of AHLs (Figure 6A), confirming that scmR transcription is positively modulated by QS. Furthermore, the transcription of scmR was increased in cultures of the ΔbtaI1ΔbtaI2ΔbtaI3 mutant when any of C8-HSL, 3OHC10-HSL, or 3OHC8-HSL were provided (Figure 6A). The response was higher with addition of C8-HSL and 3OHC8-HSL, associated with the QS-1 and QS-3 systems, respectively. The transcription of scmR in the ΔbtaR1, ΔbtaR2, and ΔbtaR3 mutants and the B. thailandensis E264 WT strain was also studied during the logarithmic growth phase in NB with 2% glycerol. No difference in scmR transcription was observed in ΔbtaR2. In contrast, it was decreased in both the ΔbtaR1 and ΔbtaR3 mutants (Figure 6B). Together, these results indicate that both QS-1 and QS-3 upregulate the transcription of scmR, but not QS-2.
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FIGURE 6. QS-1 and QS-3 activate the transcription of scmR. (A) The relative transcript levels of scmR in the B. thailandensis E264 wild-type and the ΔbtaI1ΔbtaI2ΔbtaI3 mutant strains were determined by qRT-PCR. Cultures were supplemented with 2 μM of C8-HSL, 3OHC10-HSL, or 3OHC8-HSL. Acetonitrile (MeCN) only was added to the controls. The results are presented as relative quantification of transcription of the gene compared to the wild-type strain, which was set at 100%. (B) The relative transcript levels of scmR were assessed by qRT-PCR in cultures of the wild-type and of the ΔbtaR1,ΔbtaR2, and ΔbtaR3 mutants of strain E264. The error bars represent standard deviation from the mean (n = 3 independent cultures), Data analyzed using a one-way ANOVA followed by Dunnett’s multiple comparisons tests (****p < 0.0001, ∗∗p < 0.01, ∗p < 0.05, and ns = not significant).




Quorum Sensing Modulates the Production of Both Rhamnolipids and PHAs

We then investigated the production of rhamnolipids in the AHL-defective mutant ΔbtaI1ΔbtaI2ΔbtaI3 compared to the WT. Because production of rhamnolipids and PHAs are closely related, we also measured PHA levels in the same cultures. Rhamnolipid production was about two times higher in the ΔbtaI1ΔbtaI2ΔbtaI3 mutant vs the WT (Figure 7C). On the other hand, the ΔbtaI1ΔbtaI2ΔbtaI3 mutant produced less than half the PHAs compared to the WT (Figure 7D) and this was confirmed by TEM images of cells sampled at day 4 (Figures 7E,F). Accordingly, we observed a difference in OD600 measurements for the ΔbtaI1ΔbtaI2ΔbtaI3 mutant when compared to WT (Figure 7A), but once again CFU counts confirmed that growth was similar between both strains (Figure 7B). The exact same situation was observed with the scmR- mutant. We thus rationalized that the QS-null strain mostly behaves like the scmR- mutant because QS activates scmR (Figure 7A).
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FIGURE 7. Rhamnolipid and PHA production are quorum sensing-controlled. The wild type strain and the ΔbtaI1ΔbtaI2ΔbtaI3 quorum sensing mutant were cultured for five days at 30°C in NB medium supplemented with 2% glycerol. The (A) OD600, (B) CFU/mL, (C) PHA levels, and (D) rhamnolipid concentration measurements are represented. Values are means ± standard deviations (error bars) for three replicates. TEM images were taken at day 4 for panels (E) the wild type strain and (F) the ΔbtaI1ΔbtaI2ΔbtaI3 mutant.


Finding that loss of scmR increases the production of rhamnolipids and decreases the production of PHAs brought us to identify the complex QS circuitry of B. thailandensis as an apparently contrasting regulator of production of these metabolites. We then sought to separately investigate the effect of the three QS systems in the regulation of rhamnolipid production in E264. We quantified rhamnolipids and PHAs in cultures of individual btaI and btaR mutants after 5 days. Interestingly, none of three individual btaI mutants replicated the OD600 defect of the triple mutant, suggesting no decrease in PHA production, apart from a partial reduction for the btaI3 mutant (Figure 8A). Accordingly, growth was not affected (Figure 8B). No difference was observed in final rhamnolipid levels when we compared the ΔbtaI1, ΔbtaI2 or ΔbtaR1, ΔbtaR2- mutants to the WT strain E264. In contrast, rhamnolipid concentrations were increased when btaI3 or btaR3 were inactivated (Figures 8C,E). Similarly, no significant difference in PHA biosynthesis was observed for QS-1 and QS-2 mutants, while we measured less PHAs in the QS-3 system mutants (Figures 8D,F). Based on these observations, we conclude that the QS-3 system negatively affects rhamnolipid production whereas it positively impacts PHA biosynthesis, similarly to ScmR, but less pronounced.
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FIGURE 8. The QS-3 quorum sensing system affects the production of both PHAs and rhamnolipids. Wild type strain E264 and isogenic quorum sensing mutants were cultured during five days at 30°C in NB medium supplemented with 2% glycerol. Growth measurements are described for ΔbtaI mutants in panel (A) OD600 and (B) CFU/mL. (C) Rhamnolipid concentrations and (D) PHA levels are presented for the ΔbtaI mutants. (E) Rhamnolipid concentrations and (F) PHA levels are presented for the ΔbtaR mutants in the QS-1, QS-2 and QS-3 systems. The error bars represent standard deviation from the mean (n = 3 independent cultures), Data analyzed using a one-way ANOVA with post hoc. Dunnett’s multiple comparisons tests (∗∗p < 0.01 and ns = not significant).





DISCUSSION AND CONCLUSION

The non-pathogenic bacterium B. thailandensis is a promising candidate for the production of rhamnolipids (Dubeau et al., 2009; Funston et al., 2016; Irorere et al., 2018; Kourmentza et al., 2018). However, current yields remain low. While the biosynthetic genes have been identified, their regulation is poorly understood. We propose that better knowledge of this aspect is important to improve the production of these metabolites. The primary aim of this work was to identify genes involved in the regulation of rhamnolipid biosynthesis. Our functional screening allowed us to identify ScmR as a negative regulatory element of rhamnolipid production. In B. thailandensis, global transcription of the rhl biosynthetic genes was previously studied (Funston et al., 2016) using qRT-PCR on coding sequences, thus without taking into consideration that two identical rhl operons are present in B. thailandensis (Dubeau et al., 2009). Both operons distinctly contribute to the total rhamnolipid production. Indeed, a mutation in either rhlA1 or rhlA2 causes a decrease but not the abolishment of rhamnolipid biosynthesis. Hence, we previously reported that the rhlA2 operon is responsible for a larger portion of total rhamnolipid production since the rhlA1 mutant produces more rhamnolipids than the rhlA2 mutant (Dubeau et al., 2009). This suggests that both rhl operons are differently regulated. Accordingly, the transcription of both rhl operons was differently increased in the scmR- mutant, at least partially explaining how ScmR represses rhamnolipid biosynthesis. Indeed, the effect on rhlA2 was larger than on rhlA1, showing again that the regulation of both operons is different. Further studies are needed to better understand the distinct regulation of each rhl operon. Whether or not the regulation of ScmR on each of the rhl operons is direct has yet to be confirmed.

Similarly, PHA production is not well documented in B. thailandensis. Only few recent studies reported the production of PHAs in this bacterial species. One of them revealed the potential of PHAs production of strain E264 (Funston et al., 2017). Another one described PHAs produced during growth on used cooking oil-containing medium (Kourmentza et al., 2018), where PHA biosynthesis occurred during the logarithmic phase. In several bacteria, excess carbon availability promotes PHA production when nutritional elements such as N, P or Mg are limiting (Anderson and Dawes, 1990). However, based on our observations, it seems that B. thailandensis belongs to the group of growth-associated PHA producers, meaning that limitation of an essential nutrient is not necessary for the induction of PHA biosynthesis. Other Burkholderia species can produce PHAs, such as B. xenovorans, B. sacchari, and B. cepacia (Urtuvia et al., 2014), so it is consistent that B. thailandensis is also a significant producer. PHA production is regulated by QS in other bacteria such as Pseudomonas chlororaphis (Mohanan et al., 2019), Rhodobacter sphaeroides (Kho et al., 2003) and Vibrio harveyi (Sun et al., 1994). However, QS regulation can be either negative or positive depending on the organism and/or the conditions.

When looking at the transcription of two genes implicated in the biosynthesis of PHAs, we found that the transcription of both phaC and phaZ was affected in the scmR- mutant. When comparing to the sequence of phaZa1 from C. necator H16, there are two predicted PHA or PHB depolymerase genes in the genome of B. thailandensis E264 (BTH_II2312 and BTH_I0973). Sequence comparison analyses show that gene BTH_ I0973 presents the highest identity percentage (79.4%) and we thus consider it as the most likely phaZ candidate (Saegusa et al., 2001; Uchino et al., 2008). Our finding that ScmR activates PHA biosynthesis by modulating the transcription of phaC and phaZ is interesting for future investigations on the potential of B. thailandensis as a PHA producer. Whether the positive effect of ScmR on the transcription of phaC and phaZ is direct or indirect remains to be determined.

The implication of the ScmR regulator in secondary metabolism was recently described in B. thailandensis, where it was reported to act as an important repressor (Mao et al., 2017). Our data showed that ScmR regulates the production of rhamnolipids and PHA while neither rhl nor pha biosynthesis genes were found in transcriptomic studies performed on scmR- mutants (Mao et al., 2017; Le Guillouzer et al., 2020). We noted that the LB medium is not appropriate for rhamnolipid production compared to NB medium complemented with 2% glycerol (Dubeau et al., 2009), at least partially explaining the absence of rhl gene regulation in the Mao et al. (2017) study. While they characterized the ScmR regulon in the stationary phase (Mao et al., 2017), we confirm here that this regulator is already active during the logarithmic phase. Interestingly, we found that in the WT, both metabolites are synthetized during growth but only the concentration of PHAs keeps augmenting when stationary phase is reached. In contrast, when B. thailandensis was cultivated on used cooking oil, rhamnolipid biosynthesis continued after the stationary phase was reached, while PHA production decreased (Kourmentza et al., 2018), suggesting a tight regulation of these two related metabolites.

The slow-down in rhamnolipid production we observed under our conditions at the stationary phase could be because of changes in nutrient availability, in pH, or in dissolved oxygen concentration. For instance, restricted rhamnose availability could explain why rhamnolipid production was reduced while PHAs kept being synthetized using the lipid precursors. In P. aeruginosa, dissolved oxygen concentration has a crucial effect on rhamnolipid production (Zhao et al., 2018; Bazsefidpar et al., 2019). The pH was also reported to impact rhamnolipid production in P. aeruginosa (Chen et al., 2007; Zhu et al., 2012). In B. thailandensis cultures in NB medium with 2% glycerol, the pH increased during the log phase and then decreased at the stationary phase (Supplementary Figure S4A). Oxalate production by Obc1, encoded by the obc1 gene, is involved in the decrease of pH observed in cultures of B. thailandensis (Goo et al., 2012). We know that obc1 transcription is strongly downregulated in the scmR- mutant (Le Guillouzer et al., 2020). Indeed, in cultures of the scmR- mutant, pH remained higher than in cultures of the WT and this difference could be responsible for the slowing in rhamnolipid production. To verify this hypothesis, we compared rhamnolipid production in cultures of an obc1 mutant, unable to produce d-oxalate, vs the WT E264 strain. Rhamnolipid production was not affected in this mutant, suggesting that a pH increase is not involved in the late slow-down in rhamnolipid production (Supplementary Figure S4B).

The QS circuitry of B. thailandensis is very complex, including homeostatic regulatory loops and additional regulators (Le Guillouzer et al., 2017, 2018). Production of rhamnolipids and other biosurfactants are often regulated by QS in various bacterial species. An initial global analysis of QS in B. thailandensis revealed that it seems to affect the transcription of rhlA1, rhlB1 and rhlB2, encoding rhamnolipid biosynthesis (Majerczyk et al., 2014b). However, this study was performed in LB medium, as stated above not ideal to induce rhl genes. Plus, no involvement of QS into the regulation of known PHA synthesis genes was described in this transcriptomic study, again suggesting the use of culture conditions not appropriate to induce biosynthesis. The production of both rhamnolipids and PHAs was specifically studied with the ΔbtaI1ΔbtaI2ΔbtaI3 QS-defective mutant (Irorere et al., 2019) and was affected. Indeed, rhamnolipid production was increased while PHA biosynthesis was decreased (Irorere et al., 2019) which correlates with our observations. Interestingly, in B. thailandensis, QS appears to have an opposite effect on rhamnolipid production compared to in P. aeruginosa or B. glumae. In P. aeruginosa, the disruption of the rhlR QS system leads to a deficiency in rhamnolipid production and a functional RhlR is necessary for biosynthesis (Ochsner et al., 1994; Nakata et al., 1998). Similarly, mutation in the TofI/R QS system in B. glumae downregulates the production of rhamnolipids (Nickzad et al., 2015).

QS and ScmR are closely linked. Hence, the production of all three AHLs is reduced in a scmR- mutant (Mao et al., 2017; Le Guillouzer et al., 2020) which mimics the QS-deficient mutant. The presence of a Lux-box into the scmR promoter suggests that QS could directly activate the transcription of ScmR (Mao et al., 2017). Accordingly, we found lower transcription of scmR in both ΔbtaR1 and ΔbtaR3 mutants (Figure 5; Le Guillouzer et al., 2020). Moreover, the addition of the three AHLs led to increased scmR transcription in a ΔbtaI1ΔbtaI2ΔbtaI3, especially by C8-HSL and the 3OHC8-HSL which are principally produced by the QS-1 and QS-3 systems, respectively. Interestingly, we previously found an interdependence between the QS-1 and QS-3 systems (Le Guillouzer et al., 2017). Indeed, btaI3 transcription is controlled by the BtaR1/C8-HSL complex during the logarithmic growth phase while BtaR3 could be involved in the modulation of the btaI1 gene in conjunction with 3OHC10-HSL and 3OHC8-HSL (Le Guillouzer et al., 2017). Here, we observed a significant augmentation in rhamnolipid production and a decrease in PHA accumulation in the btaI3- and btaR3- mutants, consistent with scmR upregulation by the QS-3 system. In addition, we showed that scmR transcription is activated by BtaR1, presumably through an indirect activation of QS-3 by QS-1. These observations concur with our data obtained when B. thailandensis is grown in TSB medium (Le Guillouzer et al., 2020). Rhamnolipid production was higher in the scmR- mutant compared to the ΔbtaI1ΔbtaI2ΔbtaI3- mutant. Indeed, the ΔbtaI1ΔbtaI2ΔbtaI3 strain produced 1.7 times more rhamnolipid compared to the WT strain while the scmR- mutant produced about 3-4 times more rhamnolipid than the WT. Similarly, PHA production was reduced by 40% in the ΔbtaI1ΔbtaI2ΔbtaI3 and 50% in the scmR- mutant. Collectively, these observations suggest that QS is not the only regulation positively affecting the transcription of the scmR gene. We conclude that inhibition of rhamnolipids and increase in PHAs production by QS probably go through an effect on ScmR.

In conclusion, this study significantly improves our understanding of the regulation of both rhamnolipid and PHA production in B. thailandensis. We demonstrate that QS, and most specifically the QS-3 system, directs this production (Figure 9). We also found that ScmR is a negative regulatory element of rhamnolipid production and positively affects PHA synthesis and confirmed the QS-dependent regulation of the scmR gene. Since there is a difference in PHA and rhamnolipid production between the ΔbtaI1ΔbtaI2ΔbtaI3 and scmR- mutants, we conclude that scmR is not exclusively modulated by QS, suggesting more work is needed to fully uncover the regulation of rhamnolipid and PHA production in B. thailandensis to optimize it to its full potential. ScmR and QS represent promising targets to engineer strains of B. thailandensis producing more rhamnolipids or PHAs.


[image: image]

FIGURE 9. Proposed regulation of rhamnolipid and PHA productions through ScmR and quorum sensing systems in B. thailandensis E264. Rhamnolipid and PHA biosynthesis pathways are presented in red and blue, respectively. The involvement of ScmR, QS-1 and QS-3 on rhamnolipid and PHA production are represented using green dotted arrows for activation or red dotted lines for the repression. Dotted arrow lines indicate that direct regulation has not been confirmed.
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Biosurfactants are amphiphilic surface-active molecules that are produced by a variety of microorganisms including fungi and bacteria. Pseudomonas, Burkholderia, and Bacillus species are known to secrete rhamnolipids and lipopeptides that are used in a wide range of industrial applications. Recently, these compounds have been studied in a context of plant-microbe interactions. This mini-review describes the direct antimicrobial activities of these compounds against plant pathogens. We also provide the current knowledge on how rhamnolipids and lipopeptides stimulate the plant immune system leading to plant resistance to phytopathogens. Given their low toxicity, high biodegradability and ecological acceptance, we discuss the possible role of these biosurfactants as alternative strategies to reduce or even replace pesticide use in agriculture.
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INTRODUCTION

Plant pathogens cause significant agricultural damages ranging from 10 to 40% depending on the crops before or after harvest, resulting in huge economic losses (Savary et al., 2019). Diseases and pests are therefore major problems for sustainable agriculture in the world. Chemical pesticides are largely used to control plant disease worldwide (Popp et al., 2013). However, chemical pesticides can be detrimental to human and environmental health and therefore, development and optimization of alternative strategies to reduce their utilization for crop protection is becoming a necessity. Biocontrol is a promising strategy based on the use of organisms that decrease disease pressure by competing with the pathogen for space and nutrients, by inducing the plant’s natural defense system, and/or by the production of antimicrobial substances (Berg et al., 2017; Bonanomi et al., 2018; Syed Ab Rahman et al., 2018). In addition, natural, ecofriendly and biodegradable compounds isolated from (micro)organisms can also be part of a biocontrol strategy. These compounds can act directly onto the pathogen via antimicrobial properties or by stimulating the plant immune system to prime plant protection against disease (Delaunois et al., 2014; Bardin et al., 2015; Keswani et al., 2019). Molecules from microbial origin stimulating the plant immune system are called invasion patterns or elicitors and are highly diverse both in nature and origins (Vatsa et al., 2010; Delaunois et al., 2014; Burketova et al., 2015; Schellenberger et al., 2019).

The main classes of microbial biosurfactants are represented by mannosylerythritol lipids (MEL), trehalose dimycolate (TDM), trehalolipids, sophorolipids, rhamnolipids and lipopeptides. They are used in detergent and cleaning solutions and display a very wide range of applications such as food industry, soil and water remediation, microbial enhanced oil recovery, biomedical science, cosmetic industry, nanotechnology and agriculture (Naughton et al., 2019; Singh et al., 2019). They have been studied since decades in biomedical sciences, especially for their antimicrobial properties and as modulators of human innate immunity [for extensive reviews see (Singh and Cameotra, 2004; Banat et al., 2010; Vatsa et al., 2010; Naughton et al., 2019; Coelho et al., 2020; Jahan et al., 2020; Sajid et al., 2020)]. Some of these microbial biosurfactants exhibit antimicrobial properties that are effective against a large panel of plant pathogens (Mnif and Ghribi, 2016; Penha et al., 2020). In addition, rhamnolipids and lipopeptides have been shown to stimulate the plant immune system conferring a better resistance to fungal and bacterial pathogens (D’aes et al., 2010; Raaijmakers et al., 2010; Vatsa et al., 2010; Schellenberger et al., 2019). In this review, we will provide current knowledge and recent advances on the role of biosurfactants in plant protection. We will focus on rhamnolipids and lipopeptides since these biosurfactants are the most studied for agricultural applications and are among the most effective and economically profitable for industrial production.



BIOSURFACTANTS AS BIOPESTICIDES

The main interest in the use of biosurfactants as biopesticides in disease management is their environmental-friendly characteristics, high biodegradability and production from renewal energy resources. Rhamnolipids and lipopeptides have been extensively studied in the context of crop protection. Conversely, other biosurfactants such as sophorolipids, MEL and cellobiose lipids have marginally been investigated for their antimicrobial properties toward plant pathogens (Yoshida et al., 2015; Mnif and Ghribi, 2016; Sen et al., 2017; Chen et al., 2020; Penha et al., 2020). Because rhamnolipids and lipopeptides display a good balance between industrial production, efficacy and preservation of the environment, they are very interesting candidates in biocontrol strategies.


Rhamnolipids Are Efficient Bio-Fungicides

Rhamnolipids are glycolipids produced by various bacterial species including some Pseudomonas sp. and Burkholderia sp. (Abdel-Mawgoud et al., 2010). Whereas no direct or robust evidences have been reported for rhamnolipid antibacterial or antiviral activities against plant pathogens, a large number of studies described their antifungal activities on pathogens affecting crops. These activities were mainly targeted to fungi and oomycetes including Botrytis sp., Rhizoctonia sp., Fusarium sp., Alternaria sp., Pythium sp., Phytophthora sp., or Plasmopara sp. species (Table 1). In these different studies, rhamnolipids, mainly originating from P. aeruginosa, were applied either as a mixture or purified molecules. Among all the congeners that are present in the mixtures, purified mono-rhamnolipids (Rha-C10-C10) and di-rhamnolipids (Rha-Rha-C10-C10) generally displayed the strongest activity. Moreover, all these studies demonstrated a canonical antimicrobial effect such as zoospore lysis, spore germination abortion and mycelial growth inhibition (Table 1). Because of their amphiphilic nature, glycolipids should be able to interact directly with plasma membranes (Otzen, 2017). It was thus proposed that the mode of action of rhamnolipids against zoospore-producing plant pathogens could be a direct lysis of zoospores via the intercalation of the glycolipids within plasma membranes which are not protected by a cell wall (Stanghellini and Miller, 1997). Rhamnolipids could also affect mycelial cells resulting in their destabilization or lysis. Rhamnolipid partition into membranes strongly depends on lipid composition (Aranda et al., 2007). It was shown that purified mono and di-rhamnolipids are able to intercalate into phosphatidylcholine and phosphatidylethanolamine bilayers, notably altering their packing (Ortiz et al., 2006; Sánchez et al., 2006, 2009; Abbasi et al., 2012, 2013). These insertions thus produce structural perturbations, which might affect the function of the membranes. These compounds also alter the physicochemical properties of the bilayer and disturb the hydration status of the water/lipid interface. Depending on the lipid composition of the membrane and on their concentration, rhamnolipids are also able to permeabilize membranes (Sánchez et al., 2010) that could result in their lysis. Amphiphilic compounds such as glycolipids form aggregates in solution depending on their concentration. Above their critical micelle concentration (CMC), they will be present in both forms of aggregates and monomers. Although glycolipid biosurfactants are described to be stable over extreme conditions of pH and temperature (Mnif and Ghribi, 2016), these external factors could also influence rhamnolipid CMC, and therefore their aggregation into micelles (Zhong et al., 2015). The change in CMC could in turn affect their efficiency as biopesticide. Depending on their conformation, the glycolipids could potentially reach more or less easily the pathogen membrane (Aslam et al., 2009) to provoke its disruption (Table 1).


TABLE 1. Anti-phytopathogenic properties of rhamnolipids.
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Lipopeptides as Antimicrobial Agents

Lipopeptide biosurfactants (LPs) are composed of a lipid tail linked to a short linear or cyclic oligopeptide. They are produced by fungi and various bacterial genera mainly in the cyclized form and have received considerable attention for their antimicrobial, cytotoxic, antitumor, immunosuppressant and surfactant properties (Raaijmakers et al., 2010). Cyclic lipopeptides (CLPs) represent a class of biosurfactant widely produced by various bacterial species referred as plant-beneficial bacteria (Ongena and Jacques, 2008; D’aes et al., 2010). Among them, Bacillus and Pseudomonas are exploited as biocontrol agents and are also the best known for the production of a range of structurally distinct and multifunctional CLPs with strong biological activities related to plant protection (D’aes et al., 2010; Raaijmakers et al., 2010). Bacterial CLPs are powerful biosurfactants retaining strong destabilizing activities on biological membranes. Their antimicrobial activity is well documented in a context of biocontrol via direct inhibition of phytopathogens. In vitro-based assays using purified CLPs combined or not with loss of function mutants of natural producers have highlighted the extremely wide range of fungal and oomycete plant pathogens that are affected by bacterial CLPs such as fengycins and iturins (see recent reviews (Caulier et al., 2019; Rabbee et al., 2019) for Bacillus and (Geudens and Martins, 2018; Götze and Stallforth, 2020) for Pseudomonas CLPs, respectively). Many studies indicate that CLP activity is linked to their capacity to compromise the fungal cell membrane stability, resulting in cytoplasm leakage and hyphae death or inhibition of spore germination (Chitarra et al., 2003; Romero et al., 2007; Etchegaray et al., 2008; Pérez-García et al., 2011; Gong et al., 2015; Qian et al., 2016). However, the mechanistic basis of antifungal activity may be more complex and, as for rhamnolipids, the lipid composition of the targeted cell membrane could play an essential role in the microbicidal activity (Grau et al., 1999; Tao et al., 2011; Wise et al., 2014). Like other antimicrobial peptides, CLPs are not only membrane disruptive but can also directly or indirectly act on intracellular targets and alter fungal cell functions (Latoud et al., 1987; Qi et al., 2010).

Antibacterial activity has also been occasionally reported for Bacillus CLPs such as iturin A, bacillomycin and locillomycins toward several plant pathogens of agronomic importance (Zeriouh et al., 2011; Luo et al., 2015; Cao et al., 2018). However, there are globally few convincing evidences for a direct bactericidal effect of Bacillus CLPs and surfactin in particular on phytopathogens or soil-borne bacterial attackers. The precise antibiotic mechanistic of Bacillus CLPs against bacterial phytopathogens remains unclear even if a direct interaction with the cellular membrane of the target is also obvious (Zeriouh et al., 2011; Gao et al., 2017). However, in some instances, the inhibitory effect of some Bacillus CLPs such as surfactin (or related lichenysin and pumilacidin) is not related to a direct effect on target cell viability but rather due to some interference with key developmental processes of the pathogen such as efficient biofilm formation by Pseudomonas syringae and Ralstonia solanacearum (Bais et al., 2004; Chen et al., 2013; Xiu et al., 2017) or inhibition of aerial hyphal development of Streptomyces coelicolor (Straight et al., 2006; Hoefler et al., 2012).




STIMULATION OF PLANT IMMUNITY BY BIOSURFACTANTS

Plants have developed complex defense mechanisms leading to enhance resistance to phytopathogens. After microbial perception, early signaling events are set up including ion fluxes, reactive oxygen species (ROS) accumulation and phosphorylation cascades (Garcia-Brugger et al., 2006; Bigeard et al., 2015). These early signaling and the activation of an intricate network of phytohormones, such as salicylic acid or jasmonic acid, regulate late defense-related responses (Pieterse et al., 2012) including synthesis of antimicrobial metabolites and cell wall reinforcement. These defense responses collectively allow local plant immunity (Boller and Felix, 2009). In addition, microbial perception triggers systemic responses that are effective against a large panel of microorganisms in the whole plant (Fu and Dong, 2013; Pieterse et al., 2014). Activation of the plant immune system involves invasion patterns (IPs) molecules also known as elicitors which can originate from or be produced by the microbe (Schellenberger et al., 2019).


Rhamnolipids Trigger Local Resistance Against Plant Pathogens

Whereas most studies on glycolipid biosurfactants were focused on their antimicrobial and antifouling activities, it was recently discovered that rhamnolipids may also stimulate plant innate immunity (Vatsa et al., 2010; Figure 1). Interestingly, despite their antimicrobial and mammalian immunomodulatory properties, to our knowledge, no study on sophorolipids, trehalolipids, MELs or cellobiose lipids, described their potential role in the activation of plant defense responses so far. Following plant sensing, rhamnolipids trigger early signaling events like accumulation of ROS in grapevine and Brassica napus (Varnier et al., 2009; Monnier et al., 2018) as well as a calcium influx and a phosphorylation cascade in grapevine (Varnier et al., 2009). Callose deposition, hormone production, defense gene activation and a hypersensitive reaction-like response are also hallmarks of rhamnolipid-triggered immunity in Brassicaceae and grapevine (Varnier et al., 2009; Sanchez et al., 2012; Monnier et al., 2018, 2020). It was demonstrated in Arabidopsis that rhamnolipid-mediated local resistance to Botrytis cinerea, Hyaloperonospora arabidopsidis or P. syringae pv. tomato (Pst) involves different signaling pathways that depend on the type of pathogen (Sanchez et al., 2012). In addition, rhamnolipid potentiate defense responses induced by other elicitors like chitosan. The immune response triggered by rhamnolipids also participates in local resistance against B. cinerea and the hemibiotrophic fungus Leptosphaeria maculans in B. napus (Monnier et al., 2018, 2020). A large range of rhamnolipid concentrations from 0.005 to 1 mg/mL have been used to induce immunity on these various plant species (Varnier et al., 2009; Sanchez et al., 2012; Monnier et al., 2018, 2020). Synthetic biosurfactants derived from rhamnolipid structure are also elicitors. For instance, synthetic rhamnolipid bolaforms, composed of two rhamnoses separated by a fatty acid chain, trigger an immune response in Arabidopsis that varies according to fatty acid chain length (Luzuriaga-Loaiza et al., 2018). In addition, RL harboring carboxylic acid (Ac-RL) and methyl (Alk-RL) induce ROS production in this plant (Nasir et al., 2017).
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FIGURE 1. Schematic representation of dual effects of rhamnolipids and lipopeptides: antimicrobial activities and plant defense induction. mc-3-OH-acyl building block of rhamnolipids is perceived by plant through the LORE receptor ①; Rhamnolipid could be sensed through their direct insertion in plasma membrane ②. Recognition of rhamnolipids leads to early signaling events like ion fluxes (Ca2+), reactive oxygen species production (H2O2) and MAPK phosphorylation cascade ③. These early responses trigger defense gene expression, probably through activation of transcription factors (TF) and hormonal signaling pathways ④. This leads to defense mechanisms like cell wall reinforcement and PR protein accumulation ⑤ triggering the resistance to the microbes ⑥. Plant immunity due to lipopeptides does not involve a protein receptor and rely on interaction between lipopeptides and the plant membrane ⑦. Both rhamnolipids and lipopeptides can also have direct antimicrobial effects through direct insertion into the microbial plasma membrane ⑧. These insertions trigger loss of cell morphology leading to pore formation ⑨. The pore formation causes cellular component leakage triggering microbial cell death ⑩. Cell death due to lipopeptides can also be indirectly due to the inhibition or activation of microbial cell functions [image: image].


The way by which rhamnolipids are perceived by plant cells still remains unknown. Given their amphiphilic nature, it is postulated that they could interact with plant membrane lipids (Sanchez et al., 2012; Schellenberger et al., 2019). Recently it has been demonstrated that natural rhamnolipids fit into plant lipid-based membrane models and are located near the lipid phosphate group of the phospholipid bilayers, nearby phospholipid glycerol backbones (Monnier et al., 2019). Rhamnolipid insertion inside the lipid bilayer does not strongly affect lipid dynamics but the nature of the phytosterols could influence the effect of the glycolipids on plant plasma membrane destabilization. These subtle changes in lipid dynamics could be linked with plant defense induction (Monnier et al., 2019). Interestingly, whereas no receptor for rhamnolipid perception has been identified so far, the mc-3-OH-acyl building block of rhamnolipids is sensed by the lectin S-domain-1 receptor-like kinase LORE (Kutschera et al., 2019; Figure 1).

For some studies, it is not demonstrated whether rhamnolipid-triggered protection is driven by activation of plant defense responses and/or antimicrobial properties. For instance, treatments of pepper plants with rhamnolipids result in an enhanced protection to Phytophthora blight disease and also prevent the development of Colletotrichum orbiculare infection on leaves of cucumber plants (Kim et al., 2000). Rhamnolipids significantly decrease the incidence of water-borne damping-off disease by Phytophthora sp. and Pythium sp. (Yoo et al., 2005). Similar results were obtained in field trials on chili pepper and tomato (Sharma et al., 2007a, b). Using bacterial mutants, it was demonstrated that phenazine and rhamnolipids interact in the biological control of soil-borne diseases caused by Pythium sp. (Perneel et al., 2008). Syringomycin E and rhamnolipids can also act synergistically to control pathogenic and opportunistic fungi recovered from diseased grape (Takemoto et al., 2010). The control of postharvest phytopathogens on seeds or fruits for a better conservation is often related to antimicrobial activities. But we cannot exclude that protection could also be due to plant defense responses (Borah et al., 2016). When applied alone, rhamnolipids induce antioxidative reactions in cherry tomato fruit, leading to a significant reduction of fungal disease (Yan et al., 2015). When applied in combination with the biocontrol yeast agent Rhodotorula glutinis, a synergistic inhibitory effect on Alternaria alternata infection could be observed in cherry tomato fruit, leading to an efficient protection (Yan et al., 2014). This protection is associated with a higher induction of defense-related enzymes and the accumulation of antimicrobial metabolites.



Lipopeptides as Powerful Inducers of Plant Systemic Resistance

Several studies have reported the involvement of Bacillus CLPs in plant immunity induction on various pathosystems. The potential of fengycin and surfactin CLPs to trigger plant systemic resistance was first shown on bean and tomato plants. When applied as pure compounds at micromolar concentrations, surfactin and to a lower extend fengycin induced significant disease reduction in bean and tomato infected with B. cinerea (Ongena et al., 2007). More recently, a study performed with a large range of natural Bacillus isolates strengthened the role of surfactin as ISR (induced systemic resistance) inducer since strong correlation was observed between defense-inducing activity and the amount of surfactin produced by the different strains (Cawoy et al., 2014). In the same way, B. velezensis FZB42 mutant strains unable to synthesize surfactin are impaired in their ISR to Rhizoctonia solani in lettuce (Chowdhury et al., 2015). Further studies allowed enlarging the ISR elicitor role of surfactin to other plants. For example, purified surfactin was shown to increase resistance against the cucurbit powdery mildew in melon plants (García-Gutiérrez et al., 2013). In the pathosystem citrus fruit/Penicillium digitatum, surfactin stimulates defense responses involved in generating signal molecules for ISR activation (Waewthongrak et al., 2014). This lipopeptide activates a plant innate response effective against Magnaporthe oryzae in perennial ryegrass (Rahman et al., 2015) or Plasmopara viticola in grapevine (Li et al., 2019). It also reduces infection by the rhizomania disease vector Polymyxa betae in sugar beet (Desoignies et al., 2013) or by Colletotrichum gloeosporioides in strawberry leaves (Yamamoto et al., 2015). Finally, a recent study showed that Sclerotium rolfsii disease incidence was strongly reduced in Arachis hypogaea when pretreated with surfactin (Rodríguez et al., 2018). Interestingly, CLPs like surfactin do not globally provoke a strong plant defensive response associated with major genetic reprograming and fitness cost but rather act by priming host defenses to trigger systemic resistance (Ongena et al., 2007; Jourdan et al., 2009; Debois et al., 2015). Induction of plant defenses by CLPs of the iturin group has also been occasionally reported. Iturin A was shown to have a similar role as surfactin in strawberry leaves (Yamamoto et al., 2015) and also acted as an inducer of plant defense gene expression in cotton plants upon Verticillium dahliae attack (Han et al., 2015). Mycosubtilin is the most efficient lipopeptide inducing an immune response in grapevine (Farace et al., 2015). Compared to surfactin, bacillomycin D produced by B. velezensis SQR9 has a comparable efficacy in Arabidopsis ISR elicitation to prevent infection by P. syringae or B. cinerea (Wu et al., 2018). In wheat plants, resistance toward Zymoseptoria tritici, was activated by pure surfactin used at concentrations ranging from 1 to 100 μM upon foliar application (Le Mire et al., 2018). Some CLPs synthesized by Pseudomonas sp. also display consistent ISR-triggering activity. It was first demonstrated that massetolide A produced by Pseudomonas fluorescens strain SS101 retains ISR-eliciting activity in tomato plants for the control of Phytophthora infestans (Tran et al., 2007). Pseudomonas sp. strain CMR12a is a soil isolate retaining high biocontrol potential against R. solani relying mainly on the interplay between two different lipopeptides (sessilin and orfamide) and phenazine for inducing plant immunity (D’aes et al., 2011, 2014). These CLPs were also active at protecting Brassica chinensis against R. solani (Olorunleke et al., 2015). In monocots, such as rice, orfamide and other Pseudomonas CLPs such as WLIP, lokisin and entolysin, successfully induced resistance toward C. miyabeanus or M. oryzae (Ma et al., 2016, 2017; Omoboye et al., 2019).

Up to now, how lipopeptides act and are recognized by plant cells to activate ISR remains unclear. CLPs are in most instances only active in micromolar concentrations, and defenses are more intensively induced at the highest surfactin doses. This suggests that the recognition mechanism at the plant cell surface should be of quite low affinity in contrast to other elicitors (Jourdan et al., 2009). Such a low specificity may be explained by the fact that CLPs like surfactin are not perceived by a protein receptor, but rather involve a process driven by an uncommon pathway based on interaction with the lipid bilayer fraction of plant plasma membranes (Henry et al., 2011). This is supported by some studies revealing that CLP structure plays an important role for the ISR eliciting activity. Both the fatty acid chain length, the cyclic conformation of the molecule and amino acid positions in the peptide chain impact the eliciting potential of surfactin in tobacco cells (Jourdan et al., 2009; Henry et al., 2011). The activation of defense genes in Arabidopsis upon iturin A foliar treatment was also dependent on the structure of the molecule, i.e., cyclization and/or nature of the fatty acid chain (Kawagoe et al., 2015). As for rhamnolipids, the hypothesis is that lipopeptides have the ability to create some disturbance in the plant plasma membrane and could consequently activate a cascade of molecular events leading to the activation of defense mechanisms (Schellenberger et al., 2019; Figure 1).




CONCLUSION

Biosurfactants, produced by bacteria, yeast, and fungi, are promising molecules for a wide variety of applications due to their potential to be commercially produced at large scales, their low toxicity and high biodegradability. In this mini-review, we provided evidences about the potential of rhamnolipids and lipopeptides for plant protection in a context of sustained agriculture. These molecules have similar dual effects by protecting plants through antimicrobial properties and stimulation of local and/or systemic plant immunity. These singular properties are essential for the efficiency of these biopesticides. Although numerous elicitors are perceived by plasma membrane receptors, recent studies on amphiphilic biosurfactants such as rhamnolipids or lipopeptides suggest that they are sensed by an uncommon way involving lipids in the bilayer of the plant plasma membrane that could explain their singular elicitor activity. To better understand the mechanisms of action of biosurfactants, experiments or trials need to be realized not only on mixture but also on highly purified molecules in the future. Nevertheless, several obstacles to the development of rhamnolipid and lipopeptide applications still remain. Biosurfactant costs, their efficacies in the field and purity of compounds have to be improved to allow their use at a higher degree in crop protection. In this respect, combination of biosurfactants should be considered to increase efficacy in field conditions. Finally, given their interesting properties it is now time to really consider ecofriendly biosurfactants as biocontrol solutions in integrated pest management.
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Fungi of the Ustilaginaceae family are a promising source for many biotechnologically relevant products. Among these, mannosylerythritol lipid (MEL) biosurfactants have drawn a special interested over the last decades due to their manifold application possibilities. Nevertheless, there is still a knowledge gap regarding process engineering of MEL production. As an example, no reports on the use of a chemically defined culture medium have been published yet, although such a defined medium might be beneficial for scaling-up the production process toward industrial scale. Our aim therefore was to find a mineral medium that allows fast biomass growth and does not negatively affect the successive MEL production from plant oils. The results showed comparable growth performance between the newly evaluated mineral medium and the established yeast extract medium for all seven investigated Ustilaginaceae species. Final biomass concentrations and specific growth rates of 0.16-0.25 h–1 were similar for the two media. Oxygen demand was generally higher in the mineral medium than in the yeast extract medium. It was shown that high concentrations of vitamins and trace elements were necessary to support the growth. Increasing starting concentrations of the media by a factor of 10 resulted in proportionally increasing final biomass concentrations and up to 2.3-times higher maximum growth rates for all species. However, it could also lead to oxygen limitation and stagnant growth rates when too high medium concentrations were used, which was observed for Ustilago siamensis and Moesziomyces aphidis. Successive MEL production from rapeseed oil was effectively shown for 4 out of 7 organisms when the mineral medium was used for cell growth, and it was even enhanced for two organisms, M. aphidis and Pseudozyma hubeiensis pro tem., as compared to the established yeast extract medium. Conversion of rapeseed oil into MEL was generally improved when higher biomass concentrations were achieved during the initial growth phase, indicating a positive relationship between biomass concentration and MEL production. Overall, this is the first report on the use of a chemically defined mineral medium for the cell growth of Ustilaginaceae fungi and successive MEL production from rapeseed oil, as an alternative to the commonly employed yeast extract medium.
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INTRODUCTION

Microorganisms of the Ustilaginaceae family are regarded as a promising source for many biotechnologically relevant value-added products. These basidiomycetous fungi, which include plant-pathogenic smuts as well as non-pathogenic yeasts, have been shown to produce several enzymes, organic acids, carbohydrates, lipids and biosurfactants that might be of commercial interest (Paulino et al., 2017). Among those, mannosylerythritol lipid (MEL) biosurfactants have aroused a special interested over the last decades. They show for example interesting self-assembling properties and phase-behavior (Worakitkanchanakul et al., 2009; Fukuoka et al., 2012), cell-differentiation activity (Isoda et al., 1997) and interaction with proteins (Konishi et al., 2007). They have also been reported to be valuable ingredients for hair and skin care products (Morita et al., 2010; Yamamoto et al., 2012), for agro-chemicals (Fukuoka et al., 2015), and they could be used as surface-modifiers in bioplastics (Fukuoka et al., 2018).

MEL consist of a hydrophilic sugar part, 4-O-β-D-mannopyranosyl-D-erythritol, and a hydrophobic tail usually comprised of two fatty acid chains with individual chain length esterified at C2′ and C3′ of the mannose (Figure 1). At C4′ and C6′, a variable degree of acetylation is observed, leading to the distinction of classical variants MEL-A, -B, -C, -D (Kitamoto et al., 1990). The di-acetylated MEL-A is the most hydrophobic variant, followed by the mono-acetylated MEL-B and MEL-C, while the non-acetylated MEL-D is the most hydrophilic congener. The individual chain length of the two fatty acid residues is mainly influenced by the respective producer organism, as we have recently shown in a detailed study (Beck et al., 2019a). Besides, some minor co-products are produced under certain conditions like the mono- or tri-acylated MELs (Fukuoka et al., 2007) or so-called mannosylmannitol lipids (MML) (Morita et al., 2009).
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FIGURE 1. General structure of di-acylated mannosylerythritol lipids (MEL). A different degree of acetylation at C4′ and C6′ position of mannose leads to the variants MEL-A, -B, -C, and -D (MEL-A: R1 = R2 = Ac; MEL-B: R1 = Ac, R2 = H; MEL-C: R1 = H, R2 = Ac, MEL-D: R1 = R2 = H). Variable chain-length and saturation of fatty acid side-chains can be found at C2′ and C3′ (m = 2–16, n = 2–10).


Many studies on MEL production in shake flasks have already been published, identifying novel producer strains, characterizing their respective MEL product and assessing basic cultivation parameters like temperature or pH, as summarized in several reviews (Paulino et al., 2016; Saika et al., 2018; Beck et al., 2019b). Culture media have also been studied to a certain extent, mainly with regard to different carbon and nitrogen sources (Kitamoto et al., 1990; Rau et al., 2005b). The production process of MEL commonly employs a hydrophobic carbon source. Plant oils like soybean, sunflower or rapeseed oil are among the most frequently used substrates (Beck et al., 2019b). Sugars or glycerol can be used additionally or sequentially to enhance biomass growth and/or MEL production.

Surprisingly, all publications dealing with MEL production employ a complex growth medium for cell growth of the Ustilaginaceae, usually containing yeast extract as a source for vitamins, trace elements and also additional nitrogen compounds. Until today, there are no reports on the use of a defined mineral medium for the growth of these MEL production strains, although such defined media might be beneficial for scaling-up the production process toward industrial scale (Zhang and Greasham, 1999). Despite being readily available, widely used in lab scale and usually showing a good growth performance, yeast extract media have some drawbacks like their undefined composition, lot-to-lot variability, sensitivity to sterilization and therefore potential inhibiting components that become increasingly important when transferring the process to industrial production scale. Moreover, complex media also require increased inspection, quality control and process validation, thus adding to the cost of the overall process (Posch et al., 2012). In defined mineral media in contrast, individual components like phosphates, vitamins and trace elements can be tailored exactly to meet the physiological demand of the microorganisms, which is not possible with undefined extracts from, e.g., hydrolyzed yeast. As such, mineral media can lead to a higher process consistency and allow for better process control. Although it is quite hard to generally state the difference in cost between complex and defined mineral media, cost reduction is only possible with defined media, since they can be optimized by using well-established approaches like elementary balancing, chemostat cultures, simulation approaches or genetic algorithms (Zhang and Greasham, 1999).

Another issue that is especially relevant in biosurfactant processes is foaming (Winterburn and Martin, 2012). Foaming is caused by surface-active agents, of which the biosurfactant products and fatty acid substrates for example are the main drivers, but it can also be influenced to a significant degree by proteins that are present in the medium. Hence, when employing a yeast extract medium, its protein content might also add to foaming issues in those processes.

Besides, there is still a general knowledge gap regarding the detailed process engineering of MEL production. For example, there are only few studies regarding characterization of growth parameters of Ustilaginaceae fungi like growth rates, substrate consumption, biomass yield or oxygen requirements, just to name a few. It would also be interesting to get a deeper insight into how those growth parameters and the resulting biomass concentration are related to successive MEL production. Moreover, bioreactor processes have only been published for a few Ustilaginaceae species. The most frequently cited publication regarding fermentation of MEL in a bioreactor is the work by Rau et al. (2005a), whereby M. aphidis was used in a fed-batch process with glucose and soybean oil as main carbon sources, sodium nitrate as inorganic nitrogen source and yeast extract as a complex source for organic nitrogen, vitamins and trace elements. After the cease of initial growth on glucose, nitrate and yeast extract at about 24 h of cultivation, a concentrated solution of the three components was fed to further increase biomass concentration. A small amount of soybean oil (2% v/v) was initially used to reduce foaming. Further oil addition was then triggered by the antifoam sensor when foaming was strong, leading to an additional feed of 20% v/v oil (related to initial reactor volume). It was claimed that the increased biomass, resulting from increased substrate feeding, together with the additional oil feed led to improved MEL concentrations. However, despite the oil feeding – as well as reducing aeration and stirring during production phase – the whole process was characterized by enormous foaming, which caused a significant amount of broth to leave the reactor, presumably via the off-gas, and disturbed the cultivation process (Rau et al., 2005a). Such a behavior might still be handled on a manual lab-scale but not in an automated industrial process.

Due to some of the drawbacks when using yeast extract media for cell growth, the replacement of complex ingredients by defined minerals and vitamins could be advantageous. The aim of this study therefore was to find a mineral medium that allows comparable growth of the fungi, does not negatively affect the successive MEL production from rapeseed oil, and to derive key parameters like growth and substrate consumption rates or biomass yields. For this, we characterized the batch growth behavior of seven different Ustilaginaceae fungi, which we had previously investigated for their MEL structures (Beck et al., 2019a), in a micro-bioreactor system. The microbioreactor system can be used to efficiently speed up bioprocess development in an early stage without the necessity to perform multiple bench-top fermentations or shake flask experiments, as nicely shown by Wewetzer et al. (2015). We screened and evaluated three different culture media at six different concentrations mainly with regard to biomass formation, pH and oxygen requirements, but also with relation to subsequent MEL production from rapeseed oil. The first medium was the frequently employed complex yeast extract medium for MEL production (Rau et al., 2005a). The second was a chemically defined growth medium with salts, vitamins and trace elements that was developed for Saccharomyces cultivation (Theobald et al., 1993) and that we now transferred for the cultivation of Ustilaginaceae fungi. The third medium was a defined minimal medium with lower concentrations of vitamins and trace elements. A detailed comparison of the respective compositions is presented in the materials and also discussion section. In all three media we used glucose and sodium nitrate as the major carbon and inorganic nitrogen source for cell growth. Rapeseed oil was then used as the main substrate to induce the MEL production phase after the cease of growth according to Günther et al. (2015). Overall, this study provides valuable insights into the growth and MEL production behavior of those fungi, which will help us and other researchers to design and scale-up bioreactor production processes with defined and optimized mineral media in the future.



MATERIALS AND METHODS


Microorganisms

Seven fungal microorganisms of the Ustilaginaceae family that were previously identified as potential MEL producers (Beck et al., 2019a) were used for the growth characterization study. M. aphidis DSM 70725 was obtained from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ; Braunschweig, Germany). Moesziomyces parantarcticus CBS 10005, Pseudozyma hubeiensis pro tem. CBS 10077, Pseudozyma tsukubaensis pro tem. CBS 422.96, Sporisorium graminicola CBS 10092, Ustilago siamensis CBS 9960 and Ustilago shanxiensis CBS 10075 were obtained from the Westerdijk Fungal Biodiversity Institute (CBS-KNAW; Utrecht, Netherlands). These seven strains were selected from the larger variety of MEL producer species since they represent the variety of different genera within the Ustilaginaceae family.



Chemicals and Culture Media

Chemicals used throughout this work were obtained from Merck (previously Sigma-Aldrich, Darmstadt, Germany), Carl Roth (Karlsruhe, Germany) or Th. Geyer (Renningen, Germany) unless noted otherwise. Deionized water was used to prepare the culture media.

Three different liquid culture media were employed for seed cultures and for subsequent experiments in the microtiter-cultivation system and shaking flasks (Table 1). Medium 1 was a complex yeast extract medium based on a formula according to Rau et al. (2005a) with 1 g L–1 yeast extract (Gibco Bacto, Thermo Fisher Scientific), initial pH 6 (not adjusted). Medium 2 was a mineral medium after Theobald et al. (1993) with defined salt, vitamin and trace element solutions, initial pH 5.5 (not adjusted). In the trace element solution, concentrations of CuSO4 and MnSO4 were reduced to half the concentration of Theobald et al. (1993) according to previous results of our group (not published). Medium 3 was based on the yeast nitrogen base without amino acids and ammonium sulfate (YNB Y1251, Merck) formula, with lower concentrations of vitamins and trace elements than medium 2. The detailed composition for all three media is presented in Table 1 and will be discussed in the results section.


TABLE 1. Composition of the three media evaluated within this study.

[image: Table 1]
In order to study the influence of medium concentration on maximum biomass, growth rates and oxygen limitation, additional dilution levels of 1:1.5, 1:2, 1:3, 1:6 and 1:10 (equivalent to glucose concentrations of 20, 15, 10, 5, and 3 g L–1) were prepared from those three stock media by dilution with deionized water. By doing so, only the absolute concentration of the ingredients was reduced while the relative composition of all elements remained constant.

Raffinated rapeseed oil (K-classic, Kaufland Warenhandel GmbH & Co. KG, Germany) was used as the main carbon substrate for MEL synthesis during production phase. It was autoclaved and added to the microtiter plates under sterile conditions after the cease of cellular growth.



Seed Culture Preparation

Cryo cultures of the microorganisms were kept at −80°C in glycerol and thawed only once for immediate use. Stock cultures were plated on potato dextrose (PD) agar plates and incubated at 30°C for 3 days. Seed culture was performed in two steps in 15-mL tubes (6 mL working volume, polypropylene caps) and 100-mL baffled shaking flasks. The flasks were always filled with 20 vol-% culture medium and sealed with BIO-SILICO sterile stoppers (Hirschmann Laborgeräte GmbH & Co. KG, Germany) to ensure sufficient oxygen supply. For the seed cultures, the same culture media as in the main experiment were used. The first seed culture was inoculated with two full loops from the agar slants and incubated for 4 h at 200 rpm (shaking diameter d = 50 mm) and 30°C to disperse cells. The second seed culture was inoculated with 1–2 mL of the first seed culture to a defined optical density (OD625) of 0.05 and incubated for 24 h (medium 1) or 48 h (medium 2 and 3) at 110 rpm (shaking diameter d = 50 mm) and 30°C, until a minimum OD625 of 3 was reached. Incubation time for the seed cultures in medium 2 and 3 had to be prolonged due to a longer lag phase of the cells compared to the medium 1 culture.



Microtiter Cultivation and Online-Analysis to Assess Growth, pH- and O2-Requirements

For cultivation experiments, the 48-well microtiter “Flowerplates” (MTP-48-BOH, m2p Labs GmbH, Baesweiler, Germany) sealed with adhesive gas-permeable and evaporation-reduced membranes (F-GPR48-10, m2p Labs GmbH, Baesweiler, Germany) were used. Online-characterization of growth behavior was performed with the BioLector I (m2p Labs GmbH, Baesweiler, Germany) micro-fermentation system. Non-invasive online measurements included scattered light (so-called “backscatter,” which is directly related to biomass concentration) as well as pH and dissolved oxygen (DO) through so-called optodes at the bottom of each well. Gain values of 20 and 5 were used for backscatter measurements in growth and production phase, respectively. Calibration of pH- and DO-optodes is done by the manufacturer for each batch of microtiter plates.

The wells of the microtiter plates were filled with 1,000 μL of culture medium according to the scheme shown in Figure 2. For each of the three investigated media, a single plate with this layout was used to evaluate all seven species and different starting concentrations of the respective medium. A duplicate row of M. aphidis was used to determine the relative errors within the plates. Inoculation volume was adjusted to yield an initial OD625 of 0.3 (corresponding to an average backscatter of 20 a.u. at gain 20) for each microorganism. Volume increase by inoculation was ensured to be below 10%, thus not changing the hydrodynamics of the system significantly. Temperature and humidity in the system were controlled at 30°C and 85% relative humidity and the plates were agitated at 1,100 rpm with a shaking diameter of d = 3.0 mm. Cycle time was set at 10 min, allowing for sequential measurement of backscatter at gain 5 and 20, pH and DO every 10 min. The specific growth rates μ during biomass growth were calculated from backscatter gain 20. A moving average of backscatter data (30 measuring intervals) was used to reduce noise. In order to determine the specific oxygen demand of the microorganisms during growth and MEL production, actual oxygen uptake rates (OURact) were approximated from the measured dissolved oxygen levels (DOact) in the BioLector. For the FlowerPlates, a technical maximum OTRmax,tech of 50 mmol L–1 h–1 is stated by the manufacturer for conditions of 1,000 μL filling volume and 1,100 rpm shaking speed. This equals a volumetric mass transfer coefficient (kLa value) of 198 h–1 at 30°C and ambient pressure of 1 bar. Such values are also commonly observed in benchtop bioreactors at lab-scale, showing the good transferability of the results between the microcultivation system and bioreactors. The actual OURact during microbial cultivation in the microtiter plates was hence calculated from the measured dissolved oxygen level DOact [%] using following formula [see also Wewetzer et al. (2015)]:
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FIGURE 2. Microtiter cultivation plate layout for evaluation of microorganisms and initial medium concentrations (dilution levels). The numbers in the wells indicate initial concentrations of glucose (g L–1) in the medium, which was used as the reference compound. The identical cultivation scheme was applied for all three media. A duplicate row of M. aphidis on every plate was used to assess the relative errors of measurement.


where kLa is the volumetric mass transfer coefficient for selected shaking conditions (198 h–1); HO2 is the Henry constant for oxygen in water at 30°C (1.2 mmol L–1 bar–1) and pO2 is the oxygen partial pressure in the gas phase (0.21 bar). Due to the controlled environment, it was assumed that all coefficients remain constant during the experiment.

After the cease of growth, MEL production was initiated by addition of 80 μL (8% v/v) rapeseed oil to each well of the microtiter plate in order to investigate the influence of the different media on the successive MEL production from rapeseed oil. The respective times for oil addition were 72 h for medium 1 and 48 h for medium 2 and 3. In the results part, no online data is shown for the production phase, as the oil addition had an influence on backscatter and DO measurements. Data for pH during the production phase showed interesting insights and will be discussed later.



Parallel Analysis of Substrate Consumption in Shaking Flasks

Since the microliter-volumes of cultivations in 48-well microtiter plates do not allow for extended sampling, additional shaking flask cultivations were performed to assess substrate consumption of the microorganisms and ensure transferability of the results [see also Wewetzer et al. (2015)]. This was done for all seven species with medium 1 and 2, at initial medium concentrations of 30 g L–1 glucose and 3 g L–1 NaNO3 (undiluted condition) respectively. For this, 1-L shaking flasks with three baffles were filled with 200 mL of the respective media and inoculated to an initial OD625 of 0.3 like in the microtiter plate cultivations. The flasks were incubated at 110 rpm (shaking diameter d = 50 mm) and 30°C. All cultivations in shaking flasks were performed in triplicates. Samples were taken at t = 0, 4, 20, 24, 28, 44, 48, 52, and 70 h to measure glucose and NaNO3 concentrations as well as OD625. The growth phase lasted for either 70 h (medium 1) or 48 h (medium 2). At this time, dry biomass was measured to determine biomass yields from glucose and nitrate, respectively. MEL production was then also initiated by addition of 16 mL (8% v/v) rapeseed oil similar to the experiments in the microcultivation system.

For the determination of glucose and nitrate concentration, 1 mL samples were centrifuged for 10 min at 16,000 g and the supernatant collected. For glucose analysis, the supernatant was diluted with an appropriate volume of 5 mM H2SO4, filtered with 0.2 μm cellulose acetate filters and measured by HPLC using a SUPELCOGEL 8H column (30 cm × 7.8 mm, 9 μm, Sigma-Aldrich, Darmstadt, Germany) and 5 mM H2SO4 as mobile phase at a flow rate of 0.6 mL/min and 30°C. For nitrate measurements, the supernatant was diluted with de-ionized water and analyzed with an enzymatic nitrate test kit (R-Biopharm, Darmstadt, Germany). For the measurement of dry biomass, samples of 5 mL were pipetted onto pre-dried and weighed filters and washed twice with 0.9% w/v NaCl and ethanol to remove possible contaminations. After drying at 110°C overnight, the filters were weighed again and dry biomass was calculated.

Calculation of volumetric and specific consumption rates as well as biomass related yields for glucose and nitrate was done according to the following formula:
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Where rS [g L–1 h–1] is the volumetric consumption rate, qS [g g–1 h–1] the biomass specific consumption rate, YX/S the biomass related yield [g g–1], and cS and cX the concentrations of substrates and biomass, respectively. The index S denotes substrate, i.e., glucose or sodium nitrate, and index X denotes biomass. Substrate consumption rates were calculated for each time interval and the maximum value evaluated. Biomass yields were calculated as an average from the final biomass and total amount of consumed substrate. Respective errors are given as standard deviation from the triplicates.



Extraction and HPTLC Quantification of MEL

For quantification of residual plant oil (acylglycerides), released fatty acids and the produced MEL at the end of the cultivation (t = 175 h), 800 μl of culture sample was taken from each well of the 48-well microtiter plates and mixed with an equal amount of ethyl acetate. Extraction was performed by shaking at 1,500 rpm and 30°C for 10 min, followed by centrifugation at 16,000 g and room temperature for 5 min to separate the two phases and the cells. Then, 500 μL of the organic supernatant was separated and the solvent evaporated. The extract was finally weighed, re-suspended in ethanol to match the calibration range and analyzed via high-performance thin layer chromatography (HPTLC).

HPTLC was performed on HPTLC silica 60 plates (20 mm × 10 mm, Merck, Germany) using a solvent system consisting of chloroform-methanol (20:3, v/v). Samples were spotted with an ATS4 automatic TLC sampler (CAMAG, Muttenz, Switzerland). After development, the HPTLC plates were stained by dipping for 1 s into an acetic acid/p-anisaldehyde/sulfuric acid (97:1:2 v/v/v) reagent solution, heated and quantified densitometrically with the gel analyzer function of ImageJ. With this HPTLC method, a discrimination between plant oil (triacylglycerides, TAG), free fatty acids (FFA) and the different MEL variants MEL-A,-B,-C, and -D is possible. Identification and calibration of MEL concentration was done with a representative purified MEL standard from the respective microorganism. MEL standards were produced and analyzed as published previously (Beck et al., 2019a). Fatty acid and residual oil concentrations were calibrated using oleic acid and rapeseed oil as standards.




RESULTS AND DISCUSSION

Growth of the seven Ustilaginaceae species was investigated with three different medium formulations, all containing glucose as the main carbon source. Sodium nitrate was always used as inorganic nitrogen source in all media. Stock solutions of all three media were formulated with 30 g L–1 glucose and 3 g L–1 NaNO3 similar to Rau et al. (2005a), which is equal to a molar C/N ratio of 28.4 molC/molN. Such a comparatively high C/N ratio usually leads to nitrogen limitation and therefore triggers the secondary lipid metabolism, as it has been observed for many oleaginous yeasts (Beopoulos et al., 2011). This is also a favorable condition for the production of glycolipid biosurfactants (Jezierska et al., 2017). Concentrations of phosphate, sulfate and the macro-elements Mg2+ and Ca2+ were similar between medium 2 and 3 and higher than in the medium 1 with yeast extract. The main difference between medium 2 and 3 was the concentration of vitamins and trace elements (see Table 1). In medium 2, the final concentrations of all vitamins and trace elements were approximately 10- to 50-fold higher than in medium 3. For example, concentration of Fe3+ ions, which are an important co-factor for enzymes and which we identified as a potential inducer for the MEL transporter (Beck and Zibek, 2020), was 45-times higher. In medium 1, no additional vitamins or trace elements were added as they should already be contained in the yeast extract. Yeast extract also contains additional amino acids or short peptides, which were not present nor supplemented in the other two media. Consequently, all three media had the same glucose and nitrate concentrations but differed in the amount of mineral salts, vitamins or trace elements, which is important for the following interpretation and discussion of the results.


Mineral Medium Shows Comparable Maximum Biomass Concentrations and Growth Rates

A comparison of the three media regarding their growth profiles (Figure 3) as well as the resulting maximum backscatter BSmax [correlates to biomass and/or optical density, see for example Back et al. (2016)] and maximum specific growth rates μmax (Figure 4) showed that the mineral medium 2 yielded comparable biomass growth to the complex medium 1 for all seven species, while there was a significantly lesser growth in medium 3. The BSmax values for medium 2 were in the same range as for medium 1. For some species like U. shanxiensis, P. hubeiensis pro tem. and M. parantarcticus they were even higher in medium 2. Medium 3 in turn showed much lower BSmax for all seven species.
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FIGURE 3. Online growth profiles (backscatter, growth rates, pH and DO) for all seven Ustilaginaceae species in medium 1 (A), medium 2 (B), and medium 3 (C) with an initial concentration of 30 g L–1 glucose equivalent. Growth rates in medium 1 were high initially but then decreased fast. In medium 2, they were lower at the beginning but maintained over a longer time. Stationary phase was thus reached faster in medium 2. In medium 2, a stronger pH drift and higher oxygen consumption, resulting in low DO values, were generally observed.



[image: image]

FIGURE 4. Comparison of maximum final backscatter BSmax (A), maximum specific growth rates μmax (B), and maximum oxygen uptake rates OURmax (C) for all seven Ustilaginaceae species in medium 1-3 at concentrations of 30 g L–1 glucose equivalent. BSmax values were comparable for medium 1 and 2, but much lower in medium 3. Medium 1 had the highest μmax. Oxygen demand was highest in medium 2.


The highest specific growth rates were generally achieved with medium 1, with μmax values between 0.17 and 0.25 h–1. This corresponds to a cell-doubling time of tD = 2.8–4.1 h. Medium 2 yielded slightly lower μmax of 0.16–0.21 h–1 (tD = 3.3–4.3 h) for all seven species. The μmax values of our Ustilaginaceae species correspond with values reported by Faria et al. (2014). Assessing different hexoses and pentoses as carbon sources, also without yeast extract supplementation and using yeast nitrogen base without amino acids (YNB Y0626, Difco), for growth of M. antarcticus, M. aphidis and M. rugulosus in shaking flasks, this group found max. specific growth rates between 0.13 and 0.25 h–1, depending on the species and sugar used (Faria et al., 2014). Although there is also variation in their data, the general range of growth rates is similar to the values reported here.

By looking at the kinetics of growth in Figure 3 and the characteristic times where maximum backscatter and growth rates were obtained (tBS,max and tμ,max in Table 2), it becomes clear that the high maximum growth rates in medium 1 are observed within the first hours of growth. This is presumably due to the complex ingredients of the medium that are contained in the yeast extract and do not have to be synthesized de novo by the organisms, like for example amino acids. After an initial growth phase of about 5–10 h, the growth slows down considerably and enters a second growth phase on the inorganic nitrate. In medium 2 in contrast, all essential metabolites like amino acids need to be synthesized from the inorganic nitrogen source, thus requiring a longer time until the full growth speed is achieved. At the same time, the maximum growth rates in the mineral medium were subsequently sustained over a longer time, mostly until the substrates were exhausted. As an effect, only a single growth phase is observed in medium 2 and the stationary phase is reached even faster than in medium 1 (tBS,max in Table 2). To support this point, we also looked at the substrate consumption in those two media in additional shake flask experiments (see below).


TABLE 2. Characteristic times for maximum backscatter (tBS,max), maximum growth rates (tμ,max), and minimum DO level (tDO,min) in the three media (medium 1–3) for all seven Ustilaginaceae species.
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Medium 3 yielded the lowest growth rates with μmax values of 0.06–0.12 h–1 (tD = 5.8–11.6 h) and only over a short time period, which corresponds to the low BSmax values obtained. Hence, medium 3 was not as balanced as medium 2 for efficient biomass growth, presumably due to the 10- to 50- times lower amounts of vitamins and trace elements. In a separate experiment with a modified medium 2, where we removed all of the vitamins and/or trace elements (not published), a significant reduction of growth rates and resulting biomass concentrations was observed, supporting this hypothesis. Addition of other vitamins and trace elements to medium 2 did not show significant differences (not published), indicating that the current vitamin and trace element solution of medium 2 is well balanced for the requirements of Ustilaginaceae fungi.



Differences in Substrate Consumption Between the Media

To get a better understanding of the differences in growth between the yeast extract medium 1 and the mineral medium 2, consumption of the main substrates glucose and sodium nitrate was investigated. For this, parallel shaking flask experiments were performed where the substrate concentrations were measured over time. OD was also measured to ensure that the growth profiles were similar between the microtiter plates and the shaking flasks. Medium 3 was not investigated here, as the overall growth and substrate consumption were too low. Figure 5 shows the kinetics of growth and substrate consumption for medium 1 and 2 in the shake flasks.
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FIGURE 5. Offline analysis of growth and substrate consumption (OD625, glucose and NaNO3) for all seven Ustilaginaceae species in medium 1 (A) and medium 2 (B) with initial substrate concentrations of 30 g L–1 glucose and 3 g L–1 NaNO3. Both substrates were efficiently consumed in medium 2 within 48 h. In medium 1, glucose and nitrate were still unconsumed after 48 h, most probably due to other organic nitrogen sources present in the yeast extract, which are consumed first.


In medium 2, both glucose and nitrate were consumed from the beginning and were fully exhausted after 48 h for all seven microorganisms. M. parantarcticus, U. shanxiensis, and P. hubeiensis pro tem. showed the fastest growth together with high substrate consumption rates, while P. tsukubaensis pro tem. had the slowest consumption rates. This coincides with the findings from the microtiter cultivations, where the same trends were observed. There is also a good correlation of OD measurements from shaking flasks and the respective backscatter values obtained at the same cultivation time points (see Supplementary Figure 1). Transferability of the results between the systems was thus verified.

Values for maximum glucose and nitrate consumption rates in medium 2 were in the range of rGluc,max = 1.0–2.2 g L–1 h–1 and rNit,max = 0.089–0.244 g L–1 h–1, respectively (Table 3). Hence, glucose consumption rates in medium 2 are approximately 10 times higher than nitrate consumption rates in all seven species. At the current ratio of glucose-to-nitrate, this results in a simultaneous exhaustion and thus limitation of both substrates when the stationary phase is entered, which might be favorable for the successive MEL production on plant oils. To determine the average biomass yields, the final resulting biomass cx,final was measured as dry biomass and divided by the consumed substrate until this time. Average biomass yields from glucose YX/Gluc,av = 0.12–0.23 g g–1 and nitrate YX/Nit,av = 1.52–2.64 g g–1 were obtained (see Table 3). It is interesting to note that M. aphidis produced a high amount of biomass despite the low OD625 and backscatter values, which can be reasoned by its hyphal morphology (discussed below). As a result, M. aphidis was the organism that achieved the highest biomass yields from glucose and nitrate with values of YX/Gluc = 0.23 ± 0.06 g g–1 and YX/Nit = 2.64 ± 0.99 g g–1, respectively, leading to a biomass concentration of 6.9 ± 1.3 g L–1 from 30 g L–1 glucose and 3 g L–1 nitrate. These values correspond again with those from Faria et al. (2014), where a biomass concentration of 8.7 ± 2.4 g L–1 and a yield of 0.27 ± 0.04 g g–1 from 40 g L–1 glucose had been reported for M. aphidis.


TABLE 3. Substrate consumption rates and dry biomass related yields for glucose and sodium nitrate in medium 2 for the seven Ustilaginaceae species.

[image: Table 3]
In medium 1, substrate consumption was significantly different to medium 2. Due to the additional carbon and nitrogen sources originating from the yeast extract that could not be quantified, a calculation of consumption rates and biomass yields were not performed for medium 1. However, the qualitative time course of glucose and nitrate concentrations (Figure 5) will be discussed, as there are significant differences to medium 2. After 48 h, there was still residual glucose and nitrate left for all species. Full exhaustion of glucose was observed after about 72 h for five of the organisms (not shown), i.e., 24 h later than in medium 2. For P. tsukubaensis pro tem. and P. hubeiensis pro tem., there was even a significant concentration of 5–10 g L–1 glucose remaining after 72 h. Sodium nitrate concentrations after 48 h were still at levels of 1.5–2.3 g L–1 for all species, indicating a much lower consumption of inorganic nitrogen source in medium 1 compared to medium 2. It can be assumed that the lower consumption of nitrate results from the preferred consumption of other nitrogen sources that are present in the yeast extract of medium 1. Differential nitrogen consumption and its complex genetic regulation has been shown for the related species U. maydis (Horst et al., 2012). According to the supplier, yeast extract contains about 10% w/w elementary nitrogen, which is equivalent to an additional elementary nitrogen concentration of 0.1 g L–1 from yeast extract in medium 1. Compared with the 0.5 g L–1 elementary nitrogen that come from NaNO3, it is quite significant. These additional nitrogen components in yeast extract, such as amino acids, nucleotides and peptides, could be used almost directly for the synthesis of proteins and DNA, thus enabling a faster growth especially at the start of cultivation. This is in accordance with the high growth rates in the first 5–10 h of growth for all microorganisms on medium 1. After initial consumption of the organic nitrogen sources in the yeast extract, the cells switch their metabolism to consumption of nitrate, which is more difficult to assimilate and thus leads to lower growth rates in this second growth phase. In order to get nitrogen limitation, the initial concentration of inorganic nitrate would have to be reduced in medium 1.

U. siamensis showed a clear difference regarding substrate consumption in medium 1 when compared with the other six species. This strain exhibited high glucose and nitrate consumption, but at the same time did not produce more biomass than other strains. This could be attributed to the generation of extracellular mucus, most likely polysaccharides, which made the culture broth very viscous. This phenomenon has also been described before by Sajna et al. (2013a), who observed the production of 3.5 g/L extracellular polysaccharide with the strain Pseudozyma sp. NII 08165 after 4 days under similar conditions. The polysaccharide consisted of glucose, galactose and mannose and had a molecular weight of 1.7 MDa. Sajna et al. (2013b) later identified the strain Pseudozyma sp. NII 08165, which also produced MELs, as phylogenetically closest to U. siamensis.

In the future, the substrate consumption rates and yields for the seven organisms with medium 2 can be used to determine the stoichiometry for biomass growth and to model the (batch) growth kinetics, which will then serve as a base for developing a more robust fed-batch process with this medium.



Mineral Medium Leads to Higher Oxygen Demand and a Stronger pH Drift Than Complex Medium

As already mentioned in the introduction, no detailed information on pH or oxygen requirements for the seven Ustilaginaceae species was available in literature. Nevertheless, both pH and dissolved oxygen are important control parameters in a bioreactor process. Here, cultivation in the microtiter cultivation system allowed for a non-invasive and continuous online-measurement of both pH and DO during cultivation, which is a great advantage over shaking flasks for example. The trends of pH and DO during growth phase, presented in Figure 3, could be linked to the increase in biomass and respective growth rates and might be used for an enhanced process control in the future.

In medium 1, which is buffered by the yeast extract, pH remained between 5.5 and 7 during growth phase. After a short drop of the pH to 5.5 during the initial growth phase between 5 and 10 h, pH values stayed mostly constant or increased to around pH 7 during the second phase. In medium 2 in contrast, pH values mostly showed a steadily increasing trend from the beginning of growth, before they increased again sharply after the cells reached the stationary phase. Overall, strongly alkaline pH values were observed toward the end of growth in medium 2, indicating a low buffering capacity of the present medium.

Dissolved oxygen levels in medium 1 decreased to around 50–60% within the first 10 h of growth for all species. Afterward, DO levels remained constant for four of the organisms. Only U. siamensis, M. aphidis, and S. graminicola showed a further decrease of DO values and thus the highest oxygen demand OURmax in medium 1 (Figure 4). U. siamensis even entered a phase of complete oxygen limitation between 12 and 35 h. Oxygen limitation occurred when OURmax was equivalent to the maximum oxygen transfer rate of the system (OTRmax,tech) of 50 mmol L–1 h–1. As it can be expected, DO values increased again once the cells reached their stationary phase. The trends of pH and DO correspond well with the measured growth rates in medium 1. During the initial growth on the yeast extract ingredients at high growth rates, pH and DO decreased fast. During the second growth phase on the inorganic nitrogen source at lower growth rates, they remained more or less constant.

Oxygen demand OURmax in medium 2 was higher than in medium 1 for all species (Figure 4). DO levels in medium 2 decreased sharply when the cells were growing at their maximum growth rates, which were usually reached at 10–20 h. As a result, this resulted in the respective minimum DO values between 17 and 29 h for five species (tDO,min in Table 2) and could even lead to full oxygen limitation, which lasted until the substrates were completely consumed and the cells entered into stationary phase. It was also observed that oxygen limitation led to a direct decrease in growth rates and therefore prevented the microorganisms from faster growth.

The lowest oxygen demand, in both media 1 and 2, was measured for P. hubeiensis pro tem. and P. tsukubaensis pro tem., where no oxygen limitation was observed at the respective media concentrations. U. siamensis in turn showed the highest oxygen demand and longest phase of oxygen limitation. The low DO values for this strain during growth phase in medium 1 and 2 presumably result from the production of extracellular polysaccharide, as mentioned before. This leads on the one hand to an increased oxygen demand for the production and on the other hand to a higher viscosity in the culture medium, thus impeding with mixing and oxygen transfer. This can pose a specific challenge when designing a bioreactor process for this species, as it has been reported for production of other microbial extracellular polymers, for example in xanthan gum fermentations (Rosalam and England, 2006).

In medium 3, levels of DO and pH did show almost no alteration over the cultivation time, which corresponds to the low growth rates and low biomass in this medium. As a result, no oxygen limitation or pH shift occurred.

Overall, we could observe that the mineral medium 2 resulted in a higher demand of oxygen and also led to a more alkaline pH after the cease of growth for all species. Oxygen limitation resulted in decreasing growth rates and consequently prevented even faster growth in this medium. For a future bioreactor process with medium 2, we propose that an active pH control should be realized that prevents the alkaline drift and that can be adjusted to the individual optimum for growth and MEL production of each microorganism. Additionally, a regulation of DO level in the bioreactor, e.g., by dynamic adaptation of the stirring speed or air flow rate, should be employed to prevent oxygen limitation and thus the decrease of growth rates, which has been observed for most of the species in medium 2. This approach is for example different to Rau et al. (2005a) or Goossens et al. (2016), where pH and DO were not controlled.



Increasing Medium Concentrations Lead to Higher Final Biomass and Growth Rates but Also to an Increasing Oxygen Demand

As the next step, we used dilution series of the three media to determine the relationship between initial medium concentrations and the resulting final backscatter BSmax and maximum specific growth rates μmax. Moreover, from relating OURmax with medium concentration, we could determine the respective concentrations that led to oxygen limitation and study the influence of such an oxygen limitation on the growth behavior for each organism in more detail.

For this, the stocks of the three media, which were prepared with 30 g L–1 glucose, were diluted with deionized water to have exactly the same relative medium composition but lower concentrations of all components. In the following description, the different dilutions will be related to their glucose content of 30, 20, 15, 10, 5, and 3 g L–1, respectively (schematic overview see Figure 2). The results for BSmax, μmax and OURmax over initial medium concentration, which is represented by the respective glucose concentration, are shown in Figure 6 for the three species M. aphidis, U. siamensis, and P. hubeiensis pro tem. as general examples. Results for the other four species, which showed the same trends, can be found in the Supplementary Figures 9, 10. The respective time profiles for backscatter, growth rate, pH and DO, from which those values were determined, are also included in the Supplementary Figures 2–8.
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FIGURE 6. Comparison of max. final backscatter BSmax, max. specific growth rate μmax and max. oxygen uptake rates OURmax for M. aphidis (A), U. siamensis (B), and P. hubeiensis pro tem. (C) in the three media with increasing medium concentrations from 3 to 30 g L–1 glucose equivalent. BSmax values were comparable between medium 1 and 2, and increased proportionally with medium concentration. Maximum growth rates μmax increased until the point of oxygen limitation. Oxygen limitation occurred when the OURmax values were equal to the OTRmax. The respective medium concentration that led to oxygen limitation was different for each species and medium.


The final BSmax values increased proportionally with increasing medium concentration, meaning that for example a two times higher initial medium concentration led to two times higher biomass in stationary phase. Biomass yields therefore can be seen as constant over the investigated range of substrate concentrations. This was true for all seven species and all three media, with only two exceptions: For M. aphidis and U. siamensis in medium 2 with the highest initial medium concentration of 30 g L–1 glucose equivalent, lower-than-expected backscatter values were obtained, probably due to the strong oxygen limitation that already occurred at medium concentrations equivalent to 10–15 g L–1 glucose (Figure 6). Hence, the biomass yield was reduced for those two species at the highest concentration level.

The derived μmax values also increased with higher initial concentrations, although not in a linear way. Usually, μmax was more strongly increased in the lower range of substrate concentrations, for example between 3 and 10 g L–1 glucose, but remained constant with further increasing substrate concentration. The reasons for this can be seen when looking at the OURmax, respectively. Increasing the medium concentrations led to higher oxygen demand and at a certain point to oxygen limitation (OURmax = OTRmax,tech), which in turn resulted in a reduced growth rate. For U. siamensis for example, oxygen limitation occurred already at glucose levels of 10 g L–1. Others like P. hubeiensis pro tem. or P. tsukubaensis pro tem. did not yield an oxygen limitation at 30 g L–1glucose, so medium concentration could have been increased even further. As a general conclusion, respective oxygen demand, as well as the maximum medium concentration that did not lead to oxygen limitation, were significantly different for the seven Ustilaginaceae species.

Over the full range of investigated medium concentrations from 3 to 30 g L–1 glucose equivalent, μmax values could be increased around 1.3- to 2.3-fold, usually as long as oxygen was not limiting. The largest increase in μmax with increasing medium concentration was found for P. tsukubaensis pro tem. in medium 1, where the ten-fold increase in initial substrate led to a 2.3-fold increase in μmax. At the same time, this species did not suffer from oxygen limitation due to a very low oxygen demand, which explains this strong increase in μmax. For P. hubeiensis pro tem. in turn, no change in μmax was observed in medium 2 with increasing substrate concentration, although no oxygen limitation was observed. Alterations in μmax with changing medium concentration was hence species-specific and most probably depending on other limiting components in the medium besides carbon, nitrogen or oxygen. In future work, individual medium components should be optimized to increase growth rates of the microorganisms further and to achieve a faster process.

It can be concluded that an increase of initial medium concentration, in the range from 3 to 30 g L–1 glucose equivalent, generally resulted in linearly increased biomass formation (BSmax) during batch growth. Only two species made an exemption here, and only at the highest concentration. Values for μmax were also slightly increased with increasing initial concentrations, but only to the point until oxygen limitation occurred. Oxygen limitation led to a decrease in specific growth rates, thus μmax could not be increased any further. To achieve even higher μmax values or higher biomass concentration from increased amounts of glucose, an enhanced oxygen transfer for example by increasing kLa through higher stirrer speeds or higher aeration in a bioreactor would be necessary. On the other hand, a fed-batch strategy with growth rates slightly below the critical growth rates for oxygen limitation could also be designed, leading to efficient growth and higher biomass from increased amounts of glucose without limitation of oxygen supply.



Successive MEL Production From Rapeseed Oil Is Enhanced by Higher Biomass Concentrations and Correlates With a Change in pH-Value

Finally, we investigated the process-related relationship of biomass concentration achieved during growth phase and successive MEL production by adding 8% v/v of rapeseed oil as substrate to the microtiter plates after primary growth was ceased and the cells entered their stationary phase. Induction of MEL production-related pathways by oil addition in stationary phase has previously been shown by Günther et al. (2015). Oil addition was done after 72 h for medium 1 and 48 h for medium 2 and 3, respectively. After a total 175 h of cultivation, the wells of the microtiter plates were finally extracted with ethyl acetate and the crude extract analyzed by HPTLC for residual oil, fatty acids and MEL. This was done for all seven microorganisms and all three media with the different initial concentrations.

All seven species showed successful MEL production with medium 1, as expected (Figure 7). MEL production in medium 3 was not detected in significant amounts, most probably due to the low biomass concentrations in this medium. With medium 2, MEL was produced in four of the seven species. From the three species that did not produce MEL in medium 2 (S. graminicola, P. tsukubaensis pro tem., and M. parantarcticus), two also had low amounts of free fatty acids present in the extract, indicating a low rate of oil hydrolysis. A possible reason for this could for example be the high pH values that were obtained after the cease of growth and during the consecutive production phase in medium 2 (Supplementary Figure 11). High pH might inhibit the secretion or activity of extracellular lipases that are required for oil hydrolysis. However, it should be noted that P. tsukubaensis pro tem. and M. parantarcticus showed a low MEL production in medium 1 as well, so the low production might also be due to other parameters than culture medium composition. By verifying that no glucose was present at the end of the growth phase, we could exclude the possibility of catabolite repression, which might have been another possible reason for low oil hydrolysis.
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FIGURE 7. Composition of organic extracts for all seven Ustilaginaceae fungi in medium 1 (A) and medium 2 (B) at the highest concentration, after induction of MEL production with 8% v/v rapeseed oil. Relative amounts of unconsumed triglycerides (TAG), free fatty acids (FFAs) and the different MEL variants are shown.


Encouragingly, MEL production was enhanced for M. aphidis and P. hubeiensis pro tem. in the newly employed medium 2 compared to the established yeast extract medium 1. At the highest medium concentration of 30 g L–1 glucose, the relative percentage of total MEL in the extract could be increased from 41% in medium 1 to 49% in medium 2 for M. aphidis and from 14 to 80% for P. hubeiensis pro tem. respectively. Thus, we could see that medium 2 is already well balanced not only for growth of those two species, but also for MEL production.

By looking at the different concentration levels of medium 1 and 2 a relationship between increasing medium concentration, which resulted in a higher biomass as shown before, and the following MEL conversion could be determined. According to the general theory for product formation, for example by Luedeking and Piret (1959), a higher biomass should yield higher catalytic capacity and therefore result in a better bioconversion of plant oil into MEL. The results for the three species M. aphidis, U. siamensis, and P. hubeiensis pro tem. with increasing concentrations of medium 1 and 2 are shown in Figure 8. For the four other species the respective figures can be found in the Supplementary Figures 12–15. It was observed for all seven species that an increased concentration of medium, which led to higher biomass concentrations after growth (compare Figure 6), could also increase the conversion of triglycerides and fatty acids into MEL. However, the relationship was not always proportional, which is similar to the results for the growth rates and might be due to the observed oxygen limitation or other limiting factors. Nevertheless, we could verify that MEL product formation can be positively related with biomass concentration obtained at the end of the growth phase. A similar result had been presented by Kitamoto et al. (1992a), where increasing concentration of resting cells of M. antarcticus, another MEL producing species, led to higher MEL production from soybean oil. In their experimental setup, the production of MEL from 8% v/v soybean oil was almost linearly increased up to 40 g/L MEL for resting cell concentrations between 5 and 24 g/L biomass (Kitamoto et al., 1992a). For the design of a prospective bioreactor process, this is another proof that a controlled fed-batch process resulting in high biomass concentrations without oxygen limitation should be beneficial for the successive MEL production.


[image: image]

FIGURE 8. Composition of organic extracts from M. aphidis (A) U. siamensis (B), and P. hubeiensis pro tem. (C) cultures in different concentrations of medium 1 (upper) and medium 2 (lower), after initiation of MEL production with 8% v/v rapeseed oil as substrate. Relative amounts of unconsumed triglycerides (TAG), free fatty acids (FFAs) and the different MEL variants are shown. For M. aphidis and P. hubeiensis pro tem., a generally higher conversion from oil to MEL in the extracts was achieved with medium 2 compared to medium 1. Increasing medium concentration in growth phase, which led to higher biomass concentrations (see Figure 6), showed a positive effect on overall conversion of oil into MEL for all species, while the relative proportions of the MEL-variants MEL-A, -B, -C, -D remained constant.


The relative amounts of the different MEL congeners (MEL-A, -B, -C, -D) for each species, which we had previously investigated in detail by our HPTLC-MALDI-TOF-MS method (Beck et al., 2019a), remained unchanged with variation in substrate concentration or media. This again showed that they are mainly governed by the species itself and only to a minor extend by process conditions.

Monitoring of online pH values during MEL production provided some additional interesting results. We observed that pH, which was usually at pH 7 or higher after growth phase, dropped to values of around 5.5 when oil was hydrolyzed (Supplementary Figure 11). In contrast, no oil hydrolysis and thus no MEL production was observed when pH did not drop to this value, as it was the case for S. graminicola and P. tsukubaensis pro tem. in medium 2. From the chemical point of view, the change in pH to acidic values is caused by the release of free fatty acids (pKa values of around 5) as the result of oil hydrolysis by lipase activity, and not directly related to MEL production. However, as the release of fatty acids is a prerequisite for MEL production, it can be a rate-limiting step in the MEL production process. As such, the time course of pH is a valuable monitoring tool in the bioprocess. Since we could link the drop in pH to oil hydrolysis and consecutive MEL production, these results could also be used for an enhanced process control. We hypothesize that the regulated addition of correcting agents under active pH control should correlate with the amount of released fatty acids from hydrolysis. Based on the consumption of correcting agents, the beginning of oil hydrolysis and sequential MEL production could be tracked and further oil addition triggered to enhance the production in a bioreactor. This would be an alternative strategy to the already mentioned oil feeding triggered by antifoam sensor (Rau et al., 2005a), which can lead to excessive oil feeding due to strong foaming.



Cellular Morphology Is Not Influenced by Medium Composition

Despite the differences in growth kinetics, cellular morphology of the respective organisms was unchanged when using complex, mineral or YNB medium. M. aphidis was the only species that grew in a hyphal or elongated form, while the other six species had a unicellular, ellipsoidal yeast-like growth (Figure 9). The hyphal cells of M. aphidis influenced the measurement of backscatter and OD625. Compared to other species, lower backscatter values were obtained for this species, although biomass concentration was the highest, as mentioned before. Therefore, the low backscatter and OD625 values for M. aphidis were not due to low cell density, but attributed to its filamentous cell shape that has an influence on optical cell density measurements. From the duplicate rows of M. aphidis in the microcultivation system we were able to determine the average error of biomass quantification by backscatter, which was below 5% relative error. Since M. aphidis with its hyphal morphology generally presents the largest challenge for biomass quantification in classical ways like OD or dry biomass, this was another proof for the soundness of results obtained with the microcultivation system. It can be assumed that relative errors for other species will be in the same range.
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FIGURE 9. Microscope images of M. aphidis, U. siamensis, and P. hubeiensis pro tem. showing the difference in morphology. M. aphidis grew as elongated, hyphal cells that also formed large aggregations, while U. siamensis and P. hubeiensis pro tem., as well as the other four investigated organisms, showed unicellular yeast-like growth.


During the MEL production phase, i.e., after the addition of the plant oil, oil inclusion bodies were visible for all seven species, showing their ability to use triacylglycerols and MEL as storage material (Kitamoto et al., 1992b). Moreover, M. aphidis gradually changed its morphology to more ellipsoidal cells after oil addition. This dimorphic behavior is well known for species of the Ustilaginaceae family (Wang et al., 2015) and has been described before for M. aphidis (Rau et al., 2005b).




CONCLUSION

With the results presented in this study, we have performed a detailed screening study for comparative growth characterization of the seven Ustilaginaceae species in an established complex and two different mineral media and derived some valuable indications and key parameters for successful cultivation and MEL production.

First, we showed that mineral medium 2 achieved similar final biomass concentrations and comparable specific growth rates to medium 1 for all species, proving its ability to be used for growth of the Ustilaginaceae fungi. For some species like U. shanxiensis, P. hubeiensis, and M. parantarcticus, biomass formation was even enhanced. From the comparison of medium 2 and 3, we could deduce that all seven investigated organisms require a high amount of vitamins and trace elements to achieve high cell densities. As these components were present in significantly lesser amounts in medium 3, a slower growth and lower final cell densities were achieved with medium 3 compared to medium 2.

The difference in growth and substrate consumption rates between the medium 1 and 2 could be linked to organic nitrogen compounds that are present in the yeast extract of medium 1 and that can be metabolized quickly. This led to two distinct growth phases in medium 1: a first phase with high growth rates on the complex ingredients, followed by a second phase on glucose and the inorganic nitrate with much lower growth rates. In medium 2, glucose and nitrate are the only carbon and nitrogen sources for growth and were therefore metabolized completely in a single growth phase with more or less constant specific growth rates. The growth and substrate consumption rates as well as the biomass yields that were determined for medium 2 can now be used for modeling the stoichiometry and kinetics of growth.

By increasing initial medium concentrations between 3 and 30 g L–1 glucose equivalent, we could show a proportional correlation between initial concentrations of culture medium and the resulting biomass after growth. Specific growth rates were also increased slightly for all species. We could also determine the critical growth rates where oxygen limitation is occurring, which could be used now to design a controlled fed-batch process with adapted growth rates producing high biomass concentrations without oxygen limitation. This is especially interesting because lastly we demonstrated that increasing the biomass concentration during growth can lead to a better bioconversion of plant oil into MEL in the successive production phase. In the newly employed mineral medium 2, MEL production was shown for four of the seven species and even enhanced for two of them, M. aphidis and P. hubeiensis pro tem., when compared with the previously employed yeast extract medium.

The knowledge generated in this study can now be used to further enhance the mineral medium 2 by adjusting individual components like trace elements or vitamins for each species and to design and model an efficient fed-batch process for MEL production in a bioreactor. First results with the novel mineral medium 2 and selected species in our bioreactor have already shown good growth and MEL production performance as well as reduced foam formation, which led to a stable and controllable process. Ultimately, using higher amounts of substrate to produce more biomass within a controlled fed-batch process should be the way to go when aiming for higher MEL yields.
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The first heterologous expression of genes responsible for the production of rhamnolipids was already implemented in the mid-1990s during the functional identification of the rhlAB operon. This was the starting shot for multiple approaches to establish the rhamnolipid biosynthesis in different host organisms. Since most of the native rhamnolipid producing organisms are human or plant pathogens, the intention for these ventures was the establishment of non-pathogenic organisms as heterologous host for the production of rhamnolipids. The pathogenicity of producing organisms is one of the bottlenecks for applications of rhamnolipids in many industrial products especially foods and cosmetics. The further advantage of heterologous rhamnolipid production is the circumvention of the complex regulatory network, which regulates the rhamnolipid biosynthesis in wild type production strains. Furthermore, a suitable host with an optimal genetic background to provide sufficient amounts of educts allows the production of tailor-made rhamnolipids each with its specific physico-chemical properties depending on the contained numbers of rhamnose sugar residues and the numbers, chain length and saturation degree of 3-hydroxyfatty acids. The heterologous expression of rhl genes can also enable the utilization of unusual carbon sources for the production of rhamnolipids depending on the host organism.
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INTRODUCTION

Rhamnolipids are among the best characterized biosurfactants and possess outstanding properties to replace or complement conventional surfactants based on petrochemistry in industrial and biotechnological applications. Rhamnolipids are considered as eco-friendly and sustainable, show a very low toxicity, are highly or even perfectly biocompatible and biodegradable (Desai and Banat, 1997; van Hamme et al., 2006; Hirata et al., 2009; Lima et al., 2011; Johann et al., 2016). As an important additional aspect, rhamnolipids exclusively originate from microbiological hosts and can be produced from renewable substrates in contrast to their synthetical counterparts, which primary base on fossil resources (Müller et al., 2010b). Combined with their better foaming properties and remarkable stabilities against extreme pH-values, temperatures and salt concentrations, rhamnolipids offer a broad application potential (Lang and Wullbrandt, 1999; Nitschke and Pastore, 2006; Banat et al., 2010). Rhamnolipids are used in traditional surfactant applications like washing detergents and cleaning agents (Nguyen and Sabatini, 2011), but also in cosmetics and foods (Maier and Soberón-Chávez, 2000; Nitschke and Costa, 2007), bioremediation (Nguyen et al., 2008; Liu et al., 2018) and (microbial) enhanced oil recovery (Wang et al., 2007; Sharma et al., 2018).

The amphiphilic rhamnolipids belong to the class of glycolipids and are composed of a hydrophilic molecule domain consisting of one or two L-rhamnoses β-glycosidically bound to a hydrophobic counterpart consisting of one or two 3-hydroxyfatty acids (Figure 1; Déziel et al., 1999; Abdel-Mawgoud et al., 2010). Based on the number of rhamnose residues, they are separated into mono- and di-rhamnolipids. The number of 3-hydroxyfatty acids they contain allows a further sub-classification into the four known species of natively occurring rhamnolipids, namely the predominant mono- and di-rhamno-di-lipids (mRdL and dRdL) and the rarer to find mono-and di-rhamno-mono-lipids (mRmL and dRmL) (Syldatk et al., 1985a,b; Déziel et al., 1999; Abdel-Mawgoud et al., 2010). The chain length of the fatty acids can vary within the species ranging typically from 8 to 16 carbon atoms depending on the producing wild type. Short-chain rhamnolipids containing a predominant C10-C10 hydrophobic moiety are produced in the highest concentrations known so far by the human-pathogenic organism Pseudomonas aeruginosa (Giani et al., 1997; Müller et al., 2010a) and were first described by Jarvis and Johnson (1949). Among a few other organisms, especially bacteria from the genus Burkholderia, are able to produce rhamnolipids with long-chain fatty acids and predominant C14-C14 congener (Häußler et al., 1998; Andrä et al., 2006; Funston et al., 2016). In organisms naturally producing rhamnolipids are essential for swarming motility, involved in biofilm formation and act as hemolysins (Köhler et al., 2000; Davey et al., 2003; Tremblay et al., 2007). In addition, they enhance the uptake of hydrophobic substrates (Zhang and Miller, 1995; Al-Tahhan et al., 2000; Noordman and Janssen, 2002) and play a role in shielding the producing cells from host defense (McClure and Schiller, 1996; van Gennip et al., 2009; Alhede et al., 2009).
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FIGURE 1. Rhamnolipid biosynthesis and research efforts in heterologous rhamnolipid production. (A) The biosynthesis of rhamnolipids occurs in consecutive enzymatic reactions. The esterification of two 3-hydroxyfatty acids is catalyzed by the acyltransferase RhlA and generates HAAs as rhamnolipid precursors. The rhamnosyltransferase I (RhlB) generates mono-rhamnolipids by adding a dTDP-L-rhamnose to the HAAs. Di-rhamnolipids are synthesized by the rhamnosyltransferase II (RhlC) by linking a second dTDP-L-rhamnose to the mono-rhamnolipids. Both rhamnolipid species can be further processed by hydrolases to create mono-rhamno-mono-lipids and di-rhamno-mono-lipids containing only one fatty acid chain. The fatty acids chain lengths of rhamnolipids typically vary between C8 and C16. (B) Time course of efforts and milestones in the research of heterologous rhamnolipid production.


The biosynthesis of rhamnolipids is initiated by the esterification of two 3-hydroxyfatty acids to form the rhamnolipid precursor molecules 3-(3-hydroxyalkanoyloxy)alcanoic acids (HAAs), which typically form the hydrophobic moiety of the final rhamnolipids. This dimerization is catalyzed by the acyltransferase RhlA (Déziel et al., 2003; Zhu and Rock, 2008). It is controversially discussed, whether the 3-hydroxyfatty acids are descending from the fatty acid de novo synthesis while bound to the acyl carrier protein (Rehm et al., 2001), as it has been described earlier to be the exclusively accepted substrate of RhlA (Zhu and Rock, 2008), or if the β-oxidation is the main provider of 3-hydroxyfatty acids for the HAA and rhamnolipid biosynthesis (Zhang et al., 2012; Abdel-Mawgoud et al., 2014). An HAA molecule together with one molecule of dTDP-L-rhamnose descending from glucose-6-phosphate (Olvera et al., 1999; Rahim et al., 2000) are used as substrates for the biosynthesis of mono-rhamnolipids by the rhamnosyltransferase I (RhlB) (Ochsner et al., 1994; Wittgens et al., 2017). Finally, di-rhamnolipids are synthesized by adding a second dTDP-L-rhamnose molecule to the mono-rhamnolipids by the rhamnosyltransferase II (RhlC) (Rahim et al., 2001). Subsequently, the biosynthesis of mono-rhamno-mono-lipids and di-rhamno-mono-lipids can occur through hydrolysis of the second 3-hydroxyacyl chain probably by two specific but yet unknown α/β-hydrolases (Wittgens et al., 2017). In P. aeruginosa the rhlA and rhlB genes are organized within an operon (Ochsner et al., 1994), while rhlC is part of a second operon encoded together with PA1131, which shares similarities with transport proteins of the major facilitator superfamily (MFS) (Rahim et al., 2001). However, PA1131 appeared to be not involved in rhamnolipid biosynthesis or secretion (Wittgens et al., 2017). In contrast, in Burkholderia species all rhl genes are located within a single gene cluster (Dubeau et al., 2009; Lim et al., 2009).

Apart from the natural rhamnolipid producer organisms an increasing number of different recombinant hosts was generated by introduction of rhl genes. In this review, we will give an update of different approaches for the heterologous production of diverse rhamnolipids from the functional identification of the rhlAB operon in the 1990s to efficient modern production strains. We explain the reasons for this concept as well as the challenges to find a suitable host organism and the current strategies to synthesize tailor-made rhamnolipids. Thereby, we focus on real heterologous expression of foreign genes in recombinant hosts rather than metabolic engineering of wild type rhamnolipid producers.



HETEROLOGOUS PRODUCTION OF RHAMNOLIPIDS—ADVANTAGES AND CHALLENGES

The overall arguments for a heterologous expression of target genes—in this case the rhl genes responsible for the biosynthesis of rhamnolipids—are numerous. The first implementation was performed to finally proof the responsibility of the rhlAB operon for the mono-rhamnolipid biosynthesis. After the successful identification of the rhlAB operon in studies with P. aeruginosa mutant strains Ochsner et al. (1994) expressed single rhl genes and operons heterologously in Escherichia coli DH5α (Table 1). While the evidence for a rhamnosyltransferase activity using 3-hydroxydecanoyl-3-hydroxydecanoate and TDP-rhamnose as substrate was positive, they could not detect any production of rhamnolipids in E. coli.


TABLE 1. Summary of approaches for the heterologous production of rhamnolipids.

[image: Table 1]A further reason for heterologous expression is to overcome the pathogenicity of most of the native producing organisms, which is disadvantageous for many industrial applications especially in foods and cosmetics (Toribio et al., 2010; Müller and Hausmann, 2011). The best known rhamnolipid producer P. aeruginosa as well as some rhamnolipid producing species of the genus Burkholderia like B. pseudomallei (Häußler et al., 1998, 2003) are human-pathogens, others like B. plantarii and B. glumae are at least plant-pathogens (Manso Pajarron et al., 1993; Andrä et al., 2006; Hörmann et al., 2010; Costa et al., 2011). Therefore, already in 1995 Ochsner et al. established the heterologous expression of rhlAB in four different organisms (Table 1). The operon was either controlled by an inducible tac-promoter or transcriptionally regulated by RhlR/I being part of a recombinant rhlABRI gene cluster. However, a reliable induction of rhlAB especially through the native regulation could not be achieved in all of the hosts, e.g., in E. coli. Nevertheless, the successful production of considerable amounts of mono-rhamnolipids after expression of rhlABRI was demonstrated for Pseudomonas putida (Cha et al., 2008; Cao et al., 2012) and Pseudomonas stutzeri (Zhao et al., 2015) as well (Table 1). This strategy certainly avoided only a part of the complex regulation system for the rhamnolipid biosynthesis. In P. aeruginosa the cell density depending quorum sensing system consisting primarily of LasR/I and RhlR/I as its central components is involved in the transcriptional regulation of both rhl operons (Williams and Cámara, 2009; Reis et al., 2011). Although they seem to be hierarchical organized, both systems are able to induce the expression of several genes including the rhl genes independent from each other (Latifi et al., 1996; Schuster and Greenberg, 2006). Experiments using P. aeruginosa mutant strains revealed a reduction of rhamnolipids of about 55%, when RhlI was absent, but even of almost 80% in the absence of LasI (Pearson et al., 1997), because its synthesized autoinducer bound to LasR is one of at least four regulators, which can induce the rhlR expression (Medina et al., 2003). In contrast, in LasR deficient mutants, the rhamnolipid biosynthesis is delayed, but finally reached concentrations like the wild type (Dekimpe and Déziel, 2009). Aside, further systems are existing being responsible to modulate the quorum sensing response and subsequent the rhamnolipid biosynthesis, e.g., the PQS system as the so-called third quorum sensing system (Pesci et al., 1999), the quorum quenching (Sio et al., 2006), the global regulators RsaL and Vfr (Rampioni et al., 2007, 2009; Croda-García et al., 2011) and further signaling systems (Wilhelm et al., 2007; Rosenau et al., 2010; Henkel et al., 2013), which is often depending on the cultivation conditions (Duan and Surette, 2007). Similar complex regulatory systems were also described for rhamnolipid producing Burkholderia (Nickzad et al., 2015; Nickzad and Déziel, 2016).

Since their regulation is one of the bottlenecks for the high-yield production of rhamnolipids (Toribio et al., 2010; Müller and Hausmann, 2011), it seems to be very challenging to enhance rhamnolipid production also in specific native producers, which are characterized as non-pathogenic like the P. aeruginosa strain ATCC 9027 (Grosso-Becerra et al., 2016) or species like P. chlororaphis (Gunther et al., 2005, 2006), B. thailandensis (Dubeau et al., 2009; Funston et al., 2016; Elshikh et al., 2017) and B. kururiensis (Tavares et al., 2012). Noteworthy, the non-pathogenic P. chlororaphis produce only mono-rhamnolipids and was complemented for di-rhamnolipid biosynthesis by heterologous expression of rhlC (Solaiman et al., 2015). However, almost none of these components exist in E. coli and, therefore, cannot positively affect the expression of rhlR/I or rhlAB. On the other hand, this gene cluster is not repressed by any influence and its successful sole native expression was repeatedly demonstrated (Table 1).

More recent studies focused on complete decoupling of heterologous rhlAB and rhlC expression from the native regulation. Especially for applications in the (microbial) enhanced oil recovery, rhamnolipids were produced in E. coli using the common T7 expression system (Wang et al., 2007; Han et al., 2014; Jafari et al., 2014; Du et al., 2017), while others established a constitutive expression of rhlAB in E. coli (Kryachko et al., 2013). More frequently, P. putida KT2440 wild type or engineered strains were used as heterologous host for rhamnolipid biosynthesis using an inducible tac-promoter or constitutive expressed and partly synthetic promoters (Wittgens et al., 2011, 2017; Wittgens, 2013; Behrens et al., 2016; Beuker et al., 2016a,b; Tiso et al., 2016, 2017, 2020; Anic et al., 2017, 2018; Noll et al., 2019; Table 1). Besides well-known short-chain rhamnolipids from P. aeruginosa also the heterologous production of long chain rhamnolipids was established in this organism by expressing rhlAB and rhlC from B. glumae (Wittgens et al., 2018).

Except typical strategies to enable heterologous expression in a specific host, e.g., codon usage optimization, application of compatible shuttle vectors and promoters, the availability of educts for the rhamnolipid biosynthesis is a challenging bottleneck. Thereby, especially the amount of dTDP-L-rhamnose seems to limit the productivity of rhamnolipids as it was shown in recombinant E. coli strains. Coexpression of the rmlBDAC operon, which converts glucose-1-phosphate into dTDP-L-rhamnose solved this problem and increased the rhamnolipid titers (Cabrera-Valladares et al., 2006).

Other researchers left the domain of bacteria and expressed codon-optimized genes responsible for the biosynthesis of mono-rhamnolipids in Saccharomyces cerevisiae (Bahia et al., 2018). As described for E. coli, they also had to use coexpression of the rmlBDAC operon to enable sufficient amounts of dTDP-L-rhamnose.

Recent studies are more focused on establishing unusual carbon sources or cultivation conditions to make the rhamnolipid biosynthesis more economical, e.g., by using cheap raw materials from waste streams. These studies were based on well-established host organisms like P. putida KT2440 engineered to utilize ethanol, pyrolysis oil or alternative sugars like xylose and arabinose as part of lignocellulosic hydrolysates or from agricultural residues (Arnold et al., 2019; Horlamus et al., 2019; Wang et al., 2019; Bator et al., 2020a,b) or they were cultivated in biofilms to avoid foaming as in conventional bioreactors (Wigneswaran et al., 2016). Moreover, new heterologous hosts for rhamolipid production were exploited, e.g., Cellvibrio japonicus (Horlamus et al., 2018), which can even utilize polymeric substrates like xylan and cellulose (Gardner, 2016), or Pseudomonas stutzeri, which was used to produce rhamnolipids under anaerobic conditions (Zhao et al., 2015; Table 1).



TAILOR-MADE RHAMNOLIPIDS—FUTURE PERSPECTIVES

The terms “tailor-made” or “designer rhamnolipids” initially were introduced to claim the possibility to freely choose the numbers of L-rhamnose sugar and 3-hydroxyfatty acid residues in the desired rhamnolipids. Mono-rhamnolipids are exclusively produced by expression of rhlAB, but expression of rhlABC typically results in a mixture of mono- and di-rhamnolipids. Several strategies from enzyme design and pathway modifications to congener enrichment by purification can be used to increase the purity of di-rhmnolipids (Manso Pajarron et al., 1993; Tiso et al., 2017; Wittgens and Rosenau, 2018). Moreover, the identification of the α/β-hydrolase(s), which synthesize mRmL and dRmL using typical mRdL and dRdL as precursors, would open up the possibility to specifically produce these rare rhamnolipid species. This would enlarge the portfolio of different available rhamnolipid species with specific physico-chemical properties for several applications. The so far only other known rhamnolipid modifying enzyme is the naringinase from Aspergillus niger, which removes a single L-rhamnose residue from di- and mono-rhamnolipids and finally generates HAAs (Trummler et al., 2003).

Another purpose for tailor-made rhamnolipids is to define the fatty acid chain lengths for each of the four species and possibly their degree of saturation customized for any type of specific applications. So far most of the publications used rhl genes from P. aeruginosa for the heterologous production of rhamnolipids in different hosts and only a few reports about the successful heterologous expression of rhl genes from Burkholderia (Wittgens et al., 2018; Dulcey et al., 2019). However, it has been described for Pseudomonas desmolyticum to produce rhamnolipids with predominant C6-C8 fatty acids (Jadhav et al., 2011), while other bacteria of the genus Thermus produce much longer rhamnolipids with up to 24 carbon atoms and a predominant C16-C16 congener (Řezanka et al., 2011), but none of them were produced heterologously so far. Germer et al. (2020) identified additional and partly unknown rhlA variants from different organisms by homology search. The heterologous expression of five of these rhlA variants in E. coli resulted in the production of two novel HAA congener compositions different from the typical composition of Pseudomonas and Burkholeria with its predominant C10-C10 and C14-C14 congeners. RhlA from P. fluorescens LMG 05825 produces HAA with 49% of a predominant C10-C14 congener and a slightly less C10-C12 congener of about 38%, while HAAs produced by RhlA from Dickeya dadantii Dd586_2334 contains a C10-C14 congener with 73%. These HAA mixtures could easily processed subsequently into mono- and di-rhamnolipids by additional expressions of appropriate rhlB and rhlC. Especially hybrid operons combining rhl genes from different organisms could give novel insights into the responsibility for defining rhamnolipid chain length. Such an approach using hybrid rhlAB operons from P. aeruginosa and B. glumae verified, that RhlA seems to mainly determine the fatty acid lengths used for the biosynthesis first of HAAs, but subsequent also for rhamnolipids (Wittgens et al., 2018). Similar experiments using the two originating species as hosts for such hybrid operons further indicated an influence of the host organism and its provided 3-hydroxyfatty acids (Dulcey et al., 2019).

A further possibility to achieve novel chain lengths in rhamnolipids is to manipulate the involved enzymes by single amino acid or whole domain exchanges to alter the accepted length of 3-hydroxyfatty acids as it was recently done. Thereby, Dulcey et al. (2019) created a chimeric RhlA variant using different original enzyme domains for RhlA originating form P. aeruginosa and B. glumae. Combined in an operon with rhlB from P. aeruginosa, the newly designed enzyme produced rhamnolipids with a predominant C12-C12 congener when heterologous expressed in B. glumae, which is the average between the typical short-chain rhamnolipids from Pseudomnas and the long-chain rhamnolipids from Burkholderia. In contrast, if the same operon was expressed in P. aeruginosa as host, the amount of C12-C12 congener was only increased in a mixture with a still predominant C10-C10 congener. It was further demonstrated, that mutagenized RhlA reached activities more than twice as much as the wild type RhlA (Dulcey et al., 2019) and amino acid exchanges of RhlB resulted in a shifted pattern of the rhamnolipid composition from C10-C10 to C10-C8 congeners indicating a further specificity of RhlB to specific HAAs containing certain fatty acid length (Han et al., 2014). Further enzyme modifications could result in a much more specific congener enriched composition through improved specificity of responsible enzymes to specific fatty acid chain lengths.

These strategies will help to develop rhamnolipids with their structural diversity as a platform molecule, which harbors an enormous potential to adopt tailor-made properties to meet a huge variety of demands of surfactants for various applications.



DISCUSSION

A specific heterologous host provides a given genetic and metabolic background to investigate the influence of different rhl genes by introducing specific or synthetic biosynthesis pathways for the production of various rhamnolipid species and congeners. Many different recombinant host organisms were established in the past belonging typically and with only a few exceptions to beta- or gamma-proteobacteria like the wild type producers.

A fundamental requirement to any rhamnolipid producing organism is its resistance against high rhamnolipid concentrations. This is most probably the reason, why none of the rhamnolipid producers is a Gram-positive organism, because rhamnolipids possess antimicrobial properties especially against Gram-positives (Abalos et al., 2001; Haba et al., 2003). Obviously, their single cytoplasmic membrane surrounded by the peptidoglycan layer does not represent an effective barrier against the influence of rhamnolipids (Sotirova et al., 2008, 2012). Recombinant P. putida appeared to be a good choice for heterologous rhamnolipid production, since with this organism the highest rhamnolipid titers of about 15 g/L could be achieved (Beuker et al., 2016a), while without using a profound bioprocess strategy titers of only a few hundred mg/L were reported for E. coli (Cabrera-Valladares et al., 2006; Wang et al., 2007; Du et al., 2017). However, none of the heterologous rhamnolipid producers so far reached the at least 40 g/L, which can reproducible be achieved using P. aeruginosa (Müller et al., 2011).

The most critical demand on heterologous rhamolipid producer so far is to provide sufficient amounts of educts. Gram-negative bacteria typically synthesize dTDP-L-rhamnose as they are part of the lipopolysaccharides in the other membrane of these bacteria (Rahim et al., 2000; Poon et al., 2008). However, the amount of this educt appears to limit heterologous rhamnolipid production especially in E. coli (Cabrera-Valladares et al., 2006) and probably other host organisms, but through suitable strategies like the coexpression of the rmlBDAC operon the amount of this educt can be increased.

The introduction of foreign and especially synthetic promoters enabled not only the circumvention of native quorum-sensing dependent regulation of rhamnolipid biosynthesis, but also the possibility to optimize and fine-tune the expression of responsible genes. This strategy will also allow to uncouple additional genes from their native regulation, e.g., responsible for the educt synthesis, which are usually strongly regulated in the wild types (Aguirre-Ramírez et al., 2012), to further improve the rhamnolipid biosynthesis. Metabolic engineering was also successfully used to lower the intrinsic metabolic burden by deleting high energy or resource-demanding side activities, e.g., the biosynthesis of polyhydroxyalkanoate (PHA) and the formation of flagella, which strongly increased the amounts of rhamnolipids (Wittgens et al., 2011; Tiso et al., 2016, 2020). This strain engineering in conjunction with strategies for bioprocess development (feeding strategies, media compositions, downstream processing, etc.) will contribute to lower the production cost for rhamnolipids and make them a more economical alternative in the future.

Moreover, the use of different rhamnolipid producer strains or more preferable the heterologous expression of the responsible genes already allows the production of several rhamnolipid species and congeners. Furthermore, real tailor-made rhamnolipids will probably become available soon through the identification and expression of novel rhamnolipid processing enzymes or enzyme modifications leading to a considerable enlargement of the portfolio of diverse rhamnolipids with the possibility to freely choose the chemical entities they consist of. This can assign a decisive role to rhamnolipids not only as the first class of true “designer” biosurfactant per se, but also as the first group of biosurfactants that can be produced exclusively in biotechnological processes at the same time.
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Rhamnolipids are among the glycolipids that have been investigated intensively in the last decades, mostly produced by the facultative pathogen Pseudomonas aeruginosa using plant oils as carbon source and antifoam agent. Simplification of downstream processing is envisaged using hydrophilic carbon sources, such as glucose, employing recombinant non-pathogenic Pseudomonas putida KT2440 for rhamnolipid or 3-(3-hydroxyalkanoyloxy)alkanoic acid (HAA, i.e., rhamnolipid precursors) production. However, during scale-up of the cultivation from shake flask to bioreactor, excessive foam formation hinders the use of standard fermentation protocols. In this study, the foam was guided from the reactor to a foam fractionation column to separate biosurfactants from medium and bacterial cells. Applying this integrated unit operation, the space-time yield (STY) for rhamnolipid synthesis could be increased by a factor of 2.8 (STY = 0.17 gRL/L·h) compared to the production in shake flasks. The accumulation of bacteria at the gas-liquid interface of the foam resulted in removal of whole-cell biocatalyst from the reactor with the strong consequence of reduced rhamnolipid production. To diminish the accumulation of bacteria at the gas-liquid interface, we deleted genes encoding cell-surface structures, focusing on hydrophobic proteins present on P. putida KT2440. Strains lacking, e.g., the flagellum, fimbriae, exopolysaccharides, and specific surface proteins, were tested for cell surface hydrophobicity and foam adsorption. Without flagellum or the large adhesion protein F (LapF), foam enrichment of these modified P. putida KT2440 was reduced by 23 and 51%, respectively. In a bioreactor cultivation of the non-motile strain with integrated rhamnolipid production genes, biomass enrichment in the foam was reduced by 46% compared to the reference strain. The intensification of rhamnolipid production from hydrophilic carbon sources presented here is an example for integrated strain and process engineering. This approach will become routine in the development of whole-cell catalysts for the envisaged bioeconomy. The results are discussed in the context of the importance of interacting strain and process engineering early in the development of bioprocesses.

Keywords: rhamnolipid, 3-(3-hydroxyalkanoyloxy)alkanoic acid (HAA), integrated product recovery, foam fractionation, cell surface hydrophobicity, large adhesion protein, flagellum, metabolic engineering


INTRODUCTION

Bio-based materials such as biosurfactants are in high demand (Müller et al., 2012), as their use potentially lowers the carbon footprint compared to fossil-based surfactants. Biosurfactants like rhamnolipids and derivatives can be utilized for a wide range of industrial applications, e.g., in the chemical, cosmetic, pharmaceutical, and food industries, as well as for bioremediation of polluted soils and enhanced oil recovery (Banat et al., 2000; Singh et al., 2007; Kosaric and Vardar-Sukan, 2015). Latest publications discuss the use of hydroxyalkanoyloxy alkanoates (HAAs), representing the hydrophobic moiety of rhamnolipids (RLs), for the conversion to biofuel (Meyers et al., 2019), secondary alcohols and linear alkanes (Mensah et al., 2020), or polyurethane (Tiso et al., 2020b).

We previously designed and constructed recombinant Pseudomonas putida KT2440 strains able to synthesize mono-rhamnolipids and HAAs (Wittgens et al., 2011). HAA, a dimer of ACP-activated β-hydroxydecanoates, is synthesized by the enzyme 3-hydroxyacyl-ACP:3-hydroxyacyl-ACP O-3-hydroxy-acyl-transferase (RhlA). RhlA determines to a large extend the carbon chain lengths of HAA molecules (Cabrera-Valladares et al., 2006; Germer et al., 2020). Rhamnolipids are synthesized by the rhamnosyltransferase I (RhlB), forming a glycosidic bond between the HAA, and a rhamnose. The hydrophobic hydroxyl fatty acid dimer and the hydrophilic sugar account for the amphiphilic nature of the rhamnolipids. However, not only rhamnolipids, but also the aglyconic HAAs feature tensioactive properties (Deziel et al., 2003). While vegetable oils are favored for rhamnolipid production with the native host P. aeruginosa (Müller and Hausmann, 2011), the recombinant production strains allow rhamnolipid production from sugars like glucose or xylose (Wittgens et al., 2011; Bator et al., 2020).

Microbial growth and the production of rhamnolipids depend on the availability of nutrients and oxygen in the culture broth. In shake flask cultures, surfactant synthesis requires minimal technical effort, but the oxygen transfer into the culture is limited (Meier et al., 2016). For comprehensive process control, sufficient oxygen transfer, and enhanced scalability, the use of bioreactors is essential. Under these conditions, rhamnolipids and HAAs adsorb to the surface of gas bubbles with their hydrophobic moiety. This adsorption is an energy-dependent process, reducing the surface tension of the gas bubble and therefore decreases the Gibbs free energy of the system (Stevenson and Li, 2014). Thereby, the bubbles are stabilized, resulting in foaming. Consequently, a foam highly enriched with surfactants builds up in the headspace of the bioreactor. An associated accumulation of bacterial cells and medium in the foam causes a loss of homogeneity in the reactor. As homogeneous conditions in the reactor assure an optimal mass and energy transfer, process efficiency declines (Etoc et al., 2006; Lara et al., 2006). Furthermore, foam formation can result in obstruction of filters, valves, tubing, as well as sterility problems in the fermenter (Delvigne and Lecomte, 2010). To avoid foam formation, the application of detergents with antifoam activity helps to stabilize microbial rhamnolipid production (Beuker et al., 2016a). However, adding large amounts of antifoam increases production costs and hampers downstream processing (DSP) (Ochsner et al., 1996).

Approaches to reduce foam formation consider specific gassing membranes, a lowered pH value, or the introduction of an organic phase (Chayabutra and Ju, 2001; Kronemberger et al., 2008, 2010; Sodagari and Ju, 2013). As DSP accounts for the majority of the process costs, efficient product purification approaches need to be considered (Heyd, 2008; Najmi et al., 2018). DSP and foaming have been identified as the main challenges for cost-competitive production of biosurfactants (Mukherjee et al., 2006; Winterburn et al., 2011; Winterburn and Martin, 2012). However, foaming can also be an in situ product removal technique. In a foam fractionation column, the denser culture medium drains through the foam back into the reactor. It is only retarded by the shear force experienced at the gas-liquid interface (Stevenson and Li, 2014). For microbial rhamnolipid production, foam fractionation is reported (Siemann and Wagner, 1993; Heyd et al., 2011; Beuker et al., 2016b; Anic et al., 2018). Foam fractionation is a cost-effective technology that requires only simple technical installations. However, for efficient ex or in situ foam fractionation, the loss of biocatalyst from the reactor due to biomass accumulation in the foam is a challenge. Foam adhesion of cells might be influenced by the cell surface hydrophobicity (CSH).

So far, the CSH of Pseudomonas strains is mainly discussed in the context of biofilm formation and general stress adaptation (Heipieper et al., 2007; Baumgarten et al., 2012a; Eberlein et al., 2018). In Pseudomonas, several cell surface molecules contributing to changes in CSH have been identified, such as the lipopolysaccharide layer (LPS) (Makin and Beveridge, 1996; Kobayashi et al., 2000). Pseudomonas putida's large adhesive protein A (Lap A) and particularly F (LapF) increase cell surface hydrophobicity (Lahesaare et al., 2016). In P. putida KT2440, LapA is the largest surface protein and required for cell-to-cell as well as for abiotic surface interactions (Hinsa et al., 2003; Fuqua, 2010). LapF is the second largest surface protein with a key role in the development of a mature biofilm (Martinez-Gil et al., 2010). Additionally, it was shown that the release of outer membrane vesicles (OMV) as a general stress response mechanism increases CSH in P. putida (Baumgarten et al., 2012b). For the non-flagellated P. putida KT2440, a significantly lowered surface hydrophobicity was determined (Martinez-Garcia et al., 2014).

We present rhamnolipid and HAA production with recombinant P. putida KT2440 in a bioreactor equipped with a foam fractionation column. The challenge of cell loss during foam discharge was tackled by strain engineering. More than ten different cell surface structure deletion mutants were tested for lowered CSH. In a newly established experimental setup, the correlation of a reduced CSH with a lower tendency for cell enrichment in the foam was confirmed. Here, especially the deletion of the flagellar machinery, LapF, and LapF in combination with LapA reduced biomass adhesion to the foam. Indeed, cell surface engineered strains allowed stable rhamnolipid and HAA production using foam fractionation for integrated product removal from the bioreactor.



MATERIALS AND METHODS


Bacterial Strains and Plasmids

All bacterial strains and plasmids used in this study are listed in Table 1. The deletion mutants were constructed by using the I-SceI-system described by Martinez-Garcia and de Lorenzo (2011). Briefly, 500–800 bp upstream and downstream flanking regions of the target sites were amplified from the genomic DNA of P. putida KT2440 and cloned into the non-replicative pEMG (KmR) or pSEVA512S (TcR) vector. The resulting plasmids were transferred into Escherichia coli PIR2 and conjugated into Pseudomonas strains via triparental mating. The plasmid pSW-2, encoding for the I-SceI restriction enzyme, was transformed to allow for the deletion of the gene locus of interest. Positive colonies sensitive for kanamycin or tetracycline were verified for targeted deletion by colony polymerase chain reaction (PCR). To obtain marker-free clones, the recombinant strains were cured of pSW-2 plasmid by re-inoculation in lysogeny broth (LB) medium without gentamycin and verified again by colony PCR (Supplementary Figure 1). After verification via colony PCR, the single deletion strains were sequenced by Eurofins Genomics (Ebersberg, Germany) to exclude mutations. In this study, twelve knock-out mutants were engineered (Table 1).


Table 1. Bacterial strains and plasmids used in this study.
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The construction of the rhamnolipid production strains was performed by using the mini-Tn7 delivery transposon vector pSK02 as described previously (Bator et al., 2020). Mono-rhamnolipid producing clones were identified using cetrimide-blood agar plates (7.5% (v/v) sheep blood, Fiebig-Nährstofftechnik, Idstein-Niederauroff, Germany).

The HAA production strain was constructed using vector pKS03, which was generated based on pSK02. Using primers KS08 and KS02 a DNA fragment (4,393 bp) was obtained consisting of all the elements of pSK02 without the rhlB gene but still containing the gene enabling HAA production (rhlA) from P. aeruginosa. This DNA fragment was circularized using Gibson Assembly. The resulting mini-Tn7 vector pKS03 was transferred by mating and integrated into the attTn7 site, according to Zobel et al. (2015). For mating, the recipient strain (Pseudomonas), helper strain E. coli HB101 pRK2013, transposase-leading strain E. coli DH5αλpir pTNS1, and donor strain E. coli DH5α PIR2 pKS03 were used. Mating procedures were performed according to a streamlined method (Wynands et al., 2018). All used primers for the construction of plasmids and verification of deletion mutants are listed in Supplementary Table 1.



Culture Conditions

All strains were stored at −80°C in a 20% (v/v) glycerol solution as cryo-culture. For cultivation, frozen cells were transferred to LB agar (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 20 g/L agar). If required, 50 mg/L ampicillin, 25 mg/L gentamicin, or 50 mg/L kanamycin was added to the medium for selection and to prevent contamination. After mating procedures, P. putida strains were selected on cetrimide agar (Sigma-Aldrich Corp., St. Louis, MO, USA). Cells from LB agar were transferred to 5 mL LB medium in a test tube and shaken at 200 rpm with a 50 mm shaking diameter at 30°C. After 15 h, 50 mL minimal medium with the corresponding antibiotic and glucose concentration were inoculated at a specific optical density at 600 nm (OD600), corresponding to the respective experiment. The 500 mL flasks were shaken at 300 rpm with a 50 mm shaking diameter at 30°C (Multitron Pro, Infors AG, Bottmingen, Switzerland). As minimal medium, the mineral salt medium (MSM) according to Hartmans et al. (1989) was applied with a modified phosphate buffer at pH 7. For shake flask cultivation, 11.64 g K2HPO4 and 4.89 g NaH2PO4 were used (per L). In fermenters with pH control via 30% (v/v) NH4OH, 3.88 g K2HPO4, and 1.63 g NaH2PO4 were applied per L. Further medium components were (per L) 2 g (NH4)2SO4 and the trace elements 10 mg EDTA, 0.1 mg MgCl2·6 H2O, 2 mg ZnSO4·7 H2O, 1 mg CaCl2·2 H2O, 5 mg FeSO4·7 H2O, 0.2 mg Na2MoO4·2 H2O, 0.2 mg CuSO4·5 H2O, 0.4 mg CoCl2·6 H2O, and 1 mg MnCl2·2 H2O.



Bacterial Foam Adhesion

In order to determine biomass flotation characteristics in foam, cells were cultivated in shake flasks (start OD600 = 0.01, MSM, 10 g/L glucose) and harvested in the late exponential phase, at optical densities in between OD600 4 and 6. A defined amount of biomass was washed twice with 25 mL 0.9% (w/v) NaCl. The pellet was resuspended in 37 mL 0.9% (w/v) NaCl to reach an OD600 of about 2. Subsequently, 3 mL of a purified aqueous rhamnolipid solution was added to the suspension to reach a final rhamnolipid concentration of 0.6 gRL/L. Before the fractionation, the pH values of all suspensions ranged from 6.2 to 6.6. The used foam fractionation glass column (Øinner = 32 mm, h = 600 mm) was fixed in an upright position. The sparger mounted on the column bottom had a pore size of 20 μm (bbi-biotech GmbH, Berlin, Germany). As soon as the cell suspension was filled into the column, the air flow [image: image] was set to 5 L/h (corresponding to a gas superficial velocity jg= 10.36 cm/min) by a rotameter (RGC2422, Yokogawa GmbH, Ratingen, Germany) at an overpressure of 0.5 bar. The foam raised to the upper column opening where it dropped into a funnel connected to a flask with a thin tube (Øinner= 1 mm) to collapse the foam. The collection flask was set under low pressure (0.5 bar) using a vacuum pump (Type 115053, ILMVAC GmbH, Ilmenau, Germany). The fractionation was terminated after 30 min by turning off the gas flow. When the foam in the collection vessel (foamate) collapsed completely, samples were taken for OD600 measurement. The whole procedure is illustrated in Figure 1.
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FIGURE 1. Foam fractionation setup to determine cell agglomeration in foam. The culture broth was centrifuged, and the pellet was washed (A) before it was resuspended in an isotonic solution containing rhamnolipids (B). The cell suspension was filled into the fractionation column, and the gas flow was turned on (C). The foam leaving the upper opening was collapsed by transfer through a thin tube and collected as foamate in a vacuum bottle (D).




Contact Angle Measurement

The evaluation of the surface hydrophobicity was carried out by the water contact angle measurement technique, as developed by Neumann et al. (2006). The strains were cultured in shake flasks (start OD600 = 0.1, MSM, 10 g/L glucose) until an OD600 > 0.5 was reached. The cells were harvested by centrifugation and resuspended in 1.8 mL 0.9% (w/v) NaCl. This washing step was repeated twice before 500 μL of the suspension was added to 19.5 mL 0.9% (w/v) NaCl solution. The suspension was vacuum filtered to obtain a cell lawn on the membrane filter (Øpores = 0.45 μm, Labsolute Th. Geyer GmbH & Co. KG, Renningen, Germany). The filter with the bacterial lawn was dried for 2 h at room temperature before the contact angle measurement was performed via the automated analysis system DSA100 with a DSA4 software package (A. Krüss Optronic GmbH, Hamburg, Germany). A 3 μL water droplet was placed on the bacterial lawn and the angle was measured after 80 ms.



Fermentation Setup

The fermentation was performed using a BioFlo 120 bioreactor system with a DASware control (Version 5.0) software package (both Eppendorf AG, Hamburg, Germany). The applied vessel with a total volume of 3 L was filled with 2 L minimal medium containing 20 g/L glucose. The conducted fermentation procedure was separated into two phases: 1. the growth phase to reach a defined biomass concentration and 2. the harvest phase. The stirred reactor (800 rpm) was inoculated with a preculture to an OD600 of 0.2. The here applied preculture was previously incubated for 12 h (start OD600 = 0.1, MSM, 20 g/L glucose) to gain an OD600 > 6. When the bioreactor culture reached an OD600 > 0.5, the gassing rate through a ring sparger was turned on (0.25 vvm) to prevent oxygen limitation. The dissolved oxygen (DO) was maintained at 30% by the addition of pure oxygen. The appearing foam left the reactor through the air exhaust into a foam centrifuge (Foamex 5 LS, Heinrich Frings GmbH & Co. KG, Rheinbach, Germany) collapsing the foam at 4,000 rpm. The foamate was pumped back into the reactor with 235 mL/min. After the foam formation exceeded the foamate reflux, the fractionation column (Øinner = 135 mm, h = 190 mm) with a drainage pump ([image: image] 50 mL/min) was introduced between the reactor air exhaust and the foam centrifuge. The stirring speed in the fermenter was reduced from 800 to 500 rpm. After 10 h of cultivation, 40 g glucose and trace elements (20 mg EDTA, 0.2 mg MgCl2·6 H2O, 4 mg ZnSO4·7 H2O, 2 mg CaCl2·2 H2O, 10 mg FeSO4·7 H2O, 0.4 mg Na2MoO4·2 H2O, 0.4 mg CuSO4·5 H2O, 0.8 mg CoCl2·6 H2O, and 2 mg MnCl2·2 H2O) were added to the broth. A second glucose feed was applied throughout the harvest period to prevent limitations. When a biomass concentration in the reactor of 5 gCDW/L was reached, the process was moved from the growth phase to the harvest phase. The surfactant harvest was initiated by stopping the foamate reflux into the reactor (Figure 2). Instead, the foamate leaving the system was collected and weighed. A gas superficial velocity of jg= 3.49 cm/min was reached in the fractionation column. The filling volume in the reactor was maintained at 2 L every 2 h by addition of fresh medium.
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FIGURE 2. Fermentation setup with three stages in the growth phase and the harvest phase. Growth phase: 1st stage: no gassing into the stirred bioreactor (A). 2nd stage: activated aeration; discharging foam through the exhaust directly into the foam centrifuge (C) (bypass in red); foamate reflux into reactor (blue). 3rd stage: bypass cut-off and integration of a foam fractionation column (B) between reactor and centrifuge. From the column, a pump returns the drained liquid while the fractionated foam is guided through an upper outlet. Harvest phase: product harvest by stopping the foamate reflux and collecting the foamate in a bottle. Regular refill of fresh medium to control working volume in the reactor. Sampling points are marked as ➀ (reactor) and ➁ (foamate outlet).




Sampling and Processing

From shake flask cultivations, less than 750 μL sample were taken per sampling. From bioreactor cultivations, samples were taken from the reactor broth and the foamate. The OD600 was measured using an Ultrospec 10 cell density meter (Biochrom, Cambridge, UK). An OD600 of 1.0 corresponds with a determined cell dry weight, as listed in Supplementary Table 2. Glucose was analyzed as described previously (Hosseinpour Tehrani et al., 2019) in a Dionex Ultimate 3000 HPLC system, composed of the pump ISO-3100, the autosampler WPS-3000, and the column oven TCC-3000, connected to a DIONEX UltiMate 3000 Variable Wavelength Detector set to 210 nm (Thermo Fisher Scientific Inc., Waltham, MA, USA) and an RI detector SHODEX RI-101 (Showa Denko Europe GmbH, Munich, Germany) equipped with an ISERA Metab AAC 300 x 7.8 mm column (particle size: 10 μm, ISERA GmbH, Düren, Germany). The ammonium concentration in the culture supernatant was measured by a colorimetric method according to Willis et al. (1996), using salicylate and nitroprusside. For the determination of rhamnolipid and HAA concentrations, analytical methods and sample preparations were performed according to Bator et al. (2020), based on a method developed previously (Behrens et al., 2016; Tiso et al., 2016). Briefly, a RP-HPLC Ultimate 3000 HPLC system, composed of the pump LPG-3400, the autosampler WPS-3000, and the column oven TCC-3000, connected to a Corona Veo charged aerosol detector (CAD) (all Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a NUCLEODUR C18 Gravity 150 × 4.6 mm column (particle size: 3 μm, Macherey-Nagel GmbH & Co. KG, Düren, Germany) was used. All components were identified via the retention time and quantified via the peak area compared to corresponding standards.



Data Analysis

To define process parameters, the following equations were used: X is biomass, S is glucose, P is product, t is time, [image: image] is volume flow, V is volume, A is area, and m is mass. The yields of biomass from glucose (YX/S) from ammonium ([image: image]), and the product yields from biomass (YP/X) were determined for the shake flask cultivations for every defined time ti by taking starting conditions at t0 as reference. The yields of product from glucose YP/S were always calculated for the total cultivation time. For the bioreactor applications, mP is the sum of the mass of product in the reactor and in the separated foamate. mS is defined as the mass of glucose remaining in the reactor and mS, feed the glucose added during cultivation.

Equation 1

[image: image]

To characterize the STY, the formed product was divided by the corresponding volumes and cultivation times. For bioreactor experiments, the product separated with the foamate was taken into account.

Equation 2

[image: image]

For foam fractionation, the gas superficial velocity jg is defined by Stevenson and Li (2014), with Acolumn as the sectional area of the specific column.

Equation 3

[image: image]

The biomass enrichment factors E are defined individually for the stand-alone bacterial foam adhesion experiments and the bioreactor experiments with foam fractionation. For the stand-alone experiments, the optical densities were multiplied with the correspondent foamate and initial volume to account for evaporation losses. For bioreactor experiments, enrichment factors were defined for each sampling point.

Equation 4

[image: image]
 

Rhamnolipid Purification

The purification of the rhamnolipids in the supernatant was performed by adsorption of the surfactants from a cell-free solution with a C18 derivatized silica-based adsorbent (AA12SA5, YMC Europe GmbH, Dinslaken, Germany). For desorption, pure ethanol was used as eluent. The eluate was evaporated and chromatographically separated using a preparative HPLC system consisting of an AZURA analytical pump P 6.1L, an AZURA autosampler 3950 (both Knauer GmbH, Berlin, Germany) connected to a SEDEX 58 LT-ELSD detector (SEDERE, Olivet, France), the fraction collector Foxy R1 (Teledyne ISCO Inc., Lincoln, NE, USA) and equipped with a VP250/21 NUCLEODUR C18 HTec column (particle size: 5 μm, Macherey-Nagel GmbH & Co. KG, Düren, Germany). The flow rate was set to 10 mL/min and 3 mL sample were injected. As eluent, acetonitrile and ultra-pure water supplemented with 0.2% (v/v) formic acid were used. The gradient was increased from 70 to 76% between 5 and 10 min, from 76 to 80% between 10 and 25 min, and to 100% until 35 min. It was decreased back to 70% between 45 and 50 min. Rhamnolipids were fractionated in between 25 and 47 min retention time. These fractions were evaporated to obtain pure, solvent-free rhamnolipids.




RESULTS


Low Biomass Concentrations in Flask Cultivations Limits Production

In shake flask cultivations, the rhamnolipid production strain P. putida KT2440 SK4 and the HAA production strain P. putida KT2440 KS3 reached final titers of 0.91 ± 0.14 gRL/L and 0.94 ± 0.07 gHAA/L, respectively (Figure 4A). For P. putida KT2440 SK4, as for all rhamnolipid producers in this study, the produced rhamnolipid concentration is defined as the sum of synthesized HAAs and mono-rhamnolipids. The congener compositions of synthesized rhamnolipids and HAAs are depicted in Figure 3. For both strains, the C10-C10 dimer is dominant with a share of over 60% (w/w).


[image: Figure 3]
FIGURE 3. Congener composition of produced mono-rhamnolipids (black) and HAAs (gray) with P. putida KT2440 SK4 (left) and P. putida KT2440 KS3 (right) on minimal medium with glucose as sole carbon source. The error bars indicate the deviation from the mean of two biological replicates.


In the applied shake flask cultivations, foam formation occurred only marginally due to laminar fluid motion, ensuring homogeneous conditions. For P. putida KT2440 SK4 and KS3, the maximal growth rates were 0.46 ± 0.02 h−1 and 0.48 ± 0.003 h−1, respectively (Table 2). The highest surfactant production rate was detected in the late exponential phase after 6 h (Figure 4). Until carbon depletion, total space-time yields of STYSK4, flask= 0.06 ± 0.01 gRL/L·h and STYKS3, flask= 0.07 ± 0.01 gHAA/L·h were reached. By referencing product formation to substrate, final yields were similar at YP/S= 0.1 gP/gS (Table 2). For increased space-time yield for HAA and rhamnolipid production, higher biomass concentrations in the culture are however necessary. A bioreactor process is designed according to the identified need for carbon and nitrogen.


Table 2. Performance indicators of the two engineered recombinant biosurfactant producers in shake flask cultivations.
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FIGURE 4. Shake flask cultivation of P. putida KT2440 SK4 (blue) and P. putida KT2440 KS3 (black) on minimal medium with 9 g/L glucose. (A) Biomass concentration vs. time (squares) and surfactant concentration vs. time (empty squares); (B) surfactant yield from biomass vs. time (YP/X); (C) biomass yield from glucose vs. time (YX/S, points) and biomass per ammonium vs. time ([image: image], empty points). The error bars indicate the deviation from the mean of two biological replicates.


Latest published HAA syntheses with a plasmid-based production host reached space-time yields of 0.06 gHAA/L·h (Germer et al., 2020) and 0.07 gHAA/L·h (Tiso et al., 2017) in complex medium. Now, by integrating the production cassette into the genome for the construction of P. putida KT2440 KS3, a stable HAA producing strain is available, which does not require the addition of antibiotics. Especially concerning applications in larger scales, the renunciation of antibiotics reduces costs significantly. With the same STY as the previously mentioned strains even on minimal medium (0.07 gHAA/L·h), P. putida KT2440 KS3 has great potential for further applications regarding HAA synthesis.



Bioreactor Cultivations Lead to Increased Space-Time Yield

As higher biomass concentrations, and consequently higher concentrations of biocatalysts are mandatory for an improved HAA and rhamnolipid production without any limitations in substrates and oxygen, a bioreactor cultivation process was designed. In the bioreactor setup (Figure 2), the process was divided into a growth and a harvest phase: 1. In the growth phase, the foam leaving the gas exhaust of the reactor was collapsed and continuously recirculated into the reactor. This prevented the loss of biomass by cells entrapped in the foam and resulted in biomass concentrations of 5 gCDW/L and growth rates of μ= 0.44 h−1 for both producer strains. 2. In the harvest phase conducted for 10 h, the fractionated foam was collected as foamate. Here, biomass concentration in the reactor could be maintained for P. putida KT2440 SK4, while the biomass concentration of P. putida KT2440 KS3 increased continuously (Figures 5A,D). The biomass concentrations in the foamate, leaving the foam centrifuge showed the same trends. However, in comparison to the rhamnolipid producer, the HAA producing strain showed slightly lower biomass concentrations in the foamate than in the culture broth. The correlation of biomass in foamate to reactor is indicated as enrichment factor Ebiomass (Figures 5A,D). Here, at values above 1, the cells were enriched in the foamate. This was observed during rhamnolipid production over the entire cultivation time, while in the HAA fermentation, the enrichment was high at the beginning (Ebiomass> 2) and ends at Ebiomass = 0.9. The surfactant enrichment via foam fractionation enabled rhamnolipid concentrations over 4 gRL/L and HAA concentrations higher than 7 gHAA/L (Figures 5B,E) in the foamate. In total, 540 mL foamate with an overall rhamnolipid concentration of about 4 gRL/L were separated (Figure 5C). Together with the product that remained in the reactor, 7 g rhamnolipids were produced. That results in STYSK4, reactor = 0.17 gRL/L·h. With P. putida KT2440 KS3, HAA concentrations in the reactor stayed stable while the biomass concentration increased, indicating an efficient product separation. Contrary to the rhamnolipid fractionation, the volume of the foamate in the collection bottle increased slower after the surfactant concentration in the foamate has dropped (Figure 5F). Here, it is very likely that HAAs were degraded in the column by the increasing presence of biomass. High biodegradability of HAAs, while rhamnolipids remain non-degraded, was already discussed by Tiso et al. (2017). With a lower surfactant concentration, less foam could be collected in the foamate vessel. However, a constantly higher HAA enrichment (EHAA, mean = 3.75 ± 0.5) compared to the rhamnolipid enrichment (ERL, mean = 2.68 ± 0.98) was apparent (Table 3). With the absence of the polar rhamnose residue, HAAs feature a lowered amphiphilicity compared to rhamnolipids. Consequently, the tendency to accumulate at the gas-liquid interface is lower, thus reducing the intensity of foam formation (Tiso et al., 2017). The average foamate flow of [image: image] 38 mL/h, was 1.4 times lower than the rhamnolipid foamate flow. Potentially, the liquid content of HAA foam was lower when it left the reactor, causing even higher enrichments after the fractionation. For HAA production, 380 mL foamate with a concentration of 6 gHAA/L were harvested and 2.5 gHAA/L remained in the reactor, leading to a total process STYKS3, reactor = 0.12 gHAA/L·h. Compared to the rhamnolipid and HAA synthesis in the shake flasks, the STY was increased by 2.8-fold and by 1.7-fold, respectively. This improvement is achieved despite the loss of cells from the reactor into the fractionated foam.


[image: Figure 5]
FIGURE 5. Cultivation of P. putida KT2440 SK4 (A–C) and P. putida KT2440 KS3 (D–F) in a bioreactor. Growth phase (gray background) and a subsequent continuous product separation during the harvest phase (t = 10.6 h to t = 20.6 h). (A,D) Biomass concentration in the reactor (blue squares) and in the foamate (black squares) and (B,E) Surfactant concentrations were measured in the fermentation broth of the reactor (blue points) and in the foamate after fractionation (black points). The biomass and surfactant enrichment factors (Ebiomass & Esurfactant) are depicted in violet. (C,F) The total volume of separated foamate was measured continuously.



Table 3. Process parameters of bioreactor cultivations for rhamnolipid or HAA production and recovery.
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Surface Structures Have a Significant Influence on CSH and Thus Bacterial Foam Adhesion

In the previous fermentation, high biomass loss due to foam adhesion of cells was observed. In addition to reduced productivity, higher biomass concentrations in the foamate result in a more complex downstream processing (DSP). Consequently, P. putida KT2440 was modified to identify cell surface structures responsible for cell surface hydrophobicity (CSH), thereby contributing to foam adhesion. A broad range of surface structures was removed by genetic engineering. By foaming a rhamnolipid solution with added surface-modified strains vertically through a column, foam adhesion of these strains was quantified. The introduced enrichment factor EOD600·V was used here to assess the foam adhesion tendency of the individual strains. More than half of the investigated strains had an EOD600·V of 0.65 to 0.85, corresponding to the highest observed values (Figure 6). With EOD600·V = 0.77, the enrichment factor of the P. putida KT2440 wild-type strain is located in this range together with strains with a deleted synthesis of exopolysaccharide a and b (Δpea & Δpeb), alginate (Δalg), as well as fimbriae and pili (ΔfimbriaeΔpili). Therefore, these surface structures seemed to have no significant impact on bacterial foam adhesion. P. putida KT2440 without the flagellum (Δflag), the adhesin LapF (ΔlapF), and LapA and LapF combined (ΔlapAΔlapF) depict EOD600·V values of below 0.65. With the multi-deletion-strain P. putida KT2440 GR20, the lowest tendency for foam adhesion for knock-out mutants was reached with an EOD600·V, GR20 of 0.33. P. putida KT2440 GR20 contains among other deletions, no flagellum and no LapA and LapF. Notably, the minimal cell enrichment in the foam was reached with a P. putida S12 wild-type strain.


[image: Figure 6]
FIGURE 6. Biomass enrichment factor EOD600·V (n = 2) in fractionated foam vs. water contact angle (n = 9) for Pseudomonas wild types (black) and P. putida KT2440 knock-out strains. P. putida KT2440 knock-out strains used for rhlA and rhlAB integration in the following are marked by filled squares. Vertical error bars indicate the deviation from the mean for n = 2 and horizontal error bars the standard deviation of the mean for n = 9.


In order to validate the impact of the applied deletions on the CSH, water contact angles of the correspondent bacterial lawn were recorded. To evaluate if a correlation between CSH and foam adhesion existed, the CSH values were plotted against the biomass enrichment in the foam (Figure 6). In general, the same trend was observed as seen for the enrichment test. Many mutations did not influence the CSH having contact angles between 60 and 72° like P. putida KT2440. P. putida KT2440 Δflag, a strain among those with a reduced EOD600·V value, was also within the water contact angle range of the wild-type strain. A reason for this phenomenon is probably the relatively low size of the flagellum compared to the total cell surface and therefore a low influence on CSH. The impact on enrichment might be caused by its long hydrophobic tail, acting like an anchor in the hydrophobic air bubbles. Apart from the flagellum deletion, mutants featuring a lower foam adhesion tendency also demonstrated a lower surface hydrophobicity based on a water contact angle of 40 to 50°. These results indicate that the factor EOD600·V correlates to the CSH. The knock-out mutants standing out (i.e., which are in the lower left quadrant of the graph) were P. putida KT2440 ΔlapF, P. putida KT2440 ΔlapAΔlapF, and the cumulative deletion-strain P. putida KT2440 GR20. Additionally, wild-type strains P. putida DOT-T1E and S12 are among the best performing strains. According to a BLAST analysis (Altschul et al., 1990), P. putida DOT-T1E, and S12 genomes contain no gene encoding for the adhesin LapF. These strain-to-strain differences explain why many P. putida strains are in use and still new isolates with additional phenotypes are reported.



Enhanced Product Separation From Biomass With Cell Surface-Modified Biocatalysts

The strains that featured a lower foam adhesion were equipped with rhamnolipid and HAA production genes and used for fermentation. The aim was to show that a low biomass accumulation in the foam could be achieved not only in stand-alone tests but also in the actual production process. To focus on the agglomeration tendency of strains in the foam, all process conditions were kept exactly as applied for the non-modified production strains earlier. The biomass concentrations of surface-modified strains exclusively for the harvest phase, are depicted in Figures 7A,F, with the non-modified strains as reference. Except for P. putida KT2440 ΔlapF_RL, all biomass concentrations in the reactor and the rhamnolipid concentration in the foamate rose. P. putida KT2440 Δflag_RL and P. putida KT2440 GR20_RL cultures reached biomass concentrations higher than 9 gCDW/L and caused the highest rhamnolipid concentrations in the separated foamate, with values over 7 gRL/L. For all surface-modified HAA and rhamnolipid production hosts, biomass enrichment factors Ebiomass were on average lower than the enrichments measured for P. putida KT2440_RL (Ebiomass= 1.36 ± 0.2) and P. putida KT2440 KS3 (Ebiomass= 1.1 ± 0.6). P. putida KT2440 Δflag_RL and P. putida KT2440 GR20_RL had minimal average biomass flotation tendencies with Ebiomass= 0.74 ± 0.23 and Ebiomass= 0.82 ± 0.3, respectively (Figure 7C, Table 3). With P. putida KT2440 Δflag_RL, the bacterial foam adhesion could be reduced by 46%. In contrast to the stand-alone bacterial foam adhesion tests, the strain without flagellum enriched less in the foam than strains with deleted genes encoding for LapA and LapF.
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FIGURE 7. Comparison of non-modified production hosts (black) with knock-out strains negative for the synthesis of surface structures (colored). Harvest phase at the (A–E) rhamnolipid and (F–J) HAA production and separation as foamate in the designed bioreactor setup. (A,F) Biomass concentration in the reactor vs. time, (B,G) biosurfactant concentration in the foamate at the inlet of the collection bottle vs. time, (C,D,H,I) biomass and surfactant enrichment in the foamate (Ebiomass & Esurfactant) vs. time, and (E, J) the volume of the collected foamate vs. time.


In terms of surfactant enrichment, the average rhamnolipid enrichment by fractionation lay between Esurfactant= 1.69 ± 0.3 and 2.68 ± 1 except for the cultivation of P. putida KT2440 ΔlapF_RL (Table 3). The rhamnolipid enrichment dropped throughout the harvest phase in all experiments. As already shown with the HAA production host without surface modifications, biomass foam adhesion was generally lower and product enrichment was higher than in rhamnolipid synthesizing processes. These characteristics, which promote the separation process, were confirmed with the HAA production strain without LapF. P. putida KT2440 ΔlapF_HAA continuously grew in the harvest phase, reaching a final concentration of 19 gCDW/L (Figure 7F). The HAA concentration trend in the foamate showed the same curve as the HAA concentration trend of the non-modified strain, reaching 8 gHAA/L (Figure 7G). With the lapF deletion, the biomass enrichment in the foamate was on average lower and the surfactant enrichment higher. A product enrichment factor of Esurfactant= 4.98 ± 1.6 made P. putida KT2440 ΔlapF_HAA the strain with the highest Esurfactant value.

Besides the investigated biomass agglomerations and product enrichments in the foam, the optimized bioreactor process had to be analyzed concerning biosurfactant productivity and product separation efficiency. With 10 g produced rhamnolipids, the cumulative deletion-strain P. putida KT2440 GR20_RL was the most efficient producer (Table 3). Consequently, the reached STYGR20_RL = 0.24 gRL/L·h was 1.4-fold improved compared to the space-time yield that has been achieved with the rhamnolipid producer without surface modifications. Higher surfactant concentrations provoked a fortified foam formation. P. putida KT2440 GR20_RL produced 1.3-fold more foamate in the collection bottle than using the second-best rhamnolipid producer P. putida KT2440 Δflag_RL (Figure 7E). In general, 28 to 36% of the total produced rhamnolipids were separated via foam fractionation. Again, higher separation efficiencies could be realized in the HAA production process. For both applied strains, P. putida KT2440 KS3 and P. putida KT2440 ΔlapF_HAA, about half of the secreted HAAs were transferred into the foamate collection bottle. Despite a lowered biomass enrichment of 34% in the foamate with a LapF negative strain, no higher productivity could be obtained in comparison to P. putida KT2440 KS3.




DISCUSSION


Integrated Foam Fractionation as a Trade-Off Between Productivity and Separation Efficiency

The applied bioreactor setup with an integrated foam fractionation achieved high STYs for rhamnolipid and HAA production. However, this high productivity was achieved at the expense of lower product separation efficiency, as at least half of the total produced surfactant remained in the culture broth. Beuker et al. (2016b) used a setup with integrated foam fractionation similar to the one presented in this study. A lower biomass concentration of 3.3 gCDW/L, compared to 5 gCDW/L in our experiments was reached after a cultivation time of 10 h. A lower growth is most likely caused by the lower gassing rate of 0.067 vvm compared to the applied gassing rate of 0.25 vvm in our experiments, as growth of the aerobic P. putida is impaired when not enough oxygen is available. Furthermore, foam separation was conducted right from the beginning of the fermentation, most likely reducing biomass amounts in the liquid in the study of Beuker et al. (2016b). In a similar setup Anic et al. (2018) applied a gassing rate of 0.1 vvm and installed an additional foamate reflux, reaching a biomass concentration of more than 5 gCDW/L after 40 h. Foam destabilization was carried out by an integrated rhamnolipid adsorption. In our study, in the harvest phase, the fractionation efficiency declines after 5 h. With P. putida KT2440 SK4, the rhamnolipid concentration in the reactor broth rose, resulting in a lowered enrichment factor. Higher rhamnolipid concentrations in the broth led to wetter foam. This is underlined by an increased rate of foamate formation over time while surfactant concentrations in the foamate declined (Figure 7), a phenomenon also reported by Anic et al. (2018). The operation window for optimal foam fractionation is a trade-off. On the one hand, higher gassing rates omit oxygen limitations in the broth promoting rapid microbial growth and surfactant production, whereas an efficient product separation is achieved by reducing gassing rates. With the here developed multi-stage process (divided into growth and harvest phase), a 4.5 and a 2.3-fold higher STY could be achieved for rhamnolipid production by P. putida KT2440 SK4 with continuous foam fractionation compared to Beuker et al. (2016b) and Anic et al. (2018), respectively. Even though the product recovery in the foam of 97% reported from Beuker et al. (2016b) is much higher than in this study. Here, only 32% of the produced rhamnolipids were separated by foam fractionation. Probably during higher aeration, the liquid content in the foam increases, changing also the content of biosurfactant in the foamate. To avoid the dependence of separation efficiency on the gassing rate, immobilized cells can be applied, e.g., by entrapment of microbial cell factories in polymers (Siemann and Wagner, 1993; Heyd et al., 2011). With no cells leaving the reactor, foam fractionation conditions can be optimized, e.g., by an increased residence time in the fractionation column with larger column dimensions (Sarachat et al., 2010). As the quantitative surfactant secretion into the medium depends on culture conditions as cell vitality, growth, and density, the regulation of these conditions is of central importance. However, as already discussed for the gassing rate, process variables have a direct impact on the subsequent fractionation.



Abiotic Parameters Reveal Potential for Increasing the Process Efficiency

In the applied setup, technical adjustments for enhanced process efficiency are numerous (Figure 8). They are briefly outlined here in the context of studies focused on individual process variables. (A) The gas-liquid surface area is dependent on the bubble size, which can be adjusted by altering the diameters of the pores in the sparger while maintaining the gassing rate (Khanchezar et al., 2019). (B) The stirring speed influences the water content in the foam (Long et al., 2016). (C) Medium components, such as multivalent anionic ions (e.g., Mg2+) are discussed to reduce bacterial flotation (Somasundaran, 1975; Beuker et al., 2016b). (D) With a lowered pH, rhamnolipids form less foam (Özdemir et al., 2004). (E) In this work, a rather small headspace volume was chosen to guarantee stable foaming through the reactor outlet, even at low surfactant concentrations. (F) For the headspace, as for the connected foam fractionation column, the vertical flow behavior is intended to be as homogeneous as possible, which is especially challenging at the in- and outlets. (G) With increased column dimensions at a constant height to diameter ratio, separation efficiencies increase due to a lower impact of wall effects (Merz, 2012). Again, the conditions in the reactor are subjected to change by a correspondent (H) return of medium and biocatalysts impacting the cultivation. Despite the many parameters influencing the process performance, the here developed setup facilitated the identification of a suitable set of parameters for stable process operation.
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FIGURE 8. Abiotic influence factors on biosurfactant production in the applied aerated bioreactor system with product separation via integrated foam fractionation.




Cell Surface-Modified Strains for Enhanced Production

While metabolic traits are often targets for strain improvement, cell surface properties are rarely engineered. Anic et al. (2017) suggested that P. putida without the flagellar machinery has a reduced tendency to agglomerate in foam, which was confirmed here. Despite that, we did not observe a lowered CSH. However, Martinez-Garcia et al. (2014) measured a lower CSH of a P. putida KT2440 flagellum deletion strain in comparison to the wild type via a microbial adherence to hydrocarbon (MATH) test (Rosenberg et al., 1980). Furthermore, the same study showed that non-flagellated cells form more biofilm than wild-type cells, fostered by a de-repression of exopolysaccharide production (Martinez-Garcia et al., 2014). This finding could be the reason why the lowest biomass agglomeration in foam was detected for the cumulative deletion-strain P. putida KT2440 GR20, which furthermore features EPS- and flagellum deletions. Other studies confirmed a reduced bacterial CSH by flagellum removal in P. aeruginosa (Bruzaud et al., 2015) and E. coli (Friedlander et al., 2015) strains. An interesting finding is the low foam adhesion by P. putida S12 and P. putida DOT-T1E. While for P. putida, it is known that the adhesin LapF increases CSH (Lahesaare et al., 2016), no homolog of lapF was found on the respective genomes of these strains. However, at least in Germany, all P. putida strains except KT2440 are of biosafety level 2 (Nelson et al., 2002; ZKBS, 2012), a true challenge for the development of new bioprocesses, strongly advocating the usage of P. putida KT2440.

By using CSH mutants with lower foam enrichment, the outcomes of the stand-alone tests were confirmed. Again, all strains showed reduced enrichment, even though the reduction occurred in a different order. In the reactor experiments, the lapF deletion affected biomass adhesion in the foam less than the flagellum deletion. Also, the cumulative deletion-strain P. putida KT2440 GR20_RL with the lowest enrichment in the biomass flotation tests had a higher enrichment than P. putida KT2440 Δflag_RL in the foamate during bioreactor cultivation (Table 3). In other studies is was reported that flagellum deletion improves biomass yield on substrate (Martinez-Garcia et al., 2014) as well as the rhamnolipid production performance of the microbial cell factory (Tiso et al., 2020a). Higher biosurfactant production influences foaming and therefore the biomass adhesion tendency as well. The assessment of the biomass agglomeration promoted by certain surface structures with the performed stand-alone biomass flotation experiments that were always conducted with the same surfactant concentration therefore provides a better insight into the monocausal relation between CSH and cell foam adhesion. However, the results from the fermentation experiments allow for a better assessment and selection of the strain best suited for the here developed process. Overall, P. putida KT2440 GR20_RL is the best producer, reaching almost 10 g rhamnolipids within 20 h. With P. putida KT2440 Δflag_RL, 8.7 g rhamnolipids were produced in total, resulting in a 1.2 times higher production than P. putida KT2440 SK4.

In summary, we could show that genetic modifications of the bacterial cell surface reduced foam adhesion. This reduction in cell adhesion allowed stable rhamnolipid and HAA production in aerated bioreactors without the need of, e.g., antifoam addition. The expected benefits are not only lower operation cost of biosurfactant production, but especially reduced cost in the subsequent DSP. The integration of strain and process engineering, as discussed by Kuhn et al. (2010), clearly opens new possibilities for tailored process designs (Singh et al., 2019).
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Cellobiose lipids (CL) are extracellular glycolipids that are produced by many microorganisms from the family Ustilaginaceae. The sugarcane smut fungus Sporisorium scitamineum has been long known as a producer of the glycolipids mannosylerythritol lipids (MEL) and was recently described to additionally secrete CL as a byproduct. In fact, we identified 11 homologous genes in S. scitamineum by in silico analysis sharing a high similarity to the CL biosynthesis gene cluster of Ustilago maydis. We here report the first systematic cultivation of S. scitamineum targeting the synthesis of CL with high product titers and its transfer to the bioreactor. In an initial screening we examined different fermentation media compositions, consisting of a mineral salts solution with vitamins and/or trace elements, three carbon sources (glucose, fructose, sucrose), three pH values (2.5, 4.0, 6.7) and three levels of C/N values (42.2, 83.8, 167.2 molC⋅molN–1) with urea as nitrogen source. A pH of 2.5 proved to result in the highest product titers. An increase of urea concentration from 0.6 to 1.2 g⋅L–1 had a positive effect on biomass formation, however the glycolipid formation was favored at a C/N ratio of 83.8 molC⋅molN–1, using 0.6 g⋅L–1 urea. Amongst the examined carbon sources, sucrose resulted in an increase in the secretion of cellobiose lipids, compared to glucose. Comparing different media compositions, vitamins were identified as not necessary for CL synthesis. We obtained a concentration of cellobiose lipids of 8.3 ± 1.0 g⋅L–1 in shaking flasks. This increased to 17.6 g⋅L–1 in the 1 L bioreactor with additional feeding of carbon source, with a final purity of 85–93%. As a side product, erythritol and mannosylerythritol lipids (MEL) were also synthesized. Via HPTLC coupled MALDI-TOF MS we were able to analyze the secreted CL structures. S. scitamineum produces a mixture of acylated low molecular weight D-glucolipids, linked to a 2,15,16-trihydroxy-hexadecanoic acid via their ω-hydroxyl group (CL-B). The produced cellobiose lipids precipitate as needle like crystals at an acidic pH value of 2.5.

Keywords: cellobiose lipids, Sporisorium scitamineum, fermentation process, glycolipids, biosurfactant


INTRODUCTION

Cellobiose lipids (CL) are a group of microbial biosurfactants that are secreted as secondary metabolites by many microorganisms from the family Ustilaginaceae, with Ustilago maydis being the most examined producer of CL. They were first discovered in 1950 by Haskins while screening a wide range of fungi for their ability to metabolize glucose and agricultural wastes (Haskins, 1950). CLs are reported to have various antimicrobial and antifungal activities, as well as gelling characteristics, making them of high interest for application in cosmetics, as detergents, or fungicides (Haskins and Thorn, 1951; Puchkov et al., 2002; Cheng et al., 2003; Teichmann et al., 2007; Imura et al., 2014). Widely studied producers of CL besides Ustilago maydis are Anthracocystis flocculosa (formerly known as Pseudozyma flocculosa), Kalmanozyma fusiformata, Sporisorium graminicola, and Cryptococcus humicola, amongst others (Kulakovskaya et al., 2006; Golubev et al., 2008; Kulakovskaya et al., 2007; Teichmann et al., 2011a).

CLs are usually produced as a mixture of different acylated low molecular weight D-glucolipids, linked to a hydroxypalmitic acid via their ω-hydroxyl group (Eveleigh and Dateo, 1964). Depending on the producing microorganisms, typical strain-associated structural varieties can be observed. U. maydis secretes a CL variant with binding a 15,16-dihydroxyhexadecanoic acid or a 2,15,16-trihydroxy-hexadecanoic acid fatty acid chain to the cellobiose CL-B. The fatty acids can further differ in the presence or absence of their hydroxyl group (R1 = H or OH) or the length of the acyl chain at 2″position (Figure 1A; Spoeckner et al., 1999; Teichmann et al., 2007). An additional variant with an ester group is known as CL-C (Spoeckner et al., 1999). A. flocculosa produces flocculosin, a CL that has an extra acetyl-group at C3″ position and whose cellobiose is esterified with 2-hydroxy-octanoic acid and acetylated at two positions (Teichmann et al., 2011a). C. humicola secretes a mixture of different types of CL with the bolaform 16-O-(2″,3″,4″,6′-tetra-O-acetyl-ß-cellobiosyl)-2-hydroxyhexadecanoic acid being the major product (Puchkov et al., 2002; Morita et al., 2011). In CL produced by K. fusiformata a 2,15,16-trihydroxypalmitic acid is linked to the cellobiose and 3-hydroxycaproic acid and acetic acid are linked as O-acylic substituents, corresponding to the structure of CL-B produced by U. maydis (Kulakovskaya et al., 2005).
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FIGURE 1. (A) Structure variants of CL-B (Spoeckner et al., 1999). (B) Microscope images of precipitated needle like CL crystals, secreted by S. scitamineum. (C) S. scitamineum grown in complex YM medium without CL crystals.


A gene cluster containing 12 open reading frames coding for enzymes needed for CL synthesis was first identified in U. maydis, proposing a biosynthesis route for CL (Teichmann et al., 2007). In U. maydis, the zinc finger transcription factor Rua1 regulates CL synthesis (Teichmann et al., 2010). The monooxygenase Cyp1 terminally hydroxylates the de novo synthesized precursor palmitic acid, while Cyp2 ω-1 hydroxylates the 16-OH palmitic acid. The two glucose units of the sugar moiety are added by the glycosyltransferase Ugt1. Fas2 synthesizes the additional fatty acids and Uhd1 catalyzes their β-hydroxylation. The acetyltransferase Uat2 transfers the shorter fatty acid to CL in C6′ position, while Uat1 acylates the C2″ position in the cellobiose molecule. Ahd1, the α-hydroxylase, catalyzes the hydroxylation of the palmitic acid. Finally CL is exported by the transporter Atr (Teichmann et al., 2007, 2011a). A highly similar gene cluster with 11 open reading frames was identified for A. flocculosa, thus suggesting a highly conserved biosynthesis pathway in both glycolipid producers (Teichmann et al., 2011a).

Sporisorium scitamineum (formerly Ustilago scitaminea) is another Ustilaginaceae species, that is known as sugar cane smut fungus (Braithwaite et al., 2004). Phylogenetic analysis revealed Sporisorium reilianum as sister species, both branching early in the evolutionary history from U. maydis (Que et al., 2014). However, genomic characteristics like genome and gene size, GC content or number of exons and introns etc. are most similar to U. maydis (Que et al., 2014; Taniguti et al., 2015; Dutheil et al., 2016). Besides, encoded proteins in S. scitamineum show an average of 75.4% identity to proteins of U. maydis (Que et al., 2014), which confirms their relationship. S. scitamineum (NBRC 32730) was long known as MEL producer, another biosurfactant that is also produced by. U. maydis strains (Hewald et al., 2006; Morita et al., 2009a,b). In 2014 the first synthesis of CL by S. scitamineum (NCBI: txid49012) was reported, as a result of a wide screening of different Ustilaginaceae species for the production of value-added chemicals (Geiser et al., 2014). The produced structures are correspondent to CL variants produced by U. maydis (Deinzer, 2017). However, to our knowledge no further studies on CL synthesis by S. scitamineum are published, and the sequences of the CL biosynthesis cluster have not yet been described. While CL is of potential interest for application in various industrial sectors, as previously mentioned, fundamental research is still needed for a better understanding of factors affecting CL synthesis. A research gap is evident here.

Therefore, this paper aims to study S. scitamineum as a CL producer and analyse factors potentially important for CL synthesis. As S. scitamineum is closely related to U. maydis, we hypothesized that factors affecting its glycolipid production are similar. In order to gain a better understanding and to verify this hypothesis, the effect of pH value, carbon source and C/N ratio as well as media composition on microbial growth and CL synthesis were examined. All these factors were reported to have direct effects on the produced amount of CL amongst the various producing microorganisms (Roxburgh and Spencer, 1954; Hammami et al., 2008; Günther et al., 2010; Liu et al., 2011; Zavala-Moreno et al., 2014). Furthermore, most studies related to microbial CL synthesis focus on shaking flask cultivations, with only limited publications reporting a CL production in bioreactors, with titers varying from 13 to 33 g⋅L–1 (Roxburgh and Spencer, 1954; Frautz et al., 1986; Liu et al., 2011; Morita et al., 2011). To generate more process knowledge for CL fermentations in bioreactors, we further present the first cultivation of S. scitamineum for CL synthesis in a fermenter.



MATERIALS AND METHODS


Protein Sequence Homology Analysis of S. scitamineum

Protein sequences of the U. maydis (NCBI: txid237631) CL gene cluster were used to identify open reading frames and find homologous sequences in the S. scitamineum (NCBI: txid1447027) annotated genome (ASM90000236v1) (Dutheil et al., 2016) by alignment analysis via BLAST. This strain is from the same clade as used for our experiments. Amino acid sequence similarities and identities were calculated using the Needle EMBOSS software (Madeira et al., 2019).



Strain and Seed Culture

Glycerol cryo cultures of the strain Sporisorium scitamineum (Ustilago scitaminea) DSM 11941, obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ), were stored at −80°C and used to streak agar plates containing YM medium (10 g⋅L–1 glucose, 5 g⋅L–1 peptone, 3 g⋅L–1 malt extract, 3 g⋅L–1 yeast extract and 15 g⋅L–1 agar (DSMZ, 2020)). The pH was adjusted to pH 6 using 2 M H2SO4. These plates were incubated for 48 h at 30°C and kept for up to 30 days at 8°C.

For seed culture fermentation, strains were obtained from agar plates and cultivated in liquid YM medium, pH 6, at 30°C and 120 rpm in a rotary shaker. After a maximum of ∼17 h, 1 L baffled shaking flasks containing 200 mL of YM medium were inoculated to an optical density (OD625) of 0.1 a.u. and cultivated under the same conditions until the glucose concentration in the medium decreased to less than 1 g⋅L–1. This seed culture was used to inoculate CL production culture in further experiments.



Fermentation Strategy for CL Production

For CL fermentation, basic production culture medium (PCM), based on the composition of YNB (Y1251 Merck; Germany), consisting of mineral salts (1.0 g⋅L–1 KH2PO4, 0.5 g⋅L–1 MgSO4, 0.1 g⋅L–1 NaCl, 0.1 g⋅L–1 CaCl2), compounds supplying trace elements (500 μg⋅L–1 H3BO3, 40 μg⋅L–1 CuSO4, 100 μg⋅L–1 KI, 200 μg⋅L–1 FeCl3, 400 μg⋅L–1 MnSO4, 200 μg⋅L–1 Na2MoO4, 400 μg⋅L–1 ZnSO4) and a vitamin solution (2 μg⋅L–1 biotin, 400 μg⋅L–1 calcium pantothenate, 2 μg⋅L–1 folic acid, 2 mg⋅L–1 inositol, 400 μg⋅L–1 niacin, 200 μg⋅L–1 p-aminobenzoic acid, 400 μg⋅L–1 pyridoxine hydrochloride, 200 μg⋅L–1 riboflavin, 400 μg⋅L–1 thiamin hydrochloride), was used (Günther et al., 2010). Unless otherwise indicated, 0.6 g⋅L–1 urea and 50 g⋅L–1 glucose were added to the medium and inoculated to an OD625 of 0.3 a.u. from the previously prepared seed culture. All fermentations were conducted at 30°C and an initial pH of 2.5 for 10–14 days, unless differently indicated (method optimized from Günther et al., 2010).

Fermentations in micro-bioreactor systems were performed in the BioLector I (m2p Labs GmbH; Germany) in 48-well Flowerplates® (m2p-labs) with online monitoring of dissolved oxygen (DO) and backscatter (measured by backscattered light at λ = 620 nm, gain 10) (Samorski et al., 2005; Funke et al., 2009). Data points were measured every 20 min. For growth rate calculations, the moving averages of 50 data points of the backscatter signal were used to reduce noise. The wells were filled up to 1,300 μL and shaken at 800 rpm. Cultivations were performed in duplicates or triplicates. Cell dry weight (CDW), CL concentration and concentration of remaining sugars were measured offline after termination of the fermentation.

Fermentations in shaking flasks were performed in 1 L baffled flasks with 200 mL medium at 120 rpm in a rotary shaker. 1 mL samples were taken every 24 h for monitoring of OD, CDW, CL concentration as well as nitrogen and carbon source concentrations.

For bioreactor fermentations 700 mL of fermentation media were inoculated in 1 L INFORS HT Multifors bioreactors (Infors AG; Germany) with online monitoring of DO, pH, stirrer speed and T. The reactors were aerated with 1 vvm (volume of gas per volume of liquid per minute) of air and stirred within a range of 400–500 rpm, to maintain a DO value above 20%. Two fermenters were started in parallel to ensure reproducibility of the fermentation. 1 mL samples were taken every 24 h for offline monitoring of OD, CDW, CL concentration as well as nitrogen and carbon source concentrations.



Variation of Fermentation Parameters and Media Compositions

The effect on growth and glycolipid formation of three different pH values (2.5, 4.0, and 6.7) was examined. This pH range was chosen for our screening, since acidic pH values were described to result in an increase in CL production rate with U. maydis (Günther et al., 2010). Furthermore the transfer phase of seed culture to the production culture medium was done during the early or late stationary phase, to assess a potential effect of substrate limitation of S. scitamineum on their CL productivity. Three different carbon sources were used for fermentation, at a concentration of 50 g⋅L–1: sucrose, glucose and fructose. All three carbon sources can be metabolized by S. scitamineum (NBRC 32730) for glycolipid production (Morita et al., 2009a, 2015). 50 g⋅L–1 glucose + 0.6 g⋅L–1 urea [(IIa) 83.8 molC⋅molN–1] was chosen based on Spoeckner and Günther as starting/basic C/N ratio, showing the best results regarding CL concentrations with U. maydis (Spoeckner et al., 1999; Günther et al., 2010). We further examined the possible effect of halved [(I) 42.2 molC⋅molN–1] and doubled [(III) 167.2 molC⋅molN–1] C/N ratios on CL formation and biomass growth. The C/N ratio (II) was further applied at two concentration levels (IIa) and (IIb). The equivalent glucose and urea concentrations are summarized in Table 2 in the “Results” section.

To assess the effect of different media constituents on CL productivity and biomass growth, S. scitamineum was cultivated on the different fractions of PCM [mineral salts, vitamins (Vit), compounds supplying trace elements (TE)] separately, with or without an addition of 0.01 g⋅L–1 FeSO4, corresponding to an increase by ∼54 mol in iron ions. All used media combinations are summarized in Table 2.



Analytical Methods

For biomass quantification, the optical density was measured photometrically at 625 nm (GENESYSTM 10 UV, Thermo Fisher Scientific; United States). For all further analyses, 1 mL sample was centrifuged at 16,060 g for 10 min at RT. The supernatant was used for urea and sugar analysis. Urea concentration was determined photometrically, via enzymatic reaction with a urea/ammonia test kit (R-Biopharm; Germany). Sugar concentration was measured via HPLC with a Supelcogel 8 H 59246-U column (Merck; Germany), at 30°C with 5 mM H2SO4 as mobile phase, with a flow rate of 0.6 mL⋅min–1 and a running time of 15 min. Sucrose, glucose, fructose and erythritol were detected via a refractive index detector (RI 8120, Bischoff GmbH; Germany).

The pellet was washed with acidic water (pH 2; H2SO4) to remove residual sugars, then 1 mL of ethanol was added to the pellet for CL extraction. The extraction with 1 mL ethanol was repeated and both extracts were unified and stored at −18°C until further analysis (Günther, 2014). The remaining pellet after ethanol extraction was dried and used for gravimetric CDW determination.

For CL quantification, the ethanol extracts were applied to HPTLC Silica gel 60 F254 plates (Merck; Germany) in a chloroform-methanol-water (65:25:4) system. The spots were visualized by dipping into a developing solution (mixture of acetic acid, sulfuric acid and anisaldehyde) and heating until color intensity stabilized. The spots intensities were then quantified with the software Image-J and the CL concentrations calculated based on the internal calibration with CL standards.

For obtaining the standards, CL was extracted with ethanol, as previously described, from the pellet of 25 mL S. scitamineum culture broth. The extract was evaporated at 45°C and the obtained white/yellowish CL was grinded to a powder. This CL fraction was suspended twice in 4 mL of ethyl acetate per g CL and incubated for 30 min at RT to remove remaining fatty acids and MEL (Günther, 2014). The suspension was then centrifuged for 10 min at 16,060 g and 4°C and the pellet containing the purified CL was dried at 45°C and grinded to a powder. The purity of the standard was determined densitometrically via HPTLC as 91.6 ± 2.9% (n = 4). This purified CL was dissolved in ethanol, at concentrations of 10, 5, 2.5, and 1.25 g⋅L–1 and used as standard for internal calibration. Values from different plates are referred to the mean of sample PCM (IIa) for proper comparison.

For structural analysis a matrix consisting of 200 g⋅L–1 dihydroxybenzoic acid, 1.15 g⋅L–1 ammonium hydrogen phosphate, 0.1 g/L Octyl-β-D-glycopyranoside, 0.1% (v/v) trifluoroacetic acid in 90% acetonitrile and 10% ddH2O was applied to the HPTLC plates. Polypropylene glycol was spotted on the plate as internal standard to verify the mass calibration of the MS system. The plates were then dried overnight in a desiccator, prior to sample application for the MALDI-TOF-MS measurement. Then they were developed analogous to the method for CL quantification and separated due to polarity, however without treatment with the developing solution. Bands were scanned over their complete running distance with Bruker Ultraflex II TOF/TOF controlled by flex Control software (Bruker Daltonics; United States). Spectra were calculated in the range of 200–2,000 Da (m⋅z–1) based on the mean value of five spots at a distance of 0.6 mm in the running direction, with 200 laser shots for each. The obtained data was analyzed with flex Analysis and TLC MALDI software (Bruker Daltonics; United States), and the detected masses of the [M + Na]+ adducts were compared with known CL and MEL molecular masses from U. maydis (Spoeckner et al., 1999; Teichmann et al., 2011a; Beck et al., 2019). In combination with the polarity pattern, probable CL structures were derived from the mass spectrum of each spot. Only masses with an intensity above 500 a.u. (threshold) were considered. The m/z resolution was 1 Da. Therefore, a constant pattern of the isotopic distribution could be obtained for each spot and was considered for data analysis. Each detected mass spot consists of three peaks, with a mass difference of 1 Da and diminishing relative abundance, explained by the natural isotopic distribution. This TLC coupled MALDI-TOF-MS method was first described for CL analysis by Günther and recently published in detail by Günther (2014) and Beck et al. (2019).



RESULTS AND DISCUSSION

Examinations with different media compositions and pH values were conducted in the micro-bioreactor system. Observations on CL formation kinetics were either based on shaking flask or bioreactor experiments.


Comparative Genome Analysis of the CL Gene Cluster in U. maydis and S. scitamineum

The CL gene cluster is highly preserved amongst the known and sequenced CL producers U. maydis and A. flocculosa. Although A. flocculosa shares only an average gene sequence identity of about 50% with U. maydis, their CL-clusters share high sequence identities (up to 97%). Only the homolog for Rua1 shares a low identity of 23% (Teichmann et al., 2007, 2011a; Morita et al., 2013; Dutheil et al., 2016). Cyp 1, a gene encoding a P450 oxidoreductase, which is essential for CL synthesis, is also confirmed to be present in other strains that produce CL, such as M. aphidis and P. hubeiensis pro tem (Morita et al., 2013).

In the clade S. scitamineum, which is known to produce both MEL and CL, a homolog to the sequenced MEL biosynthesis gene cluster was identified recently (Deinzer, 2017). Furthermore, CL structures obtained from U. maydis and S. scitamineum share a high structural identity. Therefore it was of a high probability to find a homologous CL gene cluster in S. scitamineum as well. Via sequence homology analysis, we scanned the public available genome of S. scitamineum (Dutheil et al., 2016) and were able to identify 11 out of 12 clustered homologs to the genes associated with CL biosynthesis in U. maydis (Table 1). All 11 genes are located on scaffold 33 (NCBI accession number LK056681) with a spanning region of ∼40 kb in identical genetic organization as in U. maydis (Figure 2) and with high similarities varying between 63 and 89% to the U. maydis homologs, except for Rua1, that shares only 51% similarity.


TABLE 1. Homologous genes of CL biosynthesis gene cluster in S. scitamineum. Amino acid (AA) sequence similarity was calculated via the EMBOSS Needle software (Madeira et al., 2019).
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TABLE 2. Used pH values and media compositions for the screening experiment with S. scitamineum and obtained CL and CDW concentrations, CL yield and glucose and erythritol concentrations in the medium at the end of fermentation.
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FIGURE 2. Genetic organization of the CL biosynthesis cluster of S. scitamineum and U. maydis. Gene designations are described in Table 1. Figure was modified after Teichmann et al. (2011a).


However, the potential homolog to Rua1 that we identified in S. scitamineum, annotated as CDU25000.1, contains a Cys2His2-motif at the N-terminus that has 92.9% similarity (Supplementary Figure 1). This corresponds to the homology results observed on U. maydis and A. flocculosa, where only the Cys2His2-motif within Rua1 had a high identity in both microorganisms (Teichmann et al., 2011a).

These results confirmed the expected conservation of the CL biosynthesis pathway in S. scitamineum and pave the way for further molecular biological experiments to study gene function and perform strain optimization.



Observations on the Growth Behavior of S. scitamineum in Complex Medium

In order to cover all nutrients necessary for biomass growth and determine growth kinetics of S. scitamineum, seed cultures were grown on the complex YM medium. A maximum growth rate of μmax = 0.15 ± 0.02 h–1 was observed within the first 8 h of cultivation at 30°C, pH 6 and 800 rpm in the micro-bioreactor system, while maximum backscatter was reached after ∼ 30 h (Figure 3). However, no CL formation was observed under these conditions in the seed culture (Figure 1C).
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FIGURE 3. Growth kinetics of S. scitamineum seed culture in complex YM medium, cultivated in the micro-bioreactor system at an inoculation pH of 6.0. Error bars are deviated from 8 parallel cultivations (n = 8).


When U. maydis (DSM 17146) was cultivated with resting cells, i.e., without further growth in the production culture, the biomass transfer point from seed culture to the CL fermentation culture showed an effect on the subsequent CL productivity (Günther et al., 2010). In order to exclude a similar sensitivity with S. scitamineum, cell biomass was transferred either at the early (∼28 h) or late stationary phase (∼42 h) from the seed culture to the CL production culture. No significant effect of the biomass transfer phase was observed, neither on the obtained CDW nor on subsequent CL formation, indicating a tolerance of S. scitamineum toward substrate limiting conditions (results not shown here). All cultivations for CL production were therefore inoculated from this seed culture during the early stationary phase, at ∼28 h.



Effect of pH Value

Fungal secondary metabolism in general is regulated by various environmental stimuli, including pH (Brakhage, 2013). In order to examine a pH dependency of CL synthesis with S. scitamineum, three different pH ranges were used for fermentation in PCM: pH 6.7, the pH level of the used defined PCM without any adjustment, an acidic pH of 2.5 and pH 4.0. At pH 6.7 the worst growth behavior amongst the examined pH ranges was observed (Figure 4A). A biomass concentration as low as 4.3 ± 0.2 g⋅L–1 was obtained, while no CL was detected (Table 2). At pH 4 backscatter and growth rate (Figures 4A,B) were slightly higher over the course of fermentation, with a cCDW of 5.1 ± 0.4 g⋅L–1. However, no CL was produced here either, compared to pH 2.5 where we obtained a cCDW of 4.6 ± 0.3 g⋅L–1 and a cCL of 5.1 ± 0.3 g⋅L–1.
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FIGURE 4. Observations on S. scitamineum during fermentation in the micro-bioreactor system, using PCM, 50 g⋅L–1 glucose and 0.6 g⋅L–1 urea at an inoculation pH of 2.5, 4, or 6.7. (A) Backscatter light signal, (B) specific growth rates, and (C) DO level. Error bars are deviated from biological triplicates (n = 3).


While at pH 2.5 the lag phase was longest and the maximum growth rate μmax was lowest, an increase in optical density was observed up to 216 h of fermentation, showing a stable growth over a longer time span. This was also reflected in the DO level (Figure 4C), where it decreased to lower than 25% after an initial lag phase. At pH 4 and pH 6.7 growth rates were high only in the first 96 h, indicating slightly better growth conditions in the beginning. This is when the provided urea is assumed to still be present in the medium, thus enabling unlimited exponential growth. These higher growth rates are also reflected in the DO levels at pH 4 and 6.7, where the DO decreases during the first 96 h, then increases to its initial level. After this first growth phase, the growth rates at pH 4 and 6.7 decreased rapidly and overall biomass formation was lower at pH 6.7, compared to pH 2.5, despite the availability of carbon source. These observations on the growth behavior are further discussed in section “Effect of C/N Ratio” and “CL Formation Kinetics in Shaking Flasks and 1 L Bioreactors,” in relation to the urea level in the fermentation medium.

When interpreting growth behavior, it is important to consider both backscatter and DO levels, because the backscatter signal, which is used as indicator for biomass concentration, can also be affected by CL crystals in the medium. However at pH 4 and 6.7, where no CL production occurred, the backscatter signal is assumed to result only from biomass in the media, while at pH 2.5, this signal may also be affected by CL concentration. This is shown in the higher CDW values at the end of fermentation at pH 4, compared to pH 2.5, although backscatter values were lower.

The obtained results show that the optimal pH value amongst the examined range for CL synthesis is at pH 2.5, which coincides with similar observations on other CL producing microorganisms. A pH range of 3–3.5 is reported to result in a threefold increase of product formation rate of CL by U. maydis compared to a pH range of 5–6 (Günther et al., 2010). This could partly be due to a decrease in product inhibition in this pH range. CL are known to precipitate in acidic pH ranges (Figure 1B), thus resulting in a decrease in CL concentration in the liquid medium (Haskins, 1950). Another cause for the observed results is likely to be due to stimulation of the secondary metabolism, caused by stress induced by the acidic pH range. However these results may vary, depending on the used fermentation media. The synthesis of CL observed by Geiser et al. (2014), on various Ustilaginaceae species for instance, occurred at pH 6.5. Therefore it can be assumed, that the pH dependency of CL formation is not only related to metabolic factors and stressors, but also to interactions between the produced CL and components present in the fermentation medium.

Considering the large impact of pH observed in this study, it would be interesting to further examine the effect of smaller variations in pH value (around pH 2.5) on CL productivity. Especially in regards to a potential CL fermentation in an industrial scale, more knowledge on pH sensitivity is crucial for process control. However, this observed highly acidic pH optimum is of great advantage regarding sterility aspects. At such low pH values, the maintenance of a sterile process is much easier compared to higher pH ranges, where contamination of the fermenter is more likely to happen.



Effect of C/N Ratio

With the adjusted pH range of 2.5, three different C/N ratios were used in the fermentation medium, at different concentration levels. Both cultures with 1.2 g⋅L–1 urea [(I) 42.2 molC⋅molN–1 and (IIb) 83.8 molC⋅molN–1] showed higher maximum growth rates, while in cultures containing only 0.6 g⋅L–1 urea [(IIa) 83.8 molC⋅molN–1 and (III) 167.2 molC⋅molN–1] growth kinetics were slower in the first 24 h, indicating a direct relation of urea content in the fermentation medium to growth kinetics (Figures 5A,B). This was also reflected in the rapid decrease in DO level in the first 24–48 h (Figure 5C), compared to cultures with lower Urea concentrations, correlating to the shorter lag phase also observed in backscatter values.
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FIGURE 5. Observations on S. scitamineum during fermentation in the micro-bioreactor system, using PCM at an inoculation pH of 2.5, while glucose and urea concentrations were varied. Glucose concentration in the medium in g⋅L–1 is indicated as G, urea concentration in g⋅L–1 is indicated as U, while C/N ratio in mol⋅mol–1 is indicated as C/N. (A) Backscatter light signal, (B) specific growth rates, and (C) DO level. Error bars are deviated from biological duplicates or triplicates (n ≥ 2).


This may be an indication, to two metabolic phases for S. scitamineum, the first occurring under nitrogen availability where growth is exponential and the second under nitrogen limited conditions, where a linear secondary growth phase occurs, as observed for U. maydis (Klement et al., 2012; Voll et al., 2012; Hartmann et al., 2018). Under nitrogen availability, the cells can metabolize glucose faster and thus show higher growth rates. This can be observed in the growth rates, where the highest growth rates remain over a longer time span for media containing 1.2 g⋅L–1 urea, compared to those with only 0.6 g⋅L–1. When nitrogen is depleted, cells shift to their secondary growth phase, where morphological changes and an increase in C/N ratio of the biomass probably occur, as previously observed for U. maydis (Klement et al., 2012; Voll et al., 2012). This increase in C/N ratio may be attributed to triglyceride accumulation in the cells, resulting in the morphological changes (Ageitos et al., 2011; Klement et al., 2012). A further cause for the increase in backscatter signal occurring in this secondary growth phase can be attributed to the utilization of internal nitrogen storage by the cells, while overall metabolism levels are lower, thus explaining the decreased oxygen uptake in the second growth phase, reflected in the increase in DO level. An increase in cell number, corresponding to the increase in CDW was observed for U. maydis even after nitrogen depletion, while the carbon source was still present in the media (Klement et al., 2012). In order to get more insight on these observations, nitrogen levels in the medium needed to be studied more intensively, which was performed in the bioreactor. Due to larger initial volumes, sampling was possible and the urea concentration in the medium was measured (section “CL Formation Kinetics in Shaking Flasks and 1 L Bioreactors”).

In regards to overall concentrations, higher biomass concentrations were obtained from media containing 1.2 g⋅L–1 urea, compared to the respective glucose concentrations with only 0.6 g⋅L–1 urea (Table 2). This may seem to contradict the lower end-backscatter values observed for media containing 1.2 g⋅L–1 urea, however, in that case the higher backscatter values observed for media containing only 0.6 g⋅L–1 urea are probably caused by an accumulated backscatter signal induced from both biomass and CL crystals.

At the lowest C/N ratio less than 0.5 g⋅L–1 CL was produced, while at the higher C/N ratio and the same amount of urea this amount increased to 2.1 ± 0.2 g⋅L–1. With the low level of 0.6 g⋅L–1 urea, maximum CL concentrations were obtained for both C/N ratios, with a cCL of 5.1 ± 0.3 g⋅L–1 at 83.8 molC⋅molN–1 and 4.8 ± 1.2 g⋅L–1 at 167.2 molC⋅molN–1 (Table 2). As a result, low overall nitrogen concentrations together with a high C/N ratio seem to favor CL synthesis and were selected for further experiments in the bioreactor. At higher nitrogen concentrations, a larger amount of the available carbon source is used for biomass formation, before limitation occurs and the cells start producing CL. Therefore, for batch fermentation, high C/N ratios with low nitrogen concentrations are favored. However, if a fed batch process is designed, lower C/N ratios with feeding of carbon source may be considered. This would increase the available biocatalysators, thus enabling higher CL titers after feeding.

Furthermore, in media containing 100 g⋅L–1 glucose an increase in synthesized erythritol was observed, with concentrations up to 20 g⋅L–1. In media containing only 50 g⋅L–1 glucose, a maximum of 5 g⋅L–1 erythritol was measured. Erythritol is a known secondary metabolite produced by S. scitamineum and intermediate for the MEL synthesis (Peros et al., 1986). If erythritol production is not targeted, this effect of increased erythritol productivity at high initial glucose concentrations should therefore also be considered, when designing a fermentation process.



Effect of Carbon Source

While nitrogen concentration revealed to be of importance for biomass formation and the induction of CL synthesis, the used carbon source may be of relevance for the produced CL titer. S. scitamineum is known to metabolize glucose, fructose and sucrose at similar rates (Peros et al., 1986), and S. scitamineum (NBRC 32730) produced MEL using all three carbohydrates (Morita et al., 2009a,b).

Using all three substrates at a concentration of 50 g⋅L–1 in PCM, CL production was observed. Cells growing on sucrose showed higher growth rates, compared to glucose or fructose (Figures 6A,B). DO level barely decreased when fructose was the carbon source, compared to glucose and sucrose, where a decrease to up to less than 25% occurred (Figure 6C). This may be explained by the overall lower uptake rates of fructose, compared to glucose, when both sugars are present in the fermentation medium (Morita et al., 2015). This difference in oxygen uptake of S. scitamineum depending on the carbon source glucose or fructose, may further explain the unsteady DO levels when using sucrose as substrate, in which both sugars can be metabolized after hydrolysis of sucrose to both its constituents, glucose and fructose. However, in order to get a better understanding on the different growth behaviors depending on the carbon source, further studies analysing the carbohydrate concentrations in the medium and uptake rates during each fermentation phase need to be done. Nonetheless, all three carbon sources yielded similar amounts of biomass overall (Table 2), which corresponds to previous observations (Peros et al., 1986). The higher backscatter levels with sucrose may be explained by the comparably higher CL contents in these fermentations, which may interfere with scattered light measurement.
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FIGURE 6. Observations on S. scitamineum during fermentation in the micro-bioreactor system, at an inoculation pH of 2.5, using PCM, 0.6 g⋅L–1 urea and 50 g⋅L–1 glucose, sucrose or fructose. (A) Backscatter light signal, (B) specific growth rates, and (C) DO level. Error bars are deviated from biological duplicates or triplicates (n ≥ 2).


CL concentrations were slightly higher with sucrose, compared to glucose, resulting in a cCL,sucrose of 6.6 ± 0.2 g⋅L–1, cCL,glucose of 5.1 ± 0.3 g⋅L–1 and cCL,fructose of 6.1 ± 0.1 g⋅L–1, respectively (Table 2).

Similar results were found in this context by Günther et al. They observed an increase in CL concentrations with U. maydis when using sucrose as C source (Günther et al., 2010). Therefore, sucrose was selected as the most favorable carbon source for CL production and should be used in future experiments.



Effect of Media Constituents

The screening media reported for S. scitamineum cultivation for CL synthesis by Geiser et al. (2014) consists of a mineral salt solution, trace elements and vitamins. For our cultivations we used the highly similar PCM medium. In order to determine the effect of its different constituents on CL synthesis we further examined a PCM medium without any trace elements (TE), containing only mineral salts and vitamins (PCM-TE) and a PCM medium without vitamins (Vit), containing only mineral salts and trace elements (PCM-Vit).

When provided only mineral salts and vitamins (PCM-TE), S. scitamineum showed very low growth rates and no CL production (Figures 7A,B and Table 2). The addition of iron resulted in an increase of biomass concentration cCDW from 2.3 ± 0.5 g⋅L–1 to 3.5 ± 0.2 g⋅L–1, thus indicating a positive effect of iron addition on biomass formation. Iron was also observed to have positive effects on growth of U. maydis (Ardon et al., 1998). This was also reflected in slightly higher growth rates (Figure 7B). However, glucose was not completely metabolized in both media, after 240 h of fermentation, showing a general need of TE in the medium, for both growth and CL formation.
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FIGURE 7. Observations on S. scitamineum during fermentation in the micro-bioreactor system, at an inoculation pH of 2.5, using 0.6 g⋅L–1 urea and 50 g⋅L–1 glucose, while varying the medium composition as indicated in the diagram. +FeSO4, addition of 0.01 g⋅L–1 FeSO4; –TE, PCM medium without trace elements; –Vit, PCM medium without vitamins. (A) Backscatter light signal, (B) specific growth rates, and (C) DO level. Error bars are deviated from biological triplicates (n = 3).


In PCM lacking vitamins (PCM-Vit) both biomass and CL concentrations were only slightly lower as when using the regular PCM (Table 2). Backscatter signal, DO level and growth rate curves were also comparable (Figure 7C). These results are in agreement with various studies, which showed that many yeasts, including Ustilago maydis, don’t need vitamins for their growth (Burkholder et al., 1944; Kurtzman and Fell, 2011). It can generally be assumed, that microorganisms showing a good growth behavior on media lacking vitamins, are able to synthesize the vitamins they need (Lindegren, 1945).

The addition of iron to these media however barely affected biomass formation, resulting in the same CDW concentrations after 240 h of fermentation, for both the regular PCM and PCM-Vit with or without iron. At the same time, a decrease in CL concentration was observed due to the addition of iron, from 3.8 ± 0.6 g⋅L–1 to 1.5 ± 0.1 g⋅L–1 for PCM-Vit, and from 5.1 ± 0.3 g⋅L–1to 1.4 ± 0.1 g⋅L–1 for PCM, respectively. This decrease in CL concentrations may partly explain the lower backscatter levels with media containing an excess of iron (Figure 7A), despite comparable CDW at the end of fermentation. However DO levels also increase when iron is added, indicating overall lower oxygen uptake. This may be explained by the probable decrease of activity of the monooxygenases Cyp 1 (CDU25005.1) and Cyp 2 (CDS01512.1) when less CL is produced, resulting in lower oxygen demand by the cells.

Overall, the results observed with or without an excess of iron in the media, show a direct impact of its concentration on both biomass growth and CL productivity. Iron concentration is known to affect glycolipid synthesis, as described for rhamnolipids (Guerra-Santos et al., 1984; Schmidberger et al., 2014; Shatila et al., 2020). Therefore, it is of high importance for an optimized CL production media, to determine the optimal iron concentration in the medium. We further showed that a minimal medium consisting only of mineral salts and trace elements, is sufficient for both growth of S. scitamineum and its CL synthesis. This is of high advantage when it comes to large scale production of CL. Vitamins are heat-labile and thus can only be sterilized via sterile filtration, as opposed to the used mineral salts and compounds supplying trace elements, that can be heat sterilized. This would save an additional sterilization step when designing a fermentation process.



CL Formation Kinetics in Shaking Flasks and 1 L Bioreactors

In order to get a better understanding on CL formation kinetics and substrate uptake, we performed a cultivation with PCM including 0.01 g⋅L–1 FeSO4 and 50 g⋅L–1 glucose in shaking flasks (Figure 8). Based on the previously mentioned screening results, we fermented at a pH of 2.5 using 0.6 g⋅L–1 urea as nitrogen source. We used glucose as carbon source instead of sucrose, despite its better performance regarding CL productivity, in order to be able to further analyze growth behavior and CL synthesis in relation to nitrogen availability in the medium. Using sucrose would have added an additional factor that may affect the different growth behaviors/phases due to potentially different uptake rates of glucose and fructose, after sugar hydrolysis.
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FIGURE 8. Glucose and urea consumption, as well as OD and CL concentrations during S. scitamineum fermentation in 1 L baffled shaking flasks in PCM with 0.01 g⋅L–1 FeSO4 at 30°C. Error bars are deviated from biological triplicates (n = 3).


While growth rates remained in a relatively low range, with μ < 0.1 h–1 during the first 48 h and μ < 0.05 h–1 throughout the remaining growth phase, a maximum of 5.2 ± 0.1 g⋅L–1 biomass was formed after 162 h of cultivation. CL was detected in the medium after urea was completely consumed (∼48 h), and increased in concentration until glucose was entirely metabolized. Over the course of fermentation, CL concentration increased up to 8.3 ± 1.0 g⋅L–1 after 158 h.

In order to be able to observe DO level to gain more information on the growth behavior of S. scitamineum, and to confirm the scalability of this shaking flask cultivation, we transferred the process to the bioreactor. There we added an additional feed of glucose (50 g⋅L–1) after it was completely consumed (190 h), since a higher glucose concentration proved to be beneficial for higher CL concentrations, as shown in the screening experiments in the micro-bioreactor. All other media constituents remained the same as in the shaking flasks. Fermentation in the bioreactor was associated with extreme foam formation, which explains the high noise observed in DO values that was caused due to pressure fluctuations during excessive foaming phases. The general growth kinetics were similar to the results obtained in shaking flasks (Figure 9A). OD and CDW increased during the first 161 h of fermentation, until which glucose was completely metabolized. Urea was consumed after 90 h of fermentation.
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FIGURE 9. Observations on S. scitamineum fermentation in 1 L bioreactor in PCM with 0.01 g⋅L–1 FeSO4 at 30°C. (A) Glucose and urea consumption, as well as OD, CDW, and CL concentrations; and (B) DO level and stirrer speed. The dotted line indicates glucose feed. Error bars are deviated from biological duplicates (n = 2) and indicated as shaded area in (B).


The concentration levels of glucose and urea correlate with the DO oxygen level in the reactor (Figure 9B), reinforcing the hypothesis of two distinct metabolic phases, previously mentioned in section “Effect of C/N Ratio.” Right after a short lag phase, glucose and urea are metabolized and OD, as well as CDW increase, while DO content decreases rapidly. To avoid oxygen limitation, stirrer speed needed to be increased from 400 rpm up to 500 rpm during the first 72 h of fermentation, corresponding to an increase in kLa value from 77 to 108 h–1 (values calculated internally). After 90 h of fermentation, when urea is consumed, a steady increase in DO level and thus decrease in oxygen consumption is observed, until the maximum is reached, when glucose is completely depleted. The glucose feed after 190 h is again reflected in an instant decrease in DO level to 20%. However here, the consequent increase to the maximum occurs faster.

These results, providing additional insight into substrate consumption, further emphasize the observations described in our micro-bioreactor cultivation with different urea concentrations, supporting the hypothesis that primary growth occurs when nitrogen is present in the medium. Cells then shift to secondary growth using internal nitrogen reserves and/or accumulate tryglycerides after nitrogen limitation. The production of glycolipids may be the result of overflow metabolism for the yeast, in order to regulate the intracellular energy level, when the depletion of a factor in the medium occurs, as hypothesized for sophorose lipid production by Candida bombicola and flocculosin secretion by A. flocculosa (Davila et al., 1997; Hammami et al., 2008).

However, opposed to our cultivations in shaking flasks, low amounts of CL were detected in the reactor, prior to complete urea depletion. Nevertheless higher CL concentrations were still occurring after nitrogen limitation. The effect of nitrogen on CL synthesis is controversially discussed in literature. While many describe nitrogen starvation as a direct trigger for CL synthesis, some observations state otherwise: In various basidiomycetous yeast strains, glycolipid formation is described to be induced by nitrogen starvation (Morita et al., 2013; Zavala-Moreno et al., 2014) and CL synthesis is generally suggested to be induced by nitrogen starvation in U. maydis (Frautz et al., 1986; Teichmann et al., 2007). Expression of Cyp1, the gene involved in hydroxylation of the fatty acid in CL, even revealed that it is induced by nitrogen starvation and detected with a delay of 24 h (Hewald et al., 2005). Gene sequence analysis of S. scitamineum identified a highly orthologous gene CDU25005.1. However gene expression analysis have to be performed to suggest similar regulation. Interestingly, there are also reports on CL production by A. flocculosa without nitrogen limiting conditions (Hammami et al., 2008).

Therefore, based on our observed results, we suggest more investigation on other nutrient limitations in the medium, like phosphorus, that may have appeared by that course of fermentation and are also involved in triggering CL synthesis.

Looking at the overall produced CL concentrations, we observed relatively low values in the medium, compared to shaking flask results. These can be explained by the produced foam and therefrom resulting deposits on the walls of the bioreactor. While a maximum CL concentration of 5.5 ± 0.1 g⋅L–1 was measured in the reactor, the remaining produced CL was deposited outside the liquid culture, transported by the foam. Balancing CL contained in these deposits after termination of the fermentation resulted in an overall produced CL amount of 10.6 ± 1.2 g, corresponding to a concentration of 17.6 g⋅L–1 in the final culture broth, at purities ranging from 85 to 93%, depending on the purified fraction. Overall higher purities were observed in the fractions obtained from the foam deposits, compared to CL directly extracted from the culture broth. Based on the screening results in sections “Effect of Carbon Source” and “Effect of Media Constituents,” these concentrations could further increase, if sucrose is used as carbon source and is therefore recommended for future CL fermentations with S. scitamineum.



MALDI-TOF MS Analysis of the Produced Cellobiose Lipid Structures

To determine the CL structures produced by S. scitamineum, a sample of an ethanol extract was separated due to polarity on an HPTLC plate and compared to an HPTLC lane pattern of U. maydis (DSM 17146) CL. CL-B structures with one or two hydroxyl groups in the fatty acid chain have lower retardation factors Rf, compared to CL-B structures without any additional hydroxyl groups (Figure 10). [M + Na]+ adduct masses of 807 Da were identified at an Rf range of 0.08–0.18, corresponding to the CL-B variant with the acylated cellobiose moiety linked to a 2,15,16-trihydroxy-hexadecanoic acid via its ω-hydroxyl group, with n = 2 and R1 = OH. This detected CL-B variant corresponds to one of the structures also identified by Deinzer (2017) with another S. scitamineum strain and already known for U. maydis CL (Spoeckner et al., 1999; Teichmann et al., 2011b). Other variants with Δ2 Da each, corresponding to 805 Da were also detected, indicating an unsaturated fatty acid chain. This could explain the slight difference in Rf values between S. scitamineum CL and U. maydis CL, typically observed when the characteristic HPTLC lanes of CL extracts from both microorganisms are compared. m/z differences of Δ16 Da were attributed to additional hydroxyl groups. Masses of 791 Da were also detected, however, the absence of the hydroxyl group at R1 should have resulted in higher Rf values here, as can be seen in the U. maydis TLC lane (0.21–0.4). With Rf values in the same range as the masses with 807 Da, the absence of the hydroxyl group in this case has to be at another position than R1. Differences of Δ28 Da correspond to the length of the acetyl chain n = 2 or 4 and result in the values of the less polar variants with 835 and 819 Da produced by U. maydis. These masses were not detected in the TLC lane of S. scitamineum, however a polar variant with 829–831 Da was identified in high quantities, at the same Rf range of the 835 Da variant from U. maydis. The difference of 4 Da here may be explained by the presence of a di-unsaturated fatty acid, which again would explain slight differences in Rf values between S. scitamineum CL and U. maydis CL TLC lanes. A less polar variant with 775–777 Da was detected in the Rf range of the CL-B variant with R1 = H and n = 2 (791 Da) of U. maydis. The mass difference of Δ14 Da of the 777 Da variant may indicate the presence of a C15 fatty acid chain in this more hydrophobic CL variant of S. scitamineum, while the difference of Δ16 Da of the 775 Da variant would be attributed to a missing hydroxyl group. This may be an indication of a variant without a hydroxyl group at the C6 fatty acid, as was desccribed for Δuhd1 mutants of U. maydis, or a missing hydroxyl group at the C16 fatty acid, as was described for Δcyp2 mutants of U. maydis (Teichmann, 2009). Both hypothetical variants would result in a slight change in Rf values of the detected TLC lanes of CL samples from S. scitamineum compared to the CL samples from U. maydis, as is typically observed here. However for a more detailed structure determination of these detected CL masses, further analyses like MSMS need to be done.
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FIGURE 10. Procedure of CL structure determination via HPTLC coupled MALDI-TOF-MS analysis. The polarity pattern of an HPTLC lane of a CL extract obtained from a S. scitamineum fermentation is compared with the polarity pattern of a CL extract from U. maydis (DSM 17146) with known CL structures. MEL structures have higher retardation factors Rf due to their higher hydrophobicity. In combination with the polarity pattern, known CL and MEL masses are compared with the masses of [M + Na]+ adducts from the 2-dimensional m/z spectrum of the scanned lane, showing all obtained masses. Only spots with an intensity above the threshold of 500 a.u. are considered. The identified masses of CL and MEL variants produced by S. scitamineum are highlighted with white squares in the 2-dimentsional m/z spectrum. All detected masses of both TLC lanes are presented in Supplementary Tables 1, 2.


Several other masses in the mass spectrum range between known CL and MEL structures (685 – 775 Da) were also detected, however not yet identified (see detailed in Supplementary Table S1). We further identified less polar structures with m/z of 655 Da, 657 and 685 Da that correspond to known MEL-B/MEL-C structures (Deinzer, 2017; Beck et al., 2019).



CONCLUSION

We here report the first systematic description of factors affecting CL synthesis by S. scitamineum leading to high CL concentrations, up to 17.6 g⋅L–1 in a 1 L bioreactor. A pH of 2.5, a C/N ratio of 83.8 molC⋅molN–1 using 0.6 g⋅L–1 urea as nitrogen source and sucrose as carbon source proved to be optimal for CL synthesis, while vitamins were not essential for glycolipid production by S. scitamineum. Nitrogen and iron concentrations, however, have a major effect on both biomass growth and CL formation and should be considered for further media optimization.

Via a TLC coupled MALDI-TOF MS method we identified the produced CL structures as a mixture of different CL-B variants. which correspond to some of the known CL structures that are produced by U. maydis. This is explained by the highly similar CL synthesis gene cluster we identified by BLAST analysis in the published genome sequence data of S. scitamineum SscI8. Furthermore, the sequences of the identified CL-biosynthesis cluster can be used in future studies to complement the presented work by gene expression data to achieve further insights into the regulation of the CL biosynthesis in S. scitamineum.
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Microbial surfactants (biosurfactants) have gained interest as promising substitutes of synthetic surface-active compounds. However, their production and purification are still challenging, with significant room for efficiency and costs optimization. In this work, we introduce a method for the enhanced production and purification of cyclic lipopeptides pseudofactins (PFs) from Pseudomonas fluorescens BD5 cultures. The method is directly applicable in a technical scale with the possibility of further upscaling. Comparing to the original protocol for production of PFs (cultures in mineral salt medium in shaken flasks followed by solvent-solvent extraction of PFs), our process offers not only ∼24-fold increased productivity, but also easier and more efficient purification. The new process combines high yield of PFs (∼7.2 grams of PFs per 30 L of working volume), with recovery levels of 80–90% and purity of raw PFs up to 60–70%. These were achieved with an innovative, single-step thermal co-precipitation and extraction of PFs directly from collected foam, as a large amount of PF-enriched foam was produced during the bioprocess. Besides we present a protocol for the selective production of PF structural analogs and their separation with high-performance liquid chromatography. Our approach can be potentially utilized in the efficient production and purification of other lipopeptides of Pseudomonas and Bacillus origin.
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INTRODUCTION

Cyclic lipopeptides (CLPs) are a class of surface-active compounds of microbiological origin – biosurfactants (BS). According to the NORINE database, more than 950 CLPs, grouped in 145 families have been identified up to now (Flissi et al., 2016). A majority of them are produced by Bacillus and Pseudomonas strains, however, other microorganisms have been also reported as their possible sources (Caboche et al., 2008). Surfactins, produced by B. subtilis, are probably the best known and studied CLPs. Iturins, fengycins, and lychenisins are yet another CPLs families produced by Bacillus (Coutte et al., 2017). The list of potential natural functions of CLPs includes e.g., roles in antagonism, protection agents, quorum sensing molecules, chelators, and others (Raaijmakers et al., 2010), while the list of potential applications of Bacillus CLPs includes e.g., antimicrobial and anticancer drugs, cleansing agents, plant protection or bioremediation boosting agents (Banat et al., 2010; Mukherjee and Das, 2010; Li et al., 2019; Naughton et al., 2019). Similarly, Pseudomonas-derived CLPs exhibit even a larger diversity and are divided into several families: putisolvins, amphisins, viscosins, and others (Raaijmakers et al., 2010; Flissi et al., 2016; Götze and Stallforth, 2019). The Pseudomonas-derived CLPs are also highly active surfactants with a number of potential applications (Raaijmakers et al., 2010; Götze and Stallforth, 2019; Naughton et al., 2019).

Diversity of CLPs encompasses not only differences between families, but also heterogeneity within the family. CLPs of a given family are often produced as a mixture of structural analogs, and the differences between analogs include varying length and branching of hydrophobic moieties, as well as amino acid substitutions in the peptide core (Raaijmakers et al., 2006; de Bruijn et al., 2007; Biniarz et al., 2016). The diversity of CLPs is caused by the mechanism of their biosynthesis by NRPS (non-ribosomal peptide synthetases) complexes. The NRPS enzymes are organized into modules and each module is responsible for introducing one amino acid to the CLP molecule. Therefore, the size (length) and structure of a certain CLP depend on the modular organization of the NRPS complex. Mentioned diversity of CLPs is due not only to their synthesis by different NRPS complexes, but also to the substrate specificity of NRPS modules. The detailed information can be found in a number of excellent publications (Roongsawang et al., 2010). It is worth stressing, that even a minor modification in the CLP structure can lead to the significant changes in their activity and properties (Nguyen et al., 2010; Roongsawang et al., 2010). Due to the similarity of CLPs analogs, their purification is rather difficult. Therefore, most research on the properties of CLPs is carried on the mixtures of analogs, leaving the issue of structure-properties relationship of CLPs largely unaddressed (Raaijmakers et al., 2006; de Bruijn et al., 2007; Nguyen et al., 2010; Roongsawang et al., 2010).

The widespread use of BS is hindered by a troublesome production and purification, and relatively high costs of these processes (Coutte et al., 2017; Henkel et al., 2017). Over the years, different approaches have been tested to reduce the costs of BS manufacturing. The use of bioreactors seems to be especially promising, as it allows the processes to be performed in the industrial scale, while retaining precise control (Guez et al., 2008; Motta Dos Santos et al., 2016; Coutte et al., 2017). In the manufacturing process of BS, downstream processing is often mentioned as a critical step, generating approximately 60% of the total manufacturing costs (Chen et al., 2015; Coutte et al., 2017). There are two major methods used for BS recovery and purification: acid precipitation and liquid-liquid extraction. These methods are easy to apply in the laboratory scale, but their up-scaling can be problematic. Also, BS recovery and purity can be relatively low for these methods (Chen et al., 2007; Smyth et al., 2010; Biniarz et al., 2016; Coutte et al., 2017; Varjani and Upasani, 2017). Recently, ultrafiltration emerged as a promising BS-purification technique that can be applied in the industrial-scale production of BS. Ultrafiltration offers high recovery and purity levels of BS, together with the ease of up-scaling and the possibility of developing continuous processes. The limitations of ultrafiltration include for instance difficulties when working with high-viscosity samples or relatively high complexity of ultrafiltration setup (Chen et al., 2007; Coutte et al., 2010, 2013, 2017; Jauregi et al., 2013; Rangarajan and Clarke, 2016). Foam fractionation is another method proposed for the initial purification of BS. As surface active substances tend to accumulate at the phase interfaces, BS can be efficiently recovered with foam directly from the fermentation medium, by coupling a foam column to the bioreactor. Despite this, bioprocesses involving foam fractionation can be difficult to control as nutrients, autoinducer molecules, and/or bacterial cells can be depleted from a bioreactor vessel with overflowing foam (Coutte et al., 2017).

Pseudofactins (PFs) are a family of CLPs produced by the Arctic isolate Pseudomonas fluorescens BD5 (Janek et al., 2010). Four PF structural analogs were previously identified (PF1 – PF4), with PF2 being the most abundant in P. fluorescens BD5 cultures (Janek et al., 2010; Biniarz et al., 2018). PFs are probably synthesized by a single NRPS complex, with one of its modules lacking substrate specificity for leucine and valine (data not shown). High rate of PF2 production, together with a carefully optimized protocol for the semi-preparative HPLC purification, allowed to investigate some physicochemical and biological properties of PF2 alone (Janek et al., 2010). For example, PF2 was shown to exhibit antimicrobial properties by inhibiting adhesion and biofilm formation (Janek et al., 2012, 2016; Biniarz et al., 2015), and showed cytotoxic effects on cancer cells (Janek et al., 2013). The original protocol for the production of PFs was aimed at experimental scale production, with an efficiency of only ∼10 mg of pure PF2 per 1 L of culture in mineral salt medium (Janek et al., 2010). In our previous work we identified critical parameters essential for PFs production, mainly high glycerol and tryptone concentration, high culture aeration, and the presence of amino acids: leucine (Leu), valine (Val), or isoleucine (Ile). These experiments allowed us to develop a laboratory-scale optimized culture conditions and to achieve two goals: (1) increase PFs production ∼120-fold to meet the demand for large amounts of pure PFs needed for further experiments, and (2) separate individual PF variants, for investigating structure-properties relationship of CLPs (Biniarz et al., 2018). Simultaneously, we established a protocol for the precise quantification of PFs, together with their structural analysis by LC-MS/MS (Biniarz and Łukaszewicz, 2017).

The aim of this work was to develop a bioprocess for the increased production and purification of PFs in laboratory-scale bioreactors and then to transfer this process to technical scale. To this end, we established an efficient culturing of P. fluorescens BD5 in bioreactors, initially in 2.5 L and next in 30 L of working volumes, using optimized media and conditions (Biniarz et al., 2018). We also demonstrated an efficient process of raw PFs purification from the foam collected from cultures, together with the purification and separation of PF structural analogs with semi-preparative RP-HPLC. We also provided the method for the selective production of given PFs structural analogs. Potentially our methods can be applied for the production and purification of any Pseudomonas or Bacillus-derived CLPs.



MATERIALS AND METHODS


Chemicals and Culture Media

Chemicals and media components were purchased from manufacturers as follows: tryptone (Becton Dickinson, United States); proteose peptone (Difco, United States); K2HPO4, MgSO4, NaOH, H3PO4 (POCH, Poland); LB, MOPS, L-leucine (Leu), and L-valine (Val) (Bioshop, Canada); glycerol (VWR International, United States).

King’s B medium (KB) composition was as follow: 10 g/L glycerol, 20 g/L proteose peptone, 1.5 g/L K2HPO4, 1.5 g/L MgSO4 × 7H2O, and 100 mM MOPS (King et al., 1954; Biniarz et al., 2018). Cultures in bioreactors were performed in KB-mod medium with Leu or Val (Biniarz et al., 2018): 80 g/L glycerol, 15 g/L tryptone, 5 g/L Leu/Val, 1.5 g/L K2HPO4, 1.5 g/L MgSO4 × 7H2O, 100 mM MOPS. The pH of all media used was set at 7.0 with 6 M NaOH or 6 M HCl prior to autoclaving.



Strain Used in the Study

Pseudomonas fluorescens BD5 (PCM B/00115) originating from a glycerol stock (stored at −80°C) was grown on LB agar plates at 28°C (Janek et al., 2010). After one-day incubation, single colonies were used to inoculate 10 mL of LB medium in test tubes (1st stage precultures) and incubated overnight at 28°C with 180 rpm shaking. Next, 1st stage precultures were used to inoculate 2nd stage precultures. These were performed in 300 mL Erlenmeyer flasks, filled with 100 mL of KB medium. The 2nd stage precultures were inoculated to an initial optical density (OD) of 0.1 and incubated 20 – 24 h at 28°C (180 rpm).



Production of Pseudofactins in a Laboratory-Scale Bioreactor

Cultures for the laboratory-scale production of PFs were performed in a modified Labfors 3 (Infors HT) bioreactor (Figure 1), equipped with a 3-L glass flask. P. fluorescens BD5 was cultivated in 2.5 L of KB-mod medium with Leu or Val (KB-mod-Leu/Val). The cultures were inoculated with the 2nd stage precultures to the initial OD of 0.1, and then incubated at 28°C. The agitation speed was set at 300 rpm and the aeration speed at 3 L/min pH was maintained at 7.0 ± 0.1 using 3 M NaOH or 1 M H3PO4. The foam was let to overflow from the bioreactor flask through a 15 cm stainless steel tube (15 mm ID) connected to the bioreactors’ lid, followed by a silicone tube (15 mm ID) to a 5-L polypropylene, autoclaved vessel. Samples for an OD and PFs concentration measurements were aseptically collected at given time points from cultivation medium and overflowing foam. pH, pO2 and the weight of collected foam were measured online. All culturing experiments and processes were performed in at least three independent replicates.
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FIGURE 1. Schematic view of the bioreactor tank set-up used for the production of PFs.




Production of Pseudofactins in a Technical-Scale Bioreactor

Cultivations in 42-L custom-designed bioreactors (ZETA Biopharma GmbH, Lieboch, Austria) were performed in 30 L of KB-mod-Leu with a minor modification. Here 25 mM MOPS instead of 100 mM MOPS was used. 10 L of the concentrated medium was transferred to the bioreactor tank, diluted to the final volume of 30 L, and then autoclaved for 20 min in 121°C. Cool medium was inoculated with the 2nd stage precultures to the OD of 0.1, and then incubated at 28°C. The agitation speed was set at 300 rpm and the aeration speed at 30 L/min The foam was let to overflow from the bioreactor tank, as described earlier. pH was maintained at 7.0 ± 0.1 using 3 M NaOH or 1 M H3PO4. Samples for OD and PFs concentration measurements were aseptically collected at given time points from both cultivation medium and overflowing foam, whereas pH and pO2 in culture medium were measured online. Cultivations were performed in at least two independent replicates.



Extraction of Pseudofactins From the Collected Foam

The foam produced in the bioreactors was collected in the external tank, as shown in Figure 1. Collected foam was centrifuged (15,000 × g, 30 min, 4°C) and separated into two fractions: clear supernatant (SUP) and wet cell pellet (CELL). Both fractions were used for the isolation of PFs. For the CELL fraction, 40 g of it (amount of CELL in approximately 500 g of collected foam) was washed with 50 mL of deionized water and then extracted three times with 50 mL of acetonitrile (30 min, 180 rpm, 28°C). After each washing or extraction step, samples were centrifuged (15,000 × g, 30 min, 4°C) and extracts were collected for further analyses. For the SUP fraction, 500 mL of it was heated up in the boiling water bath for 15, 30, or 60 min and then cooled down and centrifuged (15,000 × g, 30 min, 4°C). Supernatants were collected and precipitate was washed with 10 mL of deionized water, followed by a triple extraction with 50 mL of methanol, ethanol, acetonitrile or ethyl acetate (30 min, 180 rpm, 28°C). Samples were centrifuged (15,000 × g, 30 min, 4°C) after each extraction step, clarified extracts were collected for further analyses. The schematic representation of PFs purification process is shown in Figure 2.
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FIGURE 2. The schematic representation of PFs purification from foam.




Selective Production and Purification of Pseudofactin Structural Analogs

Selective production of PF structural analogs was achieved by medium supplementation with Leu or Val, as mentioned in section “Production of PFs in a laboratory-scale bioreactor” and recovered from collected foam as described in section “Extraction of PFs from the collected foam.” Obtained SUP methanolic extracts were analyzed and purified with HPLC. Analytical HPLC methods were reported earlier (Biniarz and Łukaszewicz, 2017; Biniarz et al., 2018), whereas semi-preparative HPLC purification of PF analogs is described below.

The semi-preparative HPLC system consisted of a Coulter System Gold 126 NMP Pump (Beckman) and Variable Wavelength Monitor UV/VIS detector (Knauer), running under control of the LP-Chrom software (Lipopharm, Poland). 2 mL of SUP methanol extract (approx. 10 mg/mL of dry mass) was injected onto a Phenomenex Luna C18(2) (100 × 30 mm, 10 μm) column. A 40-min gradient of 0.1% TFA in water (solvent A) and 0.1% TFA in acetonitrile (solvent B) was used (% A:B v/v): 0 min (30:70), 5 min (30:70), 10 min (10:80), 20 min (20:80), 21 min (0:100), 31 min (0:100), 32 min (30:70), 40 min (30:70). The flow rate was set to 10 mL/min and absorbance at 210 nm was monitored. Fractions were collected, freeze-dried, weighted, resuspended in methanol, and analyzed with an analytical HPLC (Biniarz and Łukaszewicz, 2017; Biniarz et al., 2018).



Analytical Methods

Biomass concentration was evaluated by measuring the optical density (OD) at 600 nm using an Oddyssey DR/2500 (Hach, United States) or UV-3100 PC (VWR International, United States) spectrophotometers.

Pseudofactins concentration was measured using HPLC or HPTLC in cell-free culture supernatants or collapsed and clarified foam, as described previously (Geissler et al., 2016; Biniarz and Łukaszewicz, 2017). Samples were prepared prior analyses by centrifugation (15,000 × g, 15 min, 4°C) and then supernatants were withdrawn, diluted 10 – 100-times with methanol and centrifuged again (15,000 × g, 15 min, 4°C). Supernatants were used for HPLC and HPTLC analyses (Geissler et al., 2016; Biniarz and Łukaszewicz, 2017). Partial validation of the HPTLC method for PFs quantification and HPTLC analysis of PFs concentration are described in Supplementary Material.

Dry mass content was measured as follows: 10 mL of sample was freeze-dried and weighted. Dry mass was expressed as mg/mL and purity of PFs was calculated in relation to dry mass content in the samples.

PFs obtained with thermal co-precipitation were additionally analyzed with time-of-flight mass spectrometry (ToF-MS) to confirm intact PFs’ structures. An UPLC-MS system consisting of a Waters e2695 pumping module with an autosampler and a 2998 PDA detector, equipped with a Waters C18 Xbridge column (50 mm × 4.6 mm, 2.5 μm), connected to a Waters Xevo QToF MS System were used, as previously reported (Biniarz and Łukaszewicz, 2017).



Data Analysis

A spreadsheet software (Microsoft Excel) was used to analyze the obtained data. Means, standard deviations (SD), and relative standard deviations (RSD) were calculated. All models (microbial growth, PFs production, specific growth rates and specific PFs production) were calculated with a scientific graphics and statistics software (SigmaPlot, Systat Software Inc., San Jose, United States) using sigmoidal, 3 parameter fits, as described before (Henkel et al., 2014).




RESULTS AND DISCUSSION

The original protocol for the production of PFs required stationary cultivation of P. fluorescens BD5 in mineral salt medium for 7 days, followed by clarification of cultures and supernatants extraction with ethyl acetate. PFs were then purified from raw LPs extracts with a semi-preparative RP-HPLC (Janek et al., 2010). The estimated amounts of PFs produced with this simple method were approximately 10 mg/L (Janek et al., 2010). Later, an optimized cultivation method and media for the efficient production of PFs in shaking flasks were reported. The amounts of PFs produced in intensively aerated cultures using the optimized KB-Opt medium reached 1200 mg/L, representing a 120-fold increase in comparison to the abovementioned cultures in mineral salt medium (Biniarz et al., 2018). Moreover the protocol for selective production of PF structural analogs (PF1 and PF2), by a simple supplementation of cultivation medium with Leu or Val, was provided (Biniarz et al., 2018).

To meet the requirements of high culture aeration and scaling-up the production of PFs, in this work a laboratory-scale bioprocess in a benchtop bioreactor in 2.5-L working volume and a technical-scale production in 30-L working volume were developed. The use of bioreactors allowed not only bioprocess up-scaling, but also enabled more precise monitoring and control of bioprocess parameters. Also, sampling and product removal were more straightforward than for standard microbial cultures in flasks.


Production of Pseudofactins in Bioreactors

The laboratory-scale cultures of P. fluorescens BD5 were performed in 2.5 L of KB-mod medium (Figures 3A,C). During the bioprocess, pH, pO2 and temperature were monitored in real-time in the culture medium. In certain time-points culture medium and overflowing foam were sampled for the microbial growth (OD) and PFs concentration measurements. The semi-industrial cultures were performed in 30 L of KB-mod medium (Figures 3B,D). As we observed excessive foaming of the cultures, beginning from approximately the 6th h of the experiments, chemical and mechanical foam-disrupting agents were used (data not shown).
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FIGURE 3. Batch cultures of P. fluorescens BD5 in 2.5-L (panels A and C) and 30-L (panels B and D) working volumes. Microbial growth (OD, black and gray squares), PFs production (mg/L, black and gray circles) are shown in panels (A,B) for the 2.5- and 30-L cultures, respectively. Alongside, respective models of microbial growth (solid black lines), PFs production (dashed black lines) and PFs specific production (mg/OD, dotted black lines) are shown in panels (A,B). In panels (C,D) data for pO2 (black lines) and pH (gray lines) in cultivation medium is shown.


The maximal OD in the 30-L cultures reached approximately 18.5 at the 30th h of the cultures and was more than twice as high compared to the maximal OD in the 2.5-L cultures (∼8.5 around 26th h). The maximal PFs concentration in both set-ups (∼550 mg/L) was comparable and was reached after the 28th h of the experiments. The maximum specific PFs production (expressed in mg of PFs per OD) reached maximally 7.1 at 16th h and 3.7 at 20th h in the 2.5- and 30-L cultures, respectively (Figures 3A,C). The differences between microbial growth and specific PFs production could be probably explained by the different aeration of the cultures and/or different bioreactors’ aspect ratios and headspace volumes. In the 2.5-L cultures pO2 values were decreasing quickly and oxygen depletion (pO2 < 10%) was observed after the 5th h (Figure 3C), limiting microbial growth (Figure 3A). Here the maximal specific growth rate (μ) was only 0.040 1/h around the 12th h. In comparison, oxygen depletion was slower in the 30-L cultures (Figure 3D) and the maximum μ was 0.057 1/h around the 14th h. pO2 levels in the 2.5-L cultures increased after approx. 24th h of culturing, indicating low metabolic activity of bacterial cells and/or depletion of nutrients (Figure 3C). On the contrary, pO2 levels remained low in the 30-L cultures till the end of the cultures (Figure 3D), suggesting higher metabolic activity of bacterial cells and slower utilization of nutrients, then in the 2.5-L cultures. Due to the excessive foaming of the 30-L cultures and big amounts of foam accumulated in the bioreactors’ headspace (despite use of the foam centrifuge), sampling of cultivation medium was difficult after the 30th h of culturing (Figure 3B).

Due to the mentioned excessive foaming of culture medium, foam overflow and collection in the external tank was tested as a method for the initial purification of PFs. Previously foam overflow and foam fractionation were tested in cultures of Bacillus (Davis et al., 2001; Guez et al., 2007; Willenbacher et al., 2014) and Pseudomonas (Heyd et al., 2011; Beuker et al., 2016; Anic et al., 2018). These works revealed a foam to be highly enriched with BS.

The foam was let to overflow freely from the bioreactor vessel during the beginning of each batch from the 2.5-L cultures, as no mechanical foam disruptor was available for this set-up. At certain time-points, culture medium and overflowing foam were sampled for the microbial growth (OD) and PFs concentration measurements. Weight of the overflowing foam was monitored in real-time (Figure 1 and Supplementary Figures 1, 2). Similar set-up was also tested for the 30-L cultures. Here, foam centrifuge was used until the 15th h of the cultures and then the foam was allowed to overflow. This was dictated by the severe foaming of a non-inoculated medium and during initial stages of the cultures.

The laboratory-scale cultures of P. fluorescens BD5 were performed in 2.5 L of KB-mod medium (Figures 4A,C), whereas the semi-industrial cultures were performed in 30 L of KB-mod medium (Figures 4B,D).
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FIGURE 4. Time courses of the cultivation parameters of PFs production in bioreactors with foam overflow in the 2.5-L (panels A,C,E) and 30-L (panels B,D,F) cultures. In panels (A,B) measured OD in culture medium (black squares) and in overflowing foam (gray squares) are shown for the 2.5- and 30-L cultures. PFs concentration in overflowing foam (mg/L, gray circles) is shown together with a mass of collected foam (% of the initial mass of medium in bioreactor, dotted black lines) in panels (B,D) for the 2.5- and 30-L cultures. In panels (E,F) data for pO2 (black lines) and pH (gray lines) in cultivation medium is shown.


The cultures reached a maximal OD of 3.32 ± 0.84 at the 18th h of the experiment and then decreased below 0.5 and remained at this level until the culture termination. Simultaneously OD measured in the overflowing foam reached its maximum of 104.1 ± 13.8 around the 20th h of culturing. Therefore, the foam in the 2.5-L cultures was enriched with bacterial cells approximately 220-fold in comparison to the culture medium at the 20th h of the experiment (Figure 4A) and the OD decrease/increase in the medium and foam, respectively, matched in time, indicating that bacterial cells were escaping the bioreactor together with foam at the height of its production (Figure 4A). Similarly, the foam was enriched with bacterial cells during the 30-L cultures. The maximal OD in the cultures reached 7.76 ± 0.84 at 20th h and 71.7 ± 10.1 in foam at 22nd h (Figure 4B).

Approximately 0.7 kg of foam was collected from the 2.5-L cultures (∼0.735 L after centrifugation) during a single bioreactor run, which was almost 30% of the initial medium mass (Figure 4C). The maximal PFs concentration in overflowing foam reached 1322.9 ± 157.4 mg/L (Figure 4C), whereas measured PFs concentration in collected foam at the end of the cultures was 511.2 ± 28.7 mg/L. The calculated quantity of PFs collected in the foam was 330 – 420 mg per bioreactor run or 132 – 170 mg of PFs per liter of the initial bioreactor volume. Simultaneously, less than 5 mg/L of PFs in the cultivation medium was detected, what shows a significant enrichment of foam with PFs. Weight of the collected foam from the 30-L cultures reached approximately 11.5 kg (∼12.1 L), what was almost 34% of the initial medium mass (Figure 4D) The maximal PFs concentration in overflowing foam reached 1186.6 ± 201.5 mg/L (Figure 4D), whereas measured PFs concentration in collected foam at the end of the cultures was 592.8 ± 43.4 mg/L. The calculated quantity of PFs collected in foam was between 6.1 and 8.3 g per bioreactor run or 202 – 279 mg of PFs per liter of the initial bioreactor volume. Only small amounts of PFs in the culture medium were detected in the 30-L cultures, with a maximum of 26.9 ± 7.4 mg/L at 8th h. This concentration decreased below 5 mg/L when foam centrifuge was turned off at 15th h and foam was allowed to overflow freely. The pO2 values in the 2.5-L cultures were decreasing, reaching minimal values of <10% after the 5th h of the culture. Then pO2 remained at low levels between 5th and 15th, suggesting high metabolic activity of P. fluorescens BD5. After the 15th h, pO2 increased to ∼70% (Figure 4E). Similar behavior was observed for the 30-L cultures (Figure 4F).

According to the literature, in the bioprocess with a continuous product removal with foam, BS production should be favored (Chen et al., 2006; Coutte et al., 2010; Santos da Silva et al., 2015; Alonso and Martin, 2016). Yet, our results suggest that non-foaming bioprocesses were more efficient in terms of the total quantity of produced PFs. For example, calculated PFs quantity in non-foaming bioprocess in 2.5-L medium reached more than 1300 mg per L (vs. 330 – 420 mg per L of PFs during foaming process). The main reason was probably the production decrease by culture dying-out, which was caused by cell removal with foam (Figures 4A,B). Moreover, it is hypothesized that efficiency of the foaming bioprocess can be also decreased due to removal of quorum sensing autoinducer molecules with foam or due to their accumulation in the hydrophobic antifoam phase (Reis et al., 2011; Henkel et al., 2013). On the other side, foam overflow can be considered as an efficient method for the initial recovery of BS from culture broth, making their further downstream processing easier and more cost-effective (Beuker et al., 2016).



Extraction of Pseudofactins From Foam

Ultrafiltration was inefficient for the purification of PFs from foam and the reason was probably high protein concentration in the foam, as a rapid clogging of micro- and ultrafiltration membranes was observed (data not shown). Therefore, it was decided to deproteinize foam samples prior to PFs purification. It was concluded that the ideal deproteinization protocol should be industry-compatible and should not include any addition of organic solvents or salts to the foam samples. According to the literature, the addition of organic solvents or salts to BS-containing solutions may have an impact on the formation of BS micelles and, as a result, disturb further ultrafiltration process (Jauregi et al., 2013; Rangarajan et al., 2014; Janek et al., 2016). Thus, thermal denaturation of proteins was considered to be appropriate to this end.

Foam collected during the P. fluorescens BD5 cultures in bioreactors was centrifuged, which resulted in two fractions – wet cell pellet (CELL) and clarified foam supernatants (SUP). The SUP fractions were heated up in a boiling water bath, then cooled down and centrifuged (Figure 2). Simultaneously, PFs concentration in the clarified supernatants after boiling was monitored (Figure 5).
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FIGURE 5. Effect of heating on the clarified foam supernatants. (A) Clarified foam supernatant (SUP) obtained after foam centrifugation and removal of cell pellets. (B) Sample boiling resulted in a formation of pellets in the samples, (C) which can be separated with centrifugation. (D) Relative amounts of PFs in supernatants after boiling. The initial concentration of PFs in the unboiled samples (0 min) was 607.7 ± 2.0 mg/L (100%).


During the boiling step, the formation of beige pellet was observed, suggesting thermal denaturation of proteins in the samples (Figures 5A,B). The pellet could be easily separated from liquid by centrifugation (Figure 5C). Simultaneously, PFs concentration in the clarified supernatants was decreasing (Figure 5D). Even a 15-min boiling decreased PFs concentration in SUP by 49.4 ± 1.4%, from the initial value of 607.7 ± 2.0 mg/L (100%). Whereas 30- or 60-min boiling decreased PFs concentration by 92.7 ± 0.3% and 93.3 ± 0.3%, respectively (Figure 5D). These results suggest thermal degradation and/or co-precipitation of PFs with denatured proteins. Thus, it was decided to investigate the possibility of PFs thermal recovery from the SUP pellets.

In another experiment, pellets obtained after 30-min boiling of SUP fractions (containing 408.2 ± 10.7 mg/L of PFs), were centrifuged and washed with water. Then, SUP pellets were extracted three times with an organic solvents (methanol, ethanol, acetonitrile, or ethyl acetate). After each washing and extraction step, PFs and dry mass contents were quantified in resulting solutions. The experimental protocol is shown in Figure 2, while the results are shown in Table 1. Here, 6.3 ± 4.6% of the initial amount of PFs (408.2 ± 10.7 mg/L) was left in SUP after boiling. This corresponds to approximately 94% of PFs potentially precipitating during 30-min boiling. Simultaneously, significant amounts of PFs in SUP pellet extracts were detected, confirming the hypothesis of PFs co-precipitation with denatured proteins (Table 1). Methanol and acetonitrile were found to be the most effective extracting solvents. Here, even a one-step extraction allowed recovery of >85% of the initial PFs amount (>90% of PFs in pellet), and the two step extraction allowed the full recovery of PFs from pellets. Ethanol and ethyl acetate were less efficient (Table 1). Simultaneously, measured PFs purity was relatively high, reaching 63.6 ± 1.1% and 60.4 ± 2.5% for methanol and acetonitrile extracts, respectively (Table 1).


TABLE 1. PFs recovery (%) from foam supernatants (SUP) using proposed protocol (boiling and extraction).

[image: Table 1]
The scientific literature suggests an extracellular export (to the culture medium) as the main form of BS production (Najmi et al., 2018). However, some results also suggest the presence of cell-bound BS fraction (Gudiña et al., 2015). Different buffers and/or organic solvents are used for the isolation of cell-bound BS (Rodríguez et al., 2010; Gudiña et al., 2011, 2015; Vecino et al., 2015). As the large amounts of wet cell fraction (CELL) were obtained after foam centrifugation (approx. 40 g of CELL from 500 mL of collapsed foam), it was decided to test the possibility of extracting cell-bound PFs. Therefore, the CELL fraction was washed with water and then extracted three times with acetonitrile (Figure 2). PFs concentration and dry mass contents were tested after each washing and extraction step (Table 2).


TABLE 2. Recovery of the cell-bound PFs from 40 g of wet cell fraction (CELL), using proposed protocol (washing and acetonitrile extraction).
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Washing 40 g of wet cell fractions with water allowed the recovery of small amounts of PFs (2.6 ± 0.2 mg). Amount of PFs recovered in the following acetonitrile extractions were higher and reached 151.0 ± 4.0 mg and 15.8 ± 1.0 mg after 1st and 2nd extraction, respectively. The purity of obtained PFs (combined fractions 1 and 2) was low, reaching only 14.6 ± 1.3% (Table 2). Extraction of PFs from CELL fraction allowed to increase the total PFs yields from a single bioreactor run. The extracellular PFs (present in the SUP) were the major fraction, accounting for approximately 60–65% of the total amount of recovered total PFs (cf. Tables 1, 2).

The obtained results show that the proposed method of PFs extraction from foam after thermal co-precipitation can be a good alternative for other methods routinely used for preparative-scale LPs purification (e.g., acid precipitation, ultrafiltration, or solvent-solvent extraction). Obtained raw PFs fractions had an acceptable purity (>60%), and may be directly used in different applications, where lower purity or concentration is not an issue, such as plant protection or other environmental applications (Rangarajan and Clarke, 2016). The purity of raw PFs from SUP is comparable with the purity of raw LPs obtained with other purification protocols, e.g., acid precipitation or solvent-solvent extraction (Coutte et al., 2017). According to our knowledge, no similar protocol for the purification of LPs has been published so far. Simultaneously, it seems that the proposed method can be applied for the production of other LPs, potentially making their downstream processing more cost-effective and environmentally friendly. Additionally, a previously unknown fraction of cell-bounded PFs was detected, recovered and purified. Extraction of cell-bounded PFs almost doubled the overall amount of PFs purified from the bioreactor cultures.

To prove the intact structures of PFs obtained with proposed protocol, we have analyzed purified PF2 with QToF-MS system, as previously reported (Biniarz and Łukaszewicz, 2017). We have also compared the results with PF2 obtained with the original protocol by Janek et al. (2010) – culturing in mineral salt medium in shaken flasks, followed by solvent-solvent extraction and semi-preparative RP-HPLC. Our results, confirming the intact structure of PFs, can be found in Supplementary Material (Supplementary Figure 5).



Selective Production and Purification of Pseudofactin Structural Analogs

In the standard conditions, e.g., when cultivated in mineral salt medium, P. fluorescens BD5 produces mainly (>95%) PF2 analog (Janek et al., 2010). The same can be observed for the cultures in KB medium (Biniarz et al., 2018). Method for the selective production of PF1 and PF2 in baffled shake flasks was proposed earlier (Biniarz et al., 2018). The method includes supplementation of modified KB medium with amino acids – Leu or Val. Leu addition works as an inductor for PF2 production, whereas Val addition brings up the production of PF1 (Biniarz et al., 2018). A similar approach for the production of PF structural analogs in bioreactors was tested. P. fluorescens BD5 was cultivated in 2.5-L working volumes in a laboratory-scale bioreactor, using KB-mod-Leu or KB-mod-Val media (Biniarz et al., 2018). Next, foam was collected, heated up and extracted as described. Obtained methanolic extracts were purified with semi-preparative HPLC (Figure 6).
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FIGURE 6. HPLC analysis of the PF structural analogs purification. (A) methanolic extract of SUP pellet – analytical HPLC chromatogram. (B) methanolic extract of SUP pellet – semi-preparative HPLC chromatogram. Collected PF1 and PF2 fractions are indicated with black lines. (C) Purified PF1, Rf = 3.8 min (D) Purified PF2, Rf = 4.2 min – analytical HPLC chromatograms. PF1 and PF2 peaks are indicated.


When KB-mod-Leu medium was used for the 2.5-L cultures, the relative abundance of PF structural analogs in collected foam was 3.9 ± 1.8% of PF1 and 96.1 ± 3.4% of PF2, with a total PFs concentration of 552.2 ± 9.5 mg/L. When KB-mod-Val medium was used for the 2.5-L cultures, the relative abundance of PF structural analogs in collected foam was 67.6 ± 3.2% of PF1 and 32.4 ± 3.0% of PF2, with a total PFs concentration of 555.5 ± 36.5 mg/L (Figure 6A). These results are comparable with the earlier report (Biniarz et al., 2018). SUP extracts were afterward purified with a semi-preparative HPLC. PF1 fraction was collected between 14.1 and 16.8 min of acetonitrile/water gradient, whereas PF2 was collected between 17.0 and 18.5 min (Figure 6B). These fractions were afterward freeze-dried, resuspended in methanol and analyzed with an analytical HPLC (Figures 6C,D) as presented in earlier reports (Biniarz and Łukaszewicz, 2017; Biniarz et al., 2018). The calculated purity of PF analogs was >95% in relation to dry mass (data not shown).




CONCLUSION

A method for the production of a CLPs PFs was proposed. The production was tested in a laboratory and technical scale bioreactors. PFs were enriched in the foam overflowing from the bioreactors, which served as source material for further purification. To this end, an innovative and simple protocol for the purification of raw PFs directly from foam was presented. It includes the boiling of a supernatant, followed by extraction of the obtained precipitate. High recovery and purity levels of raw PFs were reported. Moreover, a method for the selective production of pseudofactin structural analogs, followed by their separation with a semi-preparative HPLC were proposed.
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The anaerobic growth of B. subtilis to synthesize surfactin poses an alternative strategy to conventional aerobic cultivations. In general, the strong foam formation observed during aerobic processes represents a major obstacle. Anaerobic processes have, amongst others, the distinct advantage that the total bioreactor volume can be exploited as foaming does not occur. Recent studies also reported on promising product per biomass yields. However, anaerobic growth in comparison to aerobic processes has several disadvantages. For example, the overall titers are comparably low and cultivations are time-consuming due to low growth rates. B. subtilis JABs24, a derivate of strain 168 with the ability to synthesize surfactin, was used as model strain in this study. Ammonium and nitrite were hypothesized to negatively influence anaerobic growth. Ammonium with initial concentrations up to 0.2 mol/L was shown to have no significant impact on growth, but increasing concentrations resulted in decreased surfactin titers and reduced nitrate reductase expression. Anaerobic cultivations spiked with increasing nitrite concentrations resulted in prolonged lag-phases. Indeed, growth rates were in a similar range after the lag-phase indicating that nitrite has a neglectable effect on the observed decreasing growth rates. In bioreactor cultivations, the specific growth rate decreased with increasing glucose concentrations during the time course of both batch and fed-batch processes to less than 0.05 1/h. In addition, surfactin titers, overall YP/X and YP/S were 53%, ∼42%, and ∼57% lower than in serum flask with 0.190 g/L, 0.344 g/g and 0.015 g/g. The YX/S, on the contrary, was 30% lower in the serum flask with 0.044 g/g. The productivities q were similar with ∼0.005 g/(g⋅h). However, acetate strongly accumulated during cultivation and was posed as further metabolite that might negatively influence anaerobic growth. Acetate added to anaerobic cultivations in a range from 0 g/L up to 10 g/L resulted in a reduced maximum and overall growth rate μ by 44% and 30%, respectively. To conclude, acetate was identified as a promising target for future process enhancement and strain engineering. Though, the current study demonstrates that the anaerobic cultivation to synthesize surfactin represents a reasonable perspective and feasible alternative to conventional processes.

Keywords: Bacillus subtilis, anaerobic cultivation, lipopeptide, surfactin, process control strategy, nitrate respiration, acetate, foam-free


INTRODUCTION

The cyclic lipopeptide surfactin synthesized by Bacillus subtilis is often described as a promising alternative to surfactants of petrochemical and oleochemical origin (Henkel et al., 2017) with additional antimicrobial properties (Ongena and Jacques, 2008; Li et al., 2019). However, conventional aerobic processes targeting at surfactin production share one major bottleneck, namely excessive foaming. The presence of foam in biotechnological processes often results, amongst others, in lower productivity (St-Pierre Lemieux et al., 2019). Excessive foaming may hinder probes to measure correctly, blocks exhaust air filters and hence pressure increases, and leads to heterogeneity in the cultivation broth (St-Pierre Lemieux et al., 2019). Different processes targeting surfactin production were reported that either integrate or avoid foaming. Integration of foaming is mostly performed as in situ product removal (Cooper et al., 1981; Davis et al., 2001; Chen et al., 2006; Willenbacher et al., 2014). Here, the ability of surfactin to accumulate at air-liquid interfaces is used as advantage and can be regarded as a first enrichment and purification step. Nevertheless, the uncontrolled foaming is reported to hinder process control and next to surfactin, also producer cells and the medium is lost for further cultivation (Willenbacher et al., 2014; Rangarajan and Clarke, 2015; Coutte et al., 2017). The membrane-bioreactor presented by Coutte et al. (2010) is an alternative foam-free cultivation strategy. This set-up yielded concentrations of 0.242 g/L surfactin. However, productivity was reduced during the time course of cultivation due to the adsorbance of surfactin onto the membranes which further reduced oxygen transfer. Chtioui et al. (2012) designed a rotating disk bioreactor where surfactin was produced by B. subtilis ATCC 21332 both in free cells and cells immobilized as a biofilm on the rotating disks. Aeration was performed above the liquid level and was reported to not be sufficient and surfactin concentrations did not surpass 0.212 g/L. Another strategy to synthesize surfactin was illustrated by Davis et al. (1999). Different batch cultivations with e.g., nitrate-limitation, carbon-limitation or oxygen-limitation demonstrated that highest specific product yield per biomass (YP/X) was achieved in nitrate-limited oxygen-depleted cultures. The authors reported that anaerobic growth occurred in oxygen-depleted conditions. However, aeration was still maintained at 0.5 vvm indicating the presence of microaerophilic conditions. This strategy was further adapted by Willenbacher et al. (2015a) employing strain B. subtilis DSM 10T. Anaerobic conditions were obtained as aeration was completely avoided, which also resulted in a foam-free environment without the need of adding antifoam. This process reached high values for the product yield per biomass YP/X with 0.278 g/g employing 2.5 g/L glucose. The anaerobic cultivation takes advantage of the ability of B. subtilis to use nitrate as alternative electron acceptor in the absence of oxygen. During nitrate respiration, nitrate is reduced to ammonium via nitrite using the enzymes nitrate reductase NarGHI and nitrite reductase NasDE (Nakano et al., 1998a). A recent study demonstrated that anaerobic serum flask cultivations employing strain B. subtilis JABs24, which is the well-established laboratory strain 168 with the ability to synthesize surfactin due to integration of a functional sfp gene, reached excellent values for YP/X with 1.541 g/g and these values surpassed aerobic results (Geissler et al., 2019b). Next to the foam-free environment that can be achieved employing anaerobic cultivations, another advantage is the more than hundred thousand times higher solubility of nitrate compared to oxygen in the medium. This allows for more flexibility in the design of batch and fed-batch processes. Furthermore, the development of nitrate respiration processes might generally be beneficial for products sensitive against oxidation. However, recent studies of both Willenbacher et al. (2015a) and Geissler et al. (2019b) have reported a much lower cell dry weight accompanied by overall inferior surfactin titers compared to aerobic counterparts. As a consequence, this study aimed at further evaluating the relevance of nitrite and ammonium as well as the impact of glucose concentrations for an envisioned foam-free anaerobic surfactin bioproduction process.

We hypothesized that the presence of both nitrite and ammonium has a negative impact on anaerobic nitrate respiration, while different initial glucose concentrations play a minor role. To further substantiate this hypothesis, reporter strains carrying PnarG-lacZ and PnasD-lacZ fusion were included to evaluate effects on the most important enzymes during anaerobic nitrate respiration.



MATERIALS AND METHODS


Chemicals and Materials

All chemicals used were of analytical grade and were purchased from Carl Roth GmbH & Co., KG (Karlsruhe, Germany). The surfactin reference standard (≥98% purity) and glucose standard were obtained from Sigma-Aldrich Laborchemikalien GmbH (Seelze, Germany).



Microorganisms, Genetic Engineering and Strain Maintenance

All strains used within this study are listed in Table 1. Strain B. subtilis JABs24, constructed as described in Geissler et al. (2019b), is derived from the laboratory strain 168 with functional sfp and was used as initial strain for the construction of the reporter strains MG1 and MG5. The oligonucleotides (Eurofins Genomics Germany GmbH, Ebersberg, Germany) and plasmids used are listed in Supplementary Table S1 and Table 2, respectively. The promoter regions of narG and nasD were amplified through PCR (peqSTAR 96X, VWR GmbH, Darmstadt, Germany) using primers s1001/s1002, and s1011/s1012, respectively. The PCR products were purified (GeneMATRIX basic DNA purification Kit, EURx Sp. Z o.o, Gdańsk, Poland) and ligated into plasmid pJOE4786.1 (Altenbuchner et al., 1992) with T4 DNA ligase (New England BioLabs GmbH, Frankfurt am Main, Germany) after digestion with Sma I (New England BioLabs GmbH, Frankfurt am Main, Germany). The obtained plasmids, pKAM0182 for PnarG and pSHX1 for PnasD, were transformed into chemical competent E. coli JM109. Strains carrying the plasmid were selected on LB plates supplemented with ampicillin (100 μg/mL). Isolated plasmids pKAM0182 and pSHX1 (QIAamp DNA Mini Kit (50), QIAGEN GmbH, Hilden, Germany) were digested with Nde I and Age I (New England BioLabs GmbH, Frankfurt am Main, Germany) and fragments of interest were isolated (MinElute Gel Extraction Kit (50), QIAGEN GmbH, Hilden, Germany). Afterwards, digestion products were ligated into pKAM312 (Morabbi Heravi and Altenbuchner, 2018) resulting in pKAM452 and pSHX2 and transformed in competent E. coli JM109. Plasmids pKAM452 (PnarG-lacZ) and pSHX2 (PnasD-lacZ) were isolated and were transformed into natural competent B. subtilis JABs24. By double cross-over into the amyE gene, reconstructed strains were selected by agar plates supplemented with either spectinomycin (100 μg/mL) or erythromycin (10 μg/mL), and by starch plates dyed with Lugol’s iodine solution. Positive colonies were further checked by PCR using primers s7406 and s7409 to confirm insertion of PnarG-lacZ and PnasD-lacZ into amyE gene.



TABLE 1. Overview of strains used in the current study.
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TABLE 2. Plasmids used in this study.
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Media Composition

The LB medium used for the first pre-culture composed of 5 g/L tryptone, 10 g/L NaCl and 10 g/L yeast extract. An adapted medium based on the medium described by Willenbacher et al. (2015b) was used for all further pre-cultures and main cultures. The glucose concentration was 20 g/L for the second mineral salt pre-culture, 10 g/L and 2.5 g/L glucose for the batch and fed-batch bioreactor process, as well as either 2.5, 5, 7.5, or 10 g/L glucose for the serum flask cultivations as indicated in the respective results. The buffer composed of 0.03 mol/L KH2PO4 and 0.04 mol/L Na2HPO4 ⋅ 2 H2O in the mineral salt pre-culture and serum flask cultivations, and 5.71 ⋅ 10–3 mol/L KH2PO4 and 4.29 ⋅ 10–3 mol/L Na2HPO4 ⋅ 2 H2O in the bioreactor cultivations. The nitrogen source used for the mineral salt pre-culture was 0.1 mol/L NaNO3 and for the bioreactor and serum flask cultivation 0.1 mol/L NaNO3 and 5.0 ⋅ 10–4 mol/L (NH4)2SO4. In case of MgSO4 and trace element solution, which were prepared separately as autoclaved, respectively, filter sterilized stock solutions, all cultivations had the same final concentrations with 8.0 ⋅ 10–6 mol/L Na3-citrate, 7.0 ⋅ 10–6 mol/L CaCl2, 4.0 ⋅ 10–6 mol/L FeSO4 ⋅ 7 H2O, 1.0 ⋅ 10–6 mol/L MnSO4 ⋅ H2O, 4.0 ⋅ 10–6 mol/L Na2MoO4 ⋅ 2 H2O and 8.0 ⋅ 10–4 mol/L MgSO4 ⋅ 7 H2O. A 25% (w/w) autoclaved (121°C, 20 min) glucose solution was used for the bioreactor feed. For the cultivations investigating the effect of ammonium, the concentration of (NH4)2SO4 was adjusted. In case of nitrite and acetate experiments, the targeted concentrations were added from an autoclaved 0.1 mol/L NaNO2 or 277.88 g/L Na-acetate stock solution, respectively.



Cultivation Conditions

Pre-cultures were run at 120 rpm and 37°C in an incubator shaker (NewbrunswickTM/Innova 44, Eppendorf AG, Hamburg, Germany). A first overnight pre-culture was performed in a 100 mL baffled shake flask by inoculating 20 mL LB medium with 100 μL of the respective glycerol stock. This pre-culture was diluted 1:100 in mineral salt medium for a second pre-culture and incubated for 36 h. The shake flask size was adjusted to the amount of inoculation material needed and flasks were filled with 10–13% of the mineral salt medium.



Anaerobic Serum Flask Cultivation

Anaerobic serum flasks were prepared as described in Geissler et al. (2019b). Briefly, the buffer and nitrogen sources were autoclaved inside the flasks and all other solutions were added afterwards through a disinfected septum using a syringe. Anaerobic conditions were set by flushing the flasks with nitrogen and degassing through a filter element.



Anaerobic Bioreactor Cultivation

Bioreactor cultivations were performed in 42 L custom-built bioreactors (ZETA GmbH, Graz/Lieboch, Switzerland). The bioreactors are mounted on a scale and are equipped with pH (EasyFerm Bio HB Arc 120, Hamilton Bonaduz AG, Bonaduz, Switzerland) and pO2 (VisiFerm DO ARC 120 H0, Hamilton Bonaduz AG, Bonaduz, Switzerland) probes. Acid, base and feed solutions were on individual scales and added via peristaltic pumps. Bioreactors were equipped with three Rushton turbines and four baffle plates. The buffer and nitrogen source were autoclaved inside the bioreactor and the other components were added sterile through a septum. Prior to inoculation, the medium was flushed with N2 to ensure anaerobic conditions and pO2 measurement throughout cultivation confirmed absence of oxygen. Stirrer speed was kept at 120 rpm and pH 7 was maintained by adding either 1 mol/L NaOH or 1 mol/L H3PO4. Temperature was set to 37°C.



Sampling and Sample Analysis

For all cultivations performed, samples were taken in regular intervals. The OD600 was measured with a spectrophotometer (Biochrom WPA CO8000, Biochrom Ltd., Cambridge, United Kingdom). The cell dry weight was calculated by dividing the OD600 by the factor 3.762 which was determined previously (Geissler et al., 2019b). Prior to further analyses, samples were centrifuged for 10 min at 4°C and 4816 g (Heraeus X3R, Thermo Fisher Scientific GmbH, Braunschweig, Germany) and stored at −20°C until further processing.

Glucose was measured with a HPTLC system (CAMAG AG, Muttenz, Switzerland) as described in Geissler et al. (2019b). Briefly, the mobile phase used was acetonitrile/H2O (85:15, v/v) and plates were developed over a migration distance of 70 mm. After development, plates were derivatized with diphenylamine (DPA) reagent. DPA was prepared by diluting 2.4 g diphenylamine and 2.4 g aniline in 200 mL methanol and then adding 20 mL 85% phosphoric acid. After derivatization, plates were scanned at 620 nm and the glucose concentration was calculated in dependence of the standard curve.

Surfactin analysis was performed as described in Geissler et al. (2017) using a HPTLC method. Briefly, samples were extracted three times with an equal volume of chloroform:methanol 2:1 (v/v). The pooled solvent layers were evaporated and the crude surfactin was resuspended in methanol to match the initial sample volume. Plates were developed using the mobile phase chloroform:methanol:water 65:25:4 (v/v/v) over a migration distance of 60 mm. After development, the plates were scanned at 195 nm and evaluation was performed by peak area in correspondence to a standard curve.

Spectrophotometric assays (Merck KGaA, Darmstadt, Germany) were used to measure nitrate (Cat. No. 1.09713.0001), nitrite (Cat. No. 1.14776.0001) and ammonium (Cat. No. 1.14752.0001) concentrations.

Acetate concentration was determined with an enzymatic kit (Cat. No. 10148261035, r-biopharm AG, Pfungstadt, Germany).

For ß-galactosidase assay, a volume of 100 μL of cell suspension from strain MG1 or MG5 was mixed with 900 μL Z-Buffer (0.06 mol/L Na2HPO4, 0.04 mol/L NaH2PO4, 0.01 mol/L KCl, 1 mmol/L MgSO4 ⋅ 7 H2O, 0.04 mol/L mercaptoethanol). After addition of 10 μL toluol, the mixture was incubated for 30 min at 37°C and 750 rpm. 200 μL of 20 mmol/L ortho-nitrophenylgalactopyranoside was added and the reaction was stopped when the solution turned yellow by adding 500 μL of 1 mol/L Na2CO3. Samples were centrifuged for 2 min at 19283 g and 250 μL were transferred to a microtiter plate. Absorbance was measured at both 420 nm and 550 nm and the Miller Units (MU) were calculated according to the following equation:
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Data Analysis

For the bioreactor cultivations performed, as well as for serum flask cultivations if required, the biomass yield per substrate YX/S [g/g], product yield per substrate YP/S [g/g], the product yield per biomass YP/X [g/g], the specific surfactin productivity q [g/(g⋅h)] and the specific growth rate μ [1/h] were determined. The respective equations are listed in the Supplementary Material (S2). Depending on the evaluation, either surfactin or acetate was considered as product P. These parameters were calculated in two distinct approaches. Maximum yields were determined by calculating the respective parameter in between sampling points and overall yields were calculated based on the data of inoculation and at CDWmax of the process. For the bioreactor cultivation employing a feed, the glucose fed at sampling was added to the respective time point.




RESULTS AND DISCUSSION


Influence of Different Ammonium Concentrations on Anaerobic Growth and Effect on Promoter Activity of PnarG and PnasD

Under aerobic conditions, ammonium is the preferred nitrogen source and in the presence of both ammonium and nitrate, nitrate consumption is induced after depletion of ammonium (Davis et al., 1999). During anaerobic nitrate respiration, however, nitrate is used as alternative electron acceptor and is thereby reduced to nitrite which is further reduced to ammonium by the enzymes nitrate reductase NarGHI and nitrite reductase NasDE, respectively (Hoffmann et al., 1998; Nakano et al., 1998a; Härtig and Jahn, 2012). As these enzymes are crucial for anaerobic nitrate respiration, the corresponding gene expressions were monitored by the respective promoters PnarG and PnasD. As the concentration of ammonium is expected to increase during cultivation due to nitrate reduction, it was hypothesized that the increase in ammonium might have a negative impact on both enzyme activity as well as gene expression, the latter one being studied using the reporter strains. In addition, a low initial ammonium concentration was hypothesized to be sufficient as ample pool for the incorporation of ammonium into biomass until ammonium is provided by nitrate respiration. In this sense, the influence of different ammonium concentrations on the growth of B. subtilis under anaerobic conditions was examined. In a first screening, B. subtilis JABs24 was cultivated in duplicate employing 2.5 g/L glucose with five various ammonium concentrations ranging from 0.001 mol/L NH4+ up to 0.2 mol/L NH4+. The overall growth rates μ were in the range of 0.068 ± 0.006 1/h. Also with respect to the final CDW, which was in the range of 0.194 ± 0.015 g/L, and the time to reach CDWmax, an influence of the ammonium concentration was not observed indicating that a high initial ammonium concentration as well as the increase in ammonium due to nitrate respiration did not negatively influence anaerobic growth when employing 2.5 g/L glucose. However, as reported by Willenbacher et al. (2015a), an increase in the initial glucose concentration from 7.5 g/L to 10 g/L resulted in a lower CDW and YX/S employing strain B. subtilis DSM 10T. The initial NH4+ concentration in this study was 0.1 mol/L. Assuming a complete conversion from nitrate to ammonium, final concentrations were about 0.16 and 0.14 mol/L NH4+ for 7.5 and 10 g/L glucose, respectively. In this sense, further cultivations employing the reporter strains B. subtilis MG1 (PnarG-lacZ) and MG5 (PnasD-lacZ) with both 7.5 and 10 g/L glucose, as well as 0.001 mol/L, 0.1 mol/L, and 0.2 mol/L NH4+ were further used to examine the combinative effect of different ammonium and glucose concentrations on anaerobic growth by nitrate respiration.

Figure 1 displays an exemplary cultivation plot of strain MG1 employing 10 g/L glucose and 0.2 mol/L NH4+. The biomass increased up to 0.5 g/L after 70.5 h of cultivation. Glucose was almost depleted when CDWmax was reached and hence the drop in CDWmax was caused by glucose depletion. About 70 mmol/L NO3– was reduced and ammonium increased by ∼60 mmol/L. Nitrite peaked at the beginning of cultivation to 0.558 mmol/L and was further reduced to 0.007 mmol/L at CDWmax. Another increase was measured when CDW decreased. This nitrite pattern was observed in almost all cultivations tested. The activity of PnarG increased up to 119 MU after 32.5 h of cultivation and slightly decreased to 76 MU until CDWmax. For a better evaluation, the results of the different ammonium and glucose concentrations tested are summarized in Table 3.


[image: image]


FIGURE 1. Exemplary anaerobic serum flask cultivation employing strain B. subtilis MG1 in a mineral salt medium containing 10 g/L glucose, 0.1 mol/L NO3– and 0.2 mol/L NH4+.





TABLE 3. Summary of the results and calculated yields for the serum flask cultivations of strains B. subtilis MG1 (PnarG-lacZ) and MG5 (PnasD-lacZ) employing 7.5 g/L and 10 g/L glucose and different ammonium concentrations.
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A higher glucose concentration and especially the presence of 0.2 mol/L NH4+ within the same glucose level resulted in a higher CDWmax. Discrepancies, however, must be considered as the determined CDWmax in several cultivations was prior to glucose depletion or even slightly after glucose depletion due to the time intervals of sampling. A CDWmax of 0.388 g/L was reported by Geissler et al. (2019b) employing strain B. subtilis JABs24 using 10 g/L glucose, 0.1 mol/L NO3– and 0.025 mol/L NH4+. This value is in a similar range in comparison to this study. For strain MG1 with 7.5 g/L, both the YX/S and the overall growth rate μ increased when more ammonium was added to the medium. For all other cultivations, this trend for both the overall growth rate μ and the YX/S was not observed. Hence, no generally admitted influence of ammonium could be observed at these experimental conditions, which is also in agreement to the results employing 2.5 g/L glucose. Under aerobic conditions, for example, Leejeerajumnean et al. (2000) reported that 26 tested Bacillus strains, among them strain B. subtilis NCIMB 3610, grew in the presence of 931 mmol/L NH4+ at pH 7. Müller et al. (2006) described that 500 mmol/L did not cause growth inhibition using strain B. subtilis 168. A defect was observed with more than 750 mmol/L NH4+, but the authors stated that this is due to osmotic or ionic stress and not due to the presence of ammonium itself. However, no reports on the effect of ammonium under anaerobic conditions were found.

Interestingly, the surfactin concentration was lower the more ammonium was present at the beginning of cultivation, with a more drastic change in between 0.1 mol/L and 0.2 mol/L NH4+. Exemplary, employing 10 g/L glucose and 0.001 mol/L NH4+ resulted in a surfactin concentration of 156.20 mg/L, while the titer obtained with 0.2 mol/L NH4+ was only 87.35 mg/L for strain MG1. On the contrary, when the ratio of NO3–:NH4+ was shifted towards higher nitrate concentrations in studies on the surfactin synthesis under aerobic conditions, a decrease in biomass and surfactin concentration, but an increase in the YP/X was observed. For example, media containing only NH4+ or NO3– resulted in a surfactin titer of ∼1 g/L and ∼0.35 g/L at an CDWmax of 2 g/L after 21 h and of 0.5 g/L after 36 h of cultivation with strain B. subtilis JABs24, respectively. This results in YP/X values of 0.466 g/g and 0.668 g/g (data not shown). On the contrary, Davis et al. (1999) reported on an improvement in the YP/X when cultivating B. subtilis ATCC 21332 in a nitrate-limited oxygen-depleted process. Consequently, further medium optimization studies on the impact of different nitrate concentrations at constant ammonium levels on surfactin synthesis are a crucial approach also to investigate the impact on both the dissimilatory and assimilatory nitrogen metabolism.

With respect to the promoter activities, averaged maximum Miller Units for PnarG were overall lower with ∼170 MU than for PnasD with ∼750 MU. During the time course of cultivation, as illustrated in Supplementary Figure S3 and summarized in Table 3, the promoter activity decreased after reaching the maximum until CDWmax. For PnarG, both the maximum promoter activity as well as the activity at CDWmax was lower the more ammonium was present. Differences amongst the glucose concentrations tested were less distinct. Hence, the impact of glucose was less significant than the ammonium concentration and lower ammonium concentrations yielded a higher PnarG activity. The activity of PnasD was overall much higher with Miller Units up to 1000, but the pattern was similar to PnarG and activity reached a maximum and further declined until CDWmax. For the PnasD activity, values at 10 g/L glucose were overall higher in comparison to the respective data at 7.5 g/L glucose. However, highest values were obtained for 0.1 mol/L NH4+. Hence, a trend was not observed regarding the influence of increasing ammonium concentrations. This is in agreement to the results of Nakano et al. (1998a) reporting that the presence of ammonium did not alter the anaerobic expression levels of a transcriptional fusion nasD-lacZ strain.

Generally, in the current experimental set-up, the increase of ammonium showed a tendency to an overall improvement with respect to CDWmax while a distinct trend for growth rate μ, YX/S and promoter activity PnasD was not observed. However, a decrease in both PnarG activity and surfactin synthesis was noticed. Due to this ambiguous effect of ammonium on growth but the negative effect on surfactin synthesis and PnarG activity, an initial ammonium concentration of 0.001 mol/L was used for all further experiments, as surfactin is the product of interest. In addition, as a further increase in CDW during anaerobic growth beyond 10 g/L glucose will result in a further accumulation of ammonium, the reduction to a minimum from the beginning is expected to be more profitable at long-term view.



Influence of Different Nitrite Concentrations on Anaerobic Growth

As previously described and illustrated in Figure 1, nitrite concentrations peaked shortly after inoculation and decreased during the time course of further cultivation. On the one hand, nitrite is often stated to be toxic and hence cells need to detoxify accumulated nitrite, on the other hand, the reduction to ammonium by nitrite reductase is an electron sink which allows the reoxidation of NADH to NAD+ (Cruz Ramos et al., 1995; Nakano et al., 1998a; Reents et al., 2006). NAD+ itself is needed for glycolysis, oxidative decarboxylation and the citric acid cycle. Inversely, in the absence of nitrate or nitrite as electron acceptor, B. subtilis growth by fermentation and NAD+ would be regenerated through end product phosphorylation, with the main fermentative metabolites produced being lactate, acetate and 2,3-butandiol (Cruz Ramos et al., 2000).

To further elucidate the impact of nitrite on anaerobic growth, the influence of various concentrations in the range from 0 mmol/L up to 20 mmol/L on the growth behavior of strain JABs24 employing 2.5 g/L glucose was investigated. In the time frame cultivated, the overall growth rate was reduced which was basically due to an increase in lag-phase. For 8 mmol/L and 6 mmol/L NO2–, strains restored growth after a lag-phase of around 30 h. With lower nitrite concentrations of 4, 2.5, and 1 mmol/L, growth was detected after a lag-phase of 26, 24, and 12 h of cultivation, respectively. These results are further affirmed by the overall growth rate and maximum growth rate, illustrated in Figure 2. A decrease in the overall growth rate μ from 0.068 1/h to 0.027 1/h was observed for 0 mmol/L and 10 mmol/L NO2– added in the time window tested. For the maximum growth rates, mean values varied in between 0.141 1/h and 0.208 1/h. However, higher nitrite concentrations did not result in lower growth rates. This is also in agreement to literature, where anaerobic growth of different B. subtilis strains employing either 10 mmol/L nitrate or nitrite resulted in the same OD-values indicating the suitability of nitrite as alternative electron acceptor (Hoffmann et al., 1998; Cruz Ramos et al., 2000; Marino et al., 2001). Interestingly, authors did not report on an increased lag-phase as observed in this study. For 20 mmol/L NO2– and 2.5 g/L glucose, growth was not detected during the current experiment. To further investigate the effect of high nitrite concentrations and a longer time frame, a further cultivation employing 10 g/L glucose with both 10 and 20 mmol/L NO2– was performed. For 20 mmol/L, growth was not detected even after 90 h of cultivation. For 10 mmol/L NO2–, CDW values up to 0.5 g/L were measured after ∼115 h. Compared to the cultivations employing different ammonium concentrations, the time to reach CDWmax was hence almost twice as long. However, the final CDW was comparably high and the concentration of nitrite was also drastically reduced until CDWmax was reached (data not shown).


[image: image]


FIGURE 2. Influence of different nitrite concentrations on the overall and maximum specific growth rate μ in anaerobic serum flask cultivations employing strain B. subtilis JABs24.



To sum up the effect of nitrite, only at very high levels, nitrite is indeed growth limiting or even inhibiting. Concentrations up to 10 mmol/L did significantly increase the time of cultivation employing strain B. subtilis JABs24, but the maximum growth rates μ as well as CDWmax prior to glucose depletion were similar to the references without further additives and nitrite was also reduced to ammonium.



Impact of Various Glucose Concentrations on Anaerobic Growth and Effect on Promoter Activity of PnarG and PnasD

During the study of Willenbacher et al. (2015a) using strain B. subtilis DSM 10T, a benefit of employing 10 g/L glucose with respect to higher CDW and surfactin concentrations was not given. Willenbacher et al. (2015a) stated that a concentration of 10 g/L glucose leads to overflow metabolism in B. subtilis. However, no data regarding this hypothesis, such as acetate concentrations, were shown. The previous results of cultivations with strain B. subtilis JABs24 and various ammonium concentrations indicated that the effect of 7.5 g/L and 10 g/L is less severe than reported by Willenbacher et al. (2015a) considering the CDWmax, but an increase in glucose indeed decreased overall growth rates μ and resulted in lower YX/S values (Table 3). As the glucose concentration plays a major role in the design of batch and fed-batch processes, cultivations with 2.5, 5, 7.5, and 10 g/L glucose were performed in serum flasks employing the strains B. subtilis JABs24, MG1 and MG5 as one triplicate set-up.

Figure 3A illustrates the change in CDWmax, YX/S as well as μmax and overall μ of the serum flask cultivations employing different glucose concentrations. CDWmax increased by employing higher glucose concentrations from 0.239 ± 0.011 g/L up to 0.492 ± 0.011 g/L. In addition, the time to reach CDWmax increased from 30 h to 69 h the higher the glucose concentration was. The observation from Willenbacher et al. (2015a) could consequently not be confirmed and higher cell densities were actually reached the more glucose was added. However, it must be emphasized that different strains were used and in addition, even a frequent sampling does not assure to measure the CDW when glucose is about to be depleted, which was also reported by Geissler et al. (2019b). For the overall growth rate μ, a decrease from 0.072 ± 0.002 1/h to 0.041 ± 0.000 1/h was observed with increasing glucose concentration. In contrast, the differences in μmax and the YX/S were less distinct. For μmax, values ranged from 0.098 ± 0.004 1/h to 0.133 ± 0.001 1/h, and for the overall YX/S between 0.044 ± 0.002 g/g and 0.070 ± 0.005 g/g.
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FIGURE 3. Influence of different glucose concentrations in anaerobic B. subtilis JABs24, MG1 and MG5 serum flask cultivations on (A) CDWmax, biomass per substrate yield YX/S, specific maximum and overall growth rate μ and (B) surfactin and acetate concentrations at CDWmax, surfactin per substrate yield Ysurfactin/S and acetate per substrate yield Yacetate/S. In addition, (C) CDW and corresponding Miller Units measured for expression of promoters PnarG and PnasD during the time course of cultivation.



Figure 3B displays the surfactin and acetate concentrations at CDWmax as well as the corresponding overall YP/S. The surfactin concentration employing 10 g/L glucose was ∼2-fold higher with 189.72 ± 10.50 mg/L than at the other concentrations tested. On the contrary, maximum surfactin titers at the other glucose levels tested were in a similar range and only a slight trend towards an increase in surfactin at higher glucose levels was monitored. The Ysurfactin/S showed a similar trend than the YX/S and decreased with increasing glucose concentrations from 0.023 ± 0.008 g/g to 0.016 ± 0.001 g/g. As reported by Willenbacher et al. (2015a), authors assumed that overflow metabolism led to their results employing 10 g/L glucose. In the current study, acetate concentrations were measured for the samples at CDWmax. Acetate is reported to be the most abundant end product during anaerobic growth of B. subtilis (Cruz Ramos et al., 2000). The acetate concentrations produced during anaerobic growth increased from 1.15 ± 0.12 g/L to 2.17 ± 0.24 g/L with increasing glucose concentrations. The Yacetate/S was more than 10-fold higher than the Ysurfactin/S and decreased as well with increasing glucose concentration from 0.382 ± 0.051 g/g to 0.202 ± 0.020 g/g. This result is, however, rather counter intuitive, as higher glucose concentrations actually do not result in more acetate per glucose. Although further fermentative end products were not expected as nitrate respiration is reported to suppress fermentative growth (Cruz Ramos et al., 2000), lactate was measured as well. As assumed, at CDWmax employing 10 g/L glucose the lactate concentration reached 0.24 ± 0.01 g/L, and 0.16 ± 0.01 g/L employing 7.5 g/L glucose. This indicates that the glucose flux, in contrast to acetate, into lactate is comparably low, but that a high amount of glucose converts into acetate and not to the target product. Nakano et al. (1998b) reported that several enzymes of the citric acid cycle show a reduced activity anaerobically and authors assumed that citrate deficiency might cause citZ repression. In this sense, carbon flux studies to investigate glucose degradation are another interesting option for future studies.

Similarly to the previous cultivations, the effect of glucose on anaerobic nitrate respiration was also investigated by the inclusion of the reporter strains MG1 and MG5. Figure 3C illustrates the growth curves as well as the corresponding measured promoter activities for both PnarG and PnasD. For PnarG, the activity at CDWmax was lower with increasing glucose concentrations and decreased from 392 MU to 137 MU. However, MU values in the early stages of cultivation also reached highest MU values in between 370 – 440 MU. Hence, the promoter activity of the nitrate reductase was lower the longer the cultivation lasted. In combination with the previous results (Table 3), both high glucose as well as high ammonium concentrations decreased the PnarG activity, but further studies have to address the question if actually the decreasing concentration of nitrate has an impact on PnarG activities. In accordance to the previous results, the activity of PnasD was much higher with MU values up to ∼1700 MU in comparison to PnarG. The promoter activity for PnasD also reached a maximum prior to CDWmax and a slight trend was observed with an increase in activity at higher glucose levels. In addition, the decrease in activity for PnarG was observed earlier during cultivation, while the maximum activity of PnasD was achieved later. This would also explain the nitrite peak observed and is in agreement to the results of Nakano et al. (1998a), who reported that the presence of nitrite along with the global regulator ResDE stimulates the expression of nasD. In this sense, nitrate first has to be reduced, and the nitrite produced stimulates nasD expression.

To sum up, the serum flask cultivations illustrated that the growth rate was reduced with increasing glucose concentration and that the promoter activity of PnarG declined as well during the time course of cultivation. However, the experiments have also demonstrated that the cell density increased the more glucose was added. In addition, results revealed that a high amount of glucose is converted into acetate, while lactate can be considered as a neglectable metabolite in this experimental set-up. Furthermore, acetate production was not lower with less glucose present in the medium. The synthesis of acetate might also be needed to generate ATP, although nitrate respiration is the most efficient alternative respiratory mechanism compared to aerobic cultivations with oxygen as electron acceptor (Strohm et al., 2007).



Batch vs. Fed-Batch Bioreactor Cultivation

To further evaluate the impact of various glucose concentrations, the aim was to perform a batch bioreactor cultivation with strain B. subtilis JABs24 employing 10 g/L glucose and a fed-batch cultivation with an initial glucose concentration of 2.5 g/L glucose. A diagrammatic representation of the processes performed as well as the advantage over aerobic batch cultivations is given in Figure 4A. For the fed-batch process, an exponential feed phase which matches the glucose added in the batch cultivation was performed to evaluate the impact of a constantly low glucose concentration on growth, surfactin and acetate production.
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FIGURE 4. Diagrammatic representation of conventional aerobic batch process with foaming and anaerobic foam-free batch and fed-batch process (A). Time course of 20 kg anaerobic bioreactor cultivation with strain B. subtilis JABs24 in a medium containing 0.1 mol/L NO3– and 0.001 mol/L NH4+ performed as (B) batch with 10 g/L glucose and (C) fed-batch with 2.5 g/L glucose employing a feed with 600 g of a 25% glucose solution.



Figure 4B (batch) and Figure 4C (fed-batch) illustrate the absolute values for cell dry weight, glucose, surfactin and acetate, as well as the absolute values of the anaerobic respiration metabolites nitrate, nitrite and ammonium for the two process strategies applied. All important process results as well as calculated yields are furthermore summarized in Table 4. For comparison, results of the reference serum flask cultivation employing 10 g/L glucose and yields of further non-conventional cultivation strategies to produce surfactin reported in literature are given as well.



TABLE 4. Summary of the results and calculated yields for the batch and fed-batch bioreactor process in comparison to a reference serum flask cultivation, as well as comparison to process parameters and yields obtained in different cultivation strategies reported.
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The glucose concentration in the batch process was depleted after 62 h of cultivation and the CDWmax was reached at this time with 11.81 g (OD600 of 2.35). For the fed-batch process, the feed was started after 37 h of cultivation with a set growth rate of 0.04 1/h and an initial feed rate of 0.01 kg/h. This growth rate was chosen based on the results of the serum flask cultivations and was expected to not cause glucose accumulation during the feed phase. The glucose concentration at feed start was 0.61 g/L and maintained in a range of 0.31 ± 0.04 g/L during the feed phase. The CDWmax before glucose consumption was 11.07 g (OD600 of 2.15). For both cultivations and similar to the serum flask cultivations, cell density dropped after glucose depletion. According to Espinosa-de-los-Monteros et al. (2001) cell lysis occurred after the growth phase instead of sporulation. The surfactin concentration in both cultivations increased throughout cultivation and at CDWmax, absolute values of 1.89 g and 1.95 g were reached. Consequently, both process strategies resulted in comparable surfactin titers and glucose limitation neither improved nor impaired surfactin productivity.

Analysis of nitrate revealed that there was no limitation and the reduction of nitrate as well as the increase in ammonium until the end of cultivation indicated that nitrate respiration occurred until growth stopped. At CDWmax, 439.41 mmol and 417.30 mmol NO3– were present in the medium for the batch and fed-batch process, respectively. Considering the results of both bioreactor and the serum flask cultivations, the nitrate demand for anaerobic nitrate respiration can be calculated as ∼150 mmol (NO3–)/g (CDW). Ammonium increased constantly up to 1403.49 and 1153.00 mmol until CDWmax was reached. For both cultivations, nitrite peaked at the beginning of cultivation and a second low nitrite peak was observed which actually occurred in a phase with reduced growth. After 48 h of cultivation nitrite was below 1 mmol. The highest concentration of nitrite was measured for both experiments after 12 h of cultivation with 39.13 mmol for the batch and 36.41 mmol for the fed-batch process. These observations match the data obtained from the serum flask cultivations where a nitrite peak was observed as well.

With respect to acetate, both processes showed a drastic increase in acetate with more than 40 g at CDWmax. The acetate concentration increased almost parallel to the biomass and a significant difference in between the two process strategies was not observed. The overall Yacetate/X and the Yacetate/S for both batch and fed-batch process were in a similar range at CDWmax and reached 3.920 g/g and 0.206 g/g for the batch, and 3.961 g/g and 0.260 g/g for the fed-batch cultivation, respectively. The results obtained are also in agreement with the serum flask cultivations and illustrate that a lower glucose concentration even below 0.31 g/L throughout cultivation did not result in lower acetate production.

In comparison to acetate, lactate was produced as minor by-product in both cultivations with less than 4 g at CDWmax. In a study performed by Espinosa-de-los-Monteros et al. (2001), authors reported that acetic acid and acetoin accumulated in cultivations with excess nitrate, whereas lactate and butanediol were produced when nitrate became limiting due to the presence of excess reduced cofactors. This would be in accordance to the current study, as nitrate decreased from 0.1 mol/L to ∼0.02 mol/L, but further investigations regarding these findings are necessary. Contrariwise, Cruz Ramos et al. (2000) reported a production of 23.3 mmol/L lactate and 16.4 mmol/L acetate cultivating strain B. subtilis 168 with nitrate as electron acceptor. However, they reported that the presence of nitrate reduced the formation of lactate and increased the production of acetate. In comparison to the current study, 50 mmol/L glucose and 50 mmol/L pyruvate were used as carbon source, which makes a comparison difficult, as the influence of pyruvate is not known. In addition, only 10 mmol/L NO3– were used. This, based on the results of the current study, is not sufficient to ensure nitrate respiration throughout the cultivation in the presence of these amounts of carbon source. Consequently, it might be that the cultivation switched from nitrate respiration to fermentative growth and by that lactate was produced. This would also be in agreement with another statement made by Cruz Ramos et al. (2000) namely that the presence of nitrate actually represses the transcription of lactate dehydrogenase ldh and acetolactate synthase alsS genes.

Regarding the yields and process parameters, the fed-batch process reached higher maximum and overall yields YP/X, YX/S and YP/S. This is in agreement with the results of different glucose concentrations tested, as lower glucose levels led to an improved YX/S and YP/S and this is hence also valid for a feed phase. However, the employment of a fed-batch process did result neither in a better biomass or surfactin production, nor in a significantly lower acetate or lactate formation. Interestingly, in comparison to the serum flask cultivation, the surfactin concentration in both bioreactor cultivations reached only 0.100 g/L and 0.101 g/L, while 0.190 g/L surfactin was produced in the serum flask with less biomass. This is also illustrated by the YP/X, which is more than double as high with 0.344 g/g in the serum flask. This observation is also in agreement with the YX/S, indicating a better glucose conversion into biomass in the bioreactor cultivation in comparison to the serum flask, while the YP/S is superior in the serum flask cultivations.

To conclude, the fed-batch and batch cultivations showed that cell growth was observed as long as glucose was present in the medium, illustrating the general feasibility of anaerobic cultivations with strain B. subtilis JABs24 for the production of surfactin. Obviously, the next step in bioreactor process development would be to elongate the feed phase. In addition, neither process showed a significant superiority indicating that the initial glucose does not influence the overall performance of the cultivation. However, acetate production was also not reduced at lower glucose levels which makes this metabolite another interesting candidate for further investigations regarding its impact on anaerobic growth.



Impact of Various Acetate Concentrations on Anaerobic Growth and Effect on Promoter Activity of PnarG and PnasD

During the previous cultivations, nitrite was shown to be reduced during the time course of cultivation even at an initial concentration up to 10 mmol/L, while acetate was detected in high amounts and the concentration curve was almost parallel to the growth curve with final acetate concentrations up to 2.5 g/L. Under aerobic conditions, the production of acetate is often correlated to overflow metabolism (Presecan-Siedel et al., 1999; Kabisch et al., 2013). In addition, B. subtilis is not able to grow on acetate aerobically due to the absence of genes of the glyoxylate shunt (Kabisch et al., 2013). However, under anaerobic fermentative conditions, acetate synthesis is important for generation of energy because acetate synthesis goes along with the AckA dependent formation of ATP (Cruz Ramos et al., 2000). Under anaerobic respiratory conditions, no distinct hypothesis was found that explains the acetate formation under nitrate respiratory conditions. The utilization of nitrate as alternative electron acceptor is reported to be the most favorable in view of ATP yield (Marino et al., 2001). Nevertheless, acetate is also often declared as growth inhibiting substance, but the effect varies in between different bacterial species as demonstrated by Lasko et al. (2000) testing E. coli, Acetobacter aceti, Staphylococcus capitis, Gluconobacter suboxydans, Lactobacillus acetotolerans, and L. bulgaricus in aerobic cultures. In another study, addition of 128 mmol/L acetate resulted in a reduced growth rate from 0.75 1/h to 0.4 1/h in an E. coli culture at pH 7.4 (Pinhal et al., 2019). However, little information is available on the effect of acetate on B. subtilis. Studies dealing with acetate and declaring growth inhibiting effect mostly refer to experiments with E. coli.

In contrast to nitrite, the concentration of acetate was increasing steadily. Hence, serum flask cultivations were performed with various initial acetate concentrations. Other than for nitrite, cultivations were performed directly with 10 g/L glucose to monitor effects in longer cultivations. The cultivation results with strains JABs24, MG1 and MG5 as triplicate are given in Table 5. The maximum CDWs were in a similar range and varied in between 0.465 and 0.532 g/L and no correlation was found between initial acetate concentration and CDWmax. The time to reach CDWmax was ∼69 h for the reference and ∼105 h for 10 g/L acetate added. In this sense, acetate has an influence comparable to that of nitrite with respect to the time of cultivation to reach CDWmax. However, while μmax for nitrite was in an overall similar range (Figure 2), μmax for acetate was lower the more acetate was added. This indicates that acetate did not prolong the lag-phase such as demonstrated for nitrite but has an overall negative effect on cellular growth. Furthermore, the overall growth rate μ was reduced from 0.041 ± 0.000 1/h to 0.029 ± 0.001 1/h applying 0 g/L and 10 g/L acetate, respectively. Due to the similar final CDW values obtained, the YX/S for all cultivations was as expected in the same range and the mean yield was determined as 0.042 ± 0.004 g/g. Hence, added acetate did not reduce biomass formation. With respect to the acetate produced on top of the initial concentration, the reference cultivation reached the lowest values, while for the other cultivations a slight overall increase was detected. In accordance to this slight increase, also the yield Yacetate/X showed this effect with the same significant change in between 0 g/L and 0.5 g/L acetate added. To further illustrate the trend of the activities of both PnarG and PnasD, the data after 36 h and 67 h of cultivation, as well as at CDWmax, are illustrated in Figure 5. In general, the activity decreased during the time course of cultivation within the different acetate concentrations tested. In regard to the promoter activity at CDWmax, a reduction in activity was observed for PnarG and Miller Units decreased from 137 MU for 0 g/L acetate to 35 MU in the cultivation with 10 g/L acetate added. Considering the activity of PnasD, values were as previously reported much higher, and except for 10 g/L the activity at CDWmax was also reduced from 1397 MU for the reference and 815 MU employing 5 g/L. Interestingly, considering the percentage change, the decrease in activity was overall more severe for the nitrate reductase and further studies regarding the negative effect of either acetate directly or for example the onset of nitrate limitation as mentioned before on the reduced activity must be performed.



TABLE 5. Summary of effect of different acetate concentrations on anaerobic growth.
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FIGURE 5. Influence of different acetate concentrations on the expression of PnarG and PnasD after 36 and 67 h of cultivation and at CDWmax employing strains B. subtilis MG1 and MG5.



To sum up, the inhibitory effect of acetate was more pronounced than for ammonium and especially nitrite, as acetate synthesis occurred throughout growth and concentrations did not decrease as shown for nitrite. High acetate concentrations reduced both the overall growth rate as well as the maximum growth rate and also the expression of narG and nasD were shown to be affected. Indeed, it is of upmost interest to further study this effect. These observations are counterintuitive, as acetate formation results in ATP supply, but in the same time its accumulation led to notable growth inhibition. Further studies regarding the role of acetate, e.g., by deleting the genes involved in acetate synthesis, namely acetate kinase ackA and phosphate acetyltransferase pta, displays one option. Regarding this approach, Cruz Ramos et al. (2000) already reported that a B. subtilis Δpta mutant strain produced less acetate in the presence of nitrate, but growth was also drastically reduced, indicating the importance of this metabolic pathway for anaerobic growth by nitrate respiration. Still, strains unable to produce acetate or able to utilize acetate anaerobically might be an interesting alternative for surfactin production processes. For example, a B. subtilis strain carrying the glyoxylate shunt genes from B. licheniformis DSM 13 was reported to be more robust and showed a better growth aerobically (Kabisch et al., 2013). Longing for more robust strains able to grow anaerobically and synthesize surfactin without acetate accumulation clearly presents an opportunity for further strain engineering. Even if growth rates are lower, but productivity is maintained throughout a prolonged time window, a significantly increased product titer could be achieved in a foam-free environment.




SUMMARIZING REMARKS AND FURTHER CONSIDERATIONS FOR FUTURE RESEARCH

The results presented illustrate the feasibility of an anaerobic nitrate respiration process which also lays the basis for the establishment of other processes where either foaming is a major issue, or the target product is sensitive towards oxygen.

The ability of B. subtilis to grow anaerobically was reported in previous studies. Table 6 summarizes different studies with the respective medium, carbon and nitrogen sources used and OD-values achieved.



TABLE 6. Comparison of anaerobic cultivations with B. subtilis in literature with the medium used and OD-values reached.
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Next to fundamental research on anaerobic growth, several studies used this approach to synthesize lipopeptides, and in this case surfactin (Javaheri et al., 1985; Davis et al., 1999; Willenbacher et al., 2015a; Geissler et al., 2019b). This process strategy results in promising YP/X values, meaning less biomass waste is produced per gram surfactin, and, which is an important aspect for operating and process control, foaming is completely avoided. This also allows using the full capacity of a bioreactor which leads to an improvement in the volumetric productivity, while the volume in foaming processes is often reduced so that the foam can accumulate in the headspace (St-Pierre Lemieux et al., 2019). Foam-free strategies also make the addition of antifoam agents and the implementation of foam breakers, which results in high energetical input, needless. Furthermore, both techniques to degrade foam can result in cellular stress and consequently reduced productivity (St-Pierre Lemieux et al., 2019). Another advantage of anaerobic cultivations is that the stirrer speed can be kept throughout the process, while pO2 regulation generally goes along with increasing aeration rates and stirrer speeds. Both parameters significantly influence foaming and as the process values increase with increasing biomass, also foam formation is enhanced (St-Pierre Lemieux et al., 2019).

However, several concluding remarks should be mentioned that need to be addressed in further studies, especially as the target product surfactin reached much lower concentrations in the bioreactor cultivations. One issue faced was the pH value. Ideally, also as demonstrated by Willenbacher et al. (2015a), the anaerobic cultivation leads to a basic pH shift. During that cultivation, nitrogen airflow was adjusted above the liquid level, with the aim to reduce the backflow of oxygen from the air. In the current study, the pH shifted to acidic conditions and hence base needed to be added to maintain the pH. In preliminary bioreactor cultivations, different nitrogen flows were tested. Indeed, employing a nitrogen flow through the medium resulted in a decrease in pH, but also resulted in foaming. Employing a nitrogen flow above the liquid level was also not sufficient, which illustrates the difficulties in transferring results from a 1 L bioreactor cultivation as in Willenbacher et al. (2015a) to a 20 kg cultivation as in this study. The decrease in pH was assumed to be both due to the production of acidic products such as acetate, and due to the accumulation of CO2 in the medium which converts to H2CO3 (Killam et al., 2003). Although acetate was not measured by Willenbacher et al. (2015a), it is presumably to assume that acetate was produced due to similarities in e.g. CDW, and hence the effect of the acidic pH shift in the current study is most likely due to accumulated CO2. Nevertheless, as the data for surfactin and CDW reported by Willenbacher et al. (2015a) and Geissler et al. (2019b) are well in accordance to the results obtained in this study, it can be hypothesized that there is no pivotal negative effect when CO2 is not stripped.

The anaerobic growth of B. subtilis is considered an interesting research field and many studies deal with fundamental research on sequencing, cloning or regulatory mechanisms (Cruz Ramos et al., 2000; Clements et al., 2002a, b). Consequently, many efforts are needed to improve the production process to further improve the yields. As summarized by Geissler et al. (2019a), there are three methods to improve the titers, namely medium and process parameter optimization, strain engineering and establishing process strategies. For example, addition of further carbon sources, amino acids or vitamins was reported to improve anaerobic growth (Carvalho et al., 2010; Javed and Baghaei-Yazdi, 2016). In terms of process strategies, appropriate feed profiles must be established to, for example, maintain a certain glucose/nitrate-ratio which influences the synthesis of metabolic by-products such as acetate and lactate (Espinosa-de-los-Monteros et al., 2001). The incorporation of a short aerobic phase displays an interesting option as this resulted in faster growth as reported by Cruz Ramos et al. (2000) and might be beneficial when aerobic pre-cultures are used as performed in this and many other studies. However, on the contrary, Willenbacher et al. (2015a) employed anaerobic pre-cultures and in comparison to the results of Geissler et al. (2019b) no significant differences were observed that could be attributed to the pre-cultures. The third strategy, strain engineering, poses another option to improve the anaerobic growth and the surfactin synthesis of B. subtilis. In this field, promoter exchange or gene knockout studies display a promising approach. As illustrated in the previous results, the synthesis and accumulation of acetate was pointed out as bottleneck and is hence a starting point for future studies.



CONCLUSION

The present study demonstrated the applicability of anaerobic foam-free processes by nitrate respiration for the synthesis of surfactin in a B. subtilis cultivation. Nevertheless, even at low substrate concentrations, significant production of acetate could be observed. As such, acetate was identified as a target metabolite for ongoing research and strain development. Furthermore, future studies should investigate the reported decrease in the promoter activity PnarG during the time course of cultivation as well as its decrease in the presence of high ammonium and acetate concentrations. Concluding, this study constitutes an important step towards the development of longer, more robust and more productive processes with B. subtilis using anaerobic nitrate respiration.
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Surfactants are a group of amphiphilic chemical compounds (i.e., having both hydrophobic and hydrophilic domains) that form an indispensable component in almost every sector of modern industry. Their significance is evidenced from the enormous volumes that are used and wide diversity of applications they are used in, ranging from food and beverage, agriculture, public health, healthcare/medicine, textiles, and bioremediation. A major drive in recent decades has been toward the discovery of surfactants from biological/natural sources—namely bio-surfactants—as most surfactants that are used today for industrial applications are synthetically-manufactured via organo-chemical synthesis using petrochemicals as precursors. This is problematic, not only because they are derived from non-renewable resources, but also because of their environmental incompatibility and potential toxicological effects to humans and other organisms. This is timely as one of today's key challenges is to reduce our reliance on fossil fuels (oil, coal, gas) and to move toward using renewable and sustainable sources. Considering the enormous genetic diversity that microorganisms possess, they offer considerable promise in producing novel types of biosurfactants for replacing those that are produced from organo-chemical synthesis, and the marine environment offers enormous potential in this respect. In this review, we begin with an overview of the different types of microbial-produced biosurfactants and their applications. The remainder of this review discusses the current state of knowledge and trends in the usage of biosurfactants by the Oil and Gas industry for enhancing oil recovery from exhausted oil fields and as dispersants for combatting oil spills.
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INTRODUCTION

Over the past 10 years, there has been a marked surge of interest and directed research activities toward the development of biosurfactants for applications in the Oil and Gas industry, so this review is largely dedicated to providing an update and current state-of-the-art on this emerging field. To begin with, there are two important reasons for this surge in interest, one of which stems from the fact that the oil production rate, which also accounts for the rate of discovering new underground oil reserves, has been in a steady state of decline for some decades now. The total quantity of underground oil reserves around the world is finite, so the rate of its production must eventually reach a peak (aka the Hubbard peak), which it already has. Thereafter over time, this rate has followed a decreasing trend, which has further spurred increased interests into the application of biosurfactants for the recovery of residual crude oil by a process called microbial enhanced oil recovery using microorganisms or their products (MEOR). The other main reason fuelling this surge in interest into developing biosurfactants for the Oil and Gas industry relates to debate regarding the use of synthetic chemical surfactants that are found as ingredients in chemical dispersant formulations. Chemical dispersants are commonly used by the industry as a first-step response tool for treating oil spills at sea. The dispersants that are approved and stockpiled worldwide for use in the event of an oil spill are manufactured by organo-chemical synthesis. Historically, the use of chemical dispersants has not always been documented or accurately recorded during oil spills. However, records exist for some high-profile cases, such as the Torrey Canyon oil spill in 1967 where ~13,500 tons of a dispersant agent was used to clean up the oil (Law, 2011), and also the Sea Empress oil spill in 1996 where ~12 tons of the dispersant Corexit 9500 was applied (Lessard and DeMarco, 2000). Dispersants were applied in other small-scale marine oil spills but their effectiveness in some occasions has been disputed, such as in the case of the Exxon Valdez spill in 1989 where the dispersant Corexit was applied inefficiently and later observed to be ineffective in cold environments. The dispersant toxicity to marine life has come a long way since the first studies back in the 1960s (Portmann and Connor, 1968), but their use does not fail to raise controversy and debate, and even more so following the Deepwater Horizon oil spill which was the first oil spill where dispersants were applied in significant quantities. Following the onset of this spill, at the direction of the Federal On-Scene Coordinator, unprecedented quantities, up to 7 million liters, of the dispersant Corexit EC9500A were applied by spraying on sea surface oil slicks and subsequently directly injected at the leaky wellhead near the seafloor (National Commission on the BP Deepwater Horizon Oil Spill Offshore Drilling, 2011); this was after the dispersant Corexit 9527 was used initially. This subsurface injection of Corexit resulted in droplet size distributions of ~10–30 μm in diameter in the deep-water oil plume, which significantly facilitated biodegradation (Brakstad et al., 2015). However, some studies showed that the use of Corexit inhibited the enrichment of some oil-degrading bacteria (Hamdan and Fulmer, 2011; Kleindienst et al., 2015; Rahsepar et al., 2016). Other studies showed no such inhibition or negative impacts from chemical dispersants (McFarlin et al., 2014; Brakstad et al., 2018). Whilst more research is needed to better understand the effects of synthetic chemical dispersants, such as Corexit, on the microbial response and the overall biodegradation of the oil, the Deepwater Horizon spill fuelled an unprecedented level of interest over these past 10 years since its onset to searching for alternative types of dispersants that are based on biosurfactants and which boast a greater environmental compatibility.

There are many reviews on the topic of biosurfactants, so we want to be upfront from the start and state that our intention here is not to confound the literature with yet, again, just another review. In this review, we begin with an overview on some of the most important biosurfactants that have been discovered to-date along with their commercial uses in order to set the scene on what is available and usable with respect to these incredibly versatile biomolecules. The remainder of this review is dedicated to presenting the current knowledge and state-of-the-art on these biomolecules for applications in MEOR, and also as dispersant agents for combatting oil spills at sea—two areas which have increasingly been given attention in recent years.



TYPES OF BIOSURFACTANTS

There are countless reviews that provide a detailed description of what defines a biosurfactant, or more generally “surface-active agents” which also encompasses emulsifiers (biomulsifiers from biological sources). Hence, we will not go into any length of detail here but offer the reader a good review on the topic by Desai and Banat (1997). Briefly, biosurfactants are surface-active, amphiphilic compounds derived from biological sources (microorganisms, plants, or animals). Generally, microorganisms such as bacteria, yeast, and archaea are the most commercially promising and sustainable source of surface-active compounds owing to their enormous genomic diversity. These compounds can form part of microorganism's cell wall, or are excreted extracellularly out of the cell (Shahaliyan et al., 2015). Because of their amphiphilic nature, biosurfactants can dissolve in both polar and non-polar solvents (Chen et al., 2015). The effectiveness of a surfactant is determined by its ability to lower the surface tension (ST) and interfacial tension (IFT) between two immiscible phases (e.g., air/liquid and non-polar/polar liquids, respectively). The ST is a measure of the energy (per unit area) required to increase the surface area of a liquid due to intermolecular forces. When a surfactant is present, less work is required to bring a molecule to the surface and consequently the ST is reduced. It is accepted that a good biosurfactant can lower the ST of water from 72 to <35 mN/m, and the IFT for water against n-hexadecane from 40 to 1 mN/m (Mulligan, 2005). An efficient biosurfactant is one that has a low critical micelle concentration (CMC). By definition, the CMC is the minimum concentration required to initiate micelle formation and generally correlates with the ST and IFT (Mulligan, 2009); in other words, a low CMC means that less biosurfactant is necessary to reduce the ST or IFT.

The chemical composition of biosurfactants varies greatly between different species of microorganisms and broadly can be classified based on their molecular weight or chemical charge. Based on their molecular weight, surface-active compounds are classified as either low-molecular-weight (LMW) surfactants, which reduce surface tension between two immiscible liquids, or high-molecular-weight (HMW) emulsifiers, which enable the formation of oil-in-water or water-in-oil emulsions and which are also referred to as polymeric surfactants (or bioemulsifiers) and commonly composed of exopolysaccharides (EPS).

The main chemical structures of LMW biosurfactants are glycolipids, phospholipids and fatty acids, lipopeptide, and lipoproteins. These structures can form biosurfactant as single macromolecules, polymers, and/or particulate structures (Banat, 1995; Makkar and Rockne, 2003; Satpute et al., 2010). Being of LMW, their main function as surface-active agents is in lowering of surface and/or interfacial tension between two immiscible phases of liquid, liquid and solid, or liquid and gas. Glycolipids are the most studied biosurfactants and consist of different sugars linked to ß-hydroxy fatty acids (carbohydrate head and a lipid tail), while lipopeptides consist of cycloheptapeptides with amino acids linked to fatty acids of different chain lengths (Table 1) (Uzoigwe et al., 2015).


Table 1. Summary of biosurfactant types based on their molecular weight, origin and industrial application. Wherever possible a schematic of the chemical structure is provided.
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High-molecular weight bioemulsifiers are more complex than biosurfactants and consist of mixtures of heteropolysaccharides, lipopolysaccharides, lipoproteins, and proteins. They are also known as EPS. Similar to low-molecular weight biosurfactants, EPS molecules can efficiently emulsify two immiscible liquids (e.g., oil and water), but in contrast are less effective at ST reduction. In oil polluted environments, EPS molecules bind tightly to dispersed hydrocarbons preventing the oil droplets from coalescing and “bursting” open. This process is known as stabilization of emulsion and has been attributed to the large number of reactive groups exposed in their structures (Uzoigwe et al., 2015). The best-studied microbial EPS are emulsan, alasan, liposan, sphingan, and xanthan gum (Table 1).



MARINE BIOSURFACTANT-PRODUCING BACTERIA

A somewhat constrained diversity of bacterial species has been isolated from marine environments with the ability to produce biosurfactants that have found a commercial use or identified with potential in this respect. Whilst some species were originally isolated from terrestrial environments, as in the case of Pseudomonas and Rhodococcus, members of these genera with biosurfactant-producing qualities have subsequently been isolated from marine environments. These organisms and the properties of their produced biosurfactants are described below and summarized together with other lesser known marine biosurfactant producers in Table 2.


Table 2. Biosurfactant-producing bacteria from marine environments, hydrocarbon-polluted soil, oil reservoirs, or other origin.
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Pseudomonas

Members of the genus Pseudomonas, of the class Gammaproteobacteria, can colonize diverse habitats and produce different biosurfactant molecules including glycolipids (rhamnolipids) and lipopeptides (e.g., viscosin, amphisin, tolaasin, and syringomycin). The majority of isolated Pseudomonas species have been derived from terrestrial habitats, but members of this genus are common in marine environments (Baumann et al., 1983; Bollinger et al., 2020). The most commonly studied biosurfactant producer is P. aeruginosa. It grows well on various hydrocarbon and non-hydrocarbon substrates and produces rhamnolipids that can form stable emulsions with crude oil and kerosene (Shahaliyan et al., 2015). Another study observed that P. aeruginosa had a high affinity for crude oil (93% cell adhesion to crude oil) which is also an indication of biosurfactant production (Thavasi et al., 2011). P. aeruginosa DQ8 strain was shown to decrease the surface tension from 63 to 38 mN/m of culture broth in the presence of various crude oil fractions including PAHs (Zhang et al., 2011). In addition, non-hydrocarbon substrates such as soybean oil, fish oil, mannitol, and glycerol, can be utilized by P. aeruginosa to produce non-toxic biosurfactant which could be useful in oil spill bioremediation as an alternative to chemical dispersants or as substitute of synthetic surfactants in commercial dispersant formulations (Coelho et al., 2003; Prieto et al., 2008; Das et al., 2014). Strains of P. aeruginosa grown on glycerol produced rhamnolipids (3.8 g/L; CMC 50 mg/L) which reduced the ST to 29 mN/m and emulsified petrol (EI24 70%) and diesel (EI24 80%), further indicating its potential application in oil recovery and bioremediation (Das et al., 2014). A species of Pseudomonas putida, stain BD2, was isolated from Arctic soil that was able to grow on glucose and produce rhamnolipid and sophorolipid simultaneously; the rhamnolipid reduced ST to 31 mN/m and emulsified veg oil at 70% efficiency (Janek et al., 2013).



Bacillus

Members of the genus Bacillus have been predominantly isolated from oil reservoirs or oil contaminated soils and shown to be particularly efficient biosurfactant producers with applications in MEOR. Bacillus methylotrophicus USTBa, for example, was isolated from a petroleum reservoir and grew well on crude oil in aqueous medium. After 12 days of incubation, B. methylotrophicus removed more than 90% of the crude oil. The ST of the culture medium was measured at 28 mN/m indicating that the bacteria produced a strong glycolipid-type biosurfactant (Chandankere et al., 2014). In addition, the biosurfactant was stable under various pH values and high temperatures (up to 100°C) suggesting its potential application as an oil spill treatment agent in marine environments and in MEOR processes where high salinity and temperatures are common (Chandankere et al., 2014). B. subtilis strain A1 was able to achieve 78% emulsification activity by the production of lipopeptide biosurfactant when grown on crude oil as a sole source of carbon (Parthipan et al., 2017). This strain completely degraded a range of the low-molecular weight alkanes (C10-C14) and up to 97% of the high-molecular weight alkanes (C15-C19) after 7 days of incubation at 40°C. These results suggest that B. subtilis A1 strain could be used in oil spill remediation where light crude oils (high proportion of alkanes) have been spilled. A non-pathogenic B. licheniformis R2 was studied for its potential use in MEOR in laboratory conditions. It produced a low-yield lipopeptide biosurfactant (1 g/L) that lowered the ST to 28 mN/m and the IFT between heavy crude oil and formation water-brine used in core flooding to 0.53 mN/m (Joshi et al., 2015). When treated with temperature of 85°C, the R2 biosurfactant recovered 37% heavy crude oil recovery over residual oil saturation and retained 88% activity for 90 days (Joshi et al., 2015).



Acinetobacter

Acinetobacter is a genus of gram-negative Gammaproteobacteria, strictly aerobic bacteria belonging to the order of Pseudomonadales. Acinetobacter is ubiquitous in nature and commonly found in marine environments. Many species from this genus are known hydrocarbon-degraders that produce extracellular EPS (Pines and Gutnick, 1986; Barkay et al., 1999; Hassanshahian et al., 2012). As mentioned earlier, A. calcoaceticus and A. radioresitensis synthesize emulsan and alasan, respectively, well-known HMW bioemulsifiers (Kaplan et al., 1985; Navon-Venezia et al., 1995). A. calcoaceticus was also able to synthesize rhamnolipids with CMC of 15 mg/L (Hošková et al., 2015). A. radioresitensis can produce a yield of 4.6 g/L of EPS when grown on ethanol as the sole carbon and energy source (Navon-Venezia et al., 1995). Strains of A. calcoaceticus, and A. oleivorans isolated from the Canadian North Atlantic have been shown to produce bioemulsifiers when grown on petroleum hydrocarbons as the sole carbon source (E24% > 50%) (Cai et al., 2014). Given that the strains were isolated and hence adapted to the cold marine environment of the Northern Atlantic, the bioemulsifiers they produce could be effective under low temperature and harsh conditions in offshore oil spills remediation.



Antarctobacter

Antarctobacter is a genus of gram-negative bacteria (order Rhodobacterales), that are strictly aerobic bacteria. Only one species, Antarctobacter heliothermus, has been validly taxonomically described which was isolated from Antarctica (Labrenz et al., 1998). Antarctobacter sp. strain TG22 was isolated from seawater and was found to produce an extracellular water-soluble glycoprotein-type polymer (designated AE22) which formed stable emulsions with different vegetable oils at concentration as low as 0.02% (Gutiérrez et al., 2007a). The strain was grown on marine broth supplemented with 1% glucose and was able to produce an average dry-weight yield of 21 mg/L. The carbohydrate content (total of 15%) of AE22 was dominated by glucosamine, glucuronic acid, fucose and mannose. The protein content represented 5% of the polymer and lipids were not detected, leaving the rest of the polymer content (80%) unidentified (Gutiérrez et al., 2007a). The emulsifying activity of Antarctobacter TG22 polymer was comparable to that of xanthan gum which could be considerably useful in applications for healthcare and food additives industries.



Rhodococcus

The genus Rhodococcus includes metabolically diverse species that are capable to thrive in different habitats (Finnerty, 1992). Members of the genus have been studied mainly for their ability to degrade hydrocarbons and pollutants from different environments (Whyte et al., 2002; Kuhn et al., 2009; Wang et al., 2014). Rhodococcus erythropolis, Rhodococcus aurantiacus, and Rhodococcus ruber are among the best known biosurfactant producers of the genus (Bicca et al., 1999; Peng et al., 2007). R. erythropolis 3C-9 has been shown to grow and produce biosurfactant (CMC of 50 mg/L) only on n-alkanes as the sole carbon source, whereas glucose could not enhance its productivity. The 3C-9 biosurfactant contained fatty acids with lengths from C10 to C22 (docosenoic acid being the most prevalent followed by hexadecenoic acid) and two glycolipids (each dominated by glucose and trehalose monosaccharides). In addition, the 3C-9 biosurfactant significantly enhanced the solubility of PAH substrates (Peng et al., 2007). R. ruber stain AC 239 produced a small amount of cell-bound glycolipid-type biosurfactant when grown on 1% diesel (v/v). The AC 239 biosurfactant did not reduce the ST as observed for other glycolipid biosurfactants but it emulsified different hydrocarbons with better success (20–50% greater EI24) when free cells were present in the culture (Bicca et al., 1999). R. fascians extracted from Antarctic soil produced a glycolipid with rhamnose sugars which is not typical for Rhodococcus which usually produces trehalose biosurfactants (Gesheva et al., 2010).



Halomonas

Halomonas is a ubiquitous genus of the order Altreromonadales. There organisms are found in diverse habitats of both marine (Hassanshahian et al., 2012; Cai et al., 2014) and terrestrial environments, including hypersaline lakes (Poli et al., 2004), soils (Arias et al., 2003; Mata et al., 2006; Llamas et al., 2012; Amjres et al., 2015), and hot springs (Chikkanna et al., 2018). Members of Halomonas are known to respond to hydrocarbon enrichment (Calvo et al., 2002; Gutierrez et al., 2013; Cai et al., 2014) and produce EPS (Gutiérrez et al., 2007b; Gutierrez et al., 2009, 2020) with versatile properties. A thermophilic H. nitroreducens strain WB1 isolated from a hot spring produced an EPS that was effective at emulsifying different vegetable oils (68–85%) and aliphatic hydrocarbons (56–65%) in addition to binding metals. The monosaccharide composition of the WB1's EPS was predominantly composed of glucose, mannose and galactose, and traces of uronic acids (Chikkanna et al., 2018). The EPS from Halomonas eurihalina strain H96, isolated from saline soil in Spain, has been characterized to contain high amount of uronic acids (Béjar et al., 1998) similarly to some marine-derived strains (Gutierrez et al., 2020). In addition to emulsifying activity, several species of halophilic Halomonas have been shown to produce highly sulphated exopolysaccharides (Calvo et al., 2002; Amjres et al., 2015) with anticancer activity. For example, halophilic H. stenophila strain B100 exerted a selective proapoptotic effect in T cells from acute lymphoblastic leukemia (Ruiz-Ruiz et al., 2011). EPS form H. halocynthiae KMM 1376 had inhibitory effect on human cancer cell line MDA-MB-231 at concentrations of 50–100 μg/ml (Kokoulin et al., 2020).



Alcanivorax

Alcanirorax is gram-negative genus of the Gammaproteobacteria (order Oceanospirillales) of strictly aerobic marine obligate hydrocarbonoclasic bacteria (OHCB) utilizing predominantly alkanes up to C32 and branched aliphatics (Head et al., 2006; Yakimov et al., 2007; Olivera et al., 2009). The best known species of the genera is Alcanivorax borkumensis which produces a low molecular weight anionic glycolipid biosurfactant when grown on hydrocarbons (Schneiker et al., 2006). This particular glycolipid consists a glucose sugar linked to a tetrameric chain of fatty acids of C6-C10 length and can be either cell-bound or extracellular (Abraham et al., 1998). Marine isolate A. borkumensis SK2 grown on crude oil produced twice more biosurfactant than in the absence of hydrocarbons. In fact, when heavy hydrocarbon fractions were used as the sole carbon source, biosurfactant was the highest (~70 mg/L) and comparable with when crude oil was used (50 ± 20 mg/L). However, the purification of the biosurfactant was easier when the culture was fed with heavy oil fraction as it remained on the surface at all times and consequently there were no substrate impurities (Antoniou et al., 2015). Another species, A. dieselolei strain B-5, is the second in the genus that has been reported to produce biosurfactant with good surface-active properties (lower ST to 32 mN/m and emulsify n-hexadecane at 75%). The chemical analysis of the biosurfactant revealed that it is a linear lipopeptide with CMC value of 40 mg/L which is comparable to that of rhamnolipids and surfactin (Qiao and Shao, 2010). These characteristics make the B-5 lipopeptide an attractive alternative for enhanced oil recovery and bioremediation applications.



Pseudoalteromonas

Pseudoalteromonas is a genus of the order Alteromonadales, members of which are commonly found in sea ice and cold waters and well-known producers of glycolipid-type EPS with a wide-range of biological activities and chemical composition (Holmström and Kjelleberg, 1999). Pseudoalteromonas sp. strain SM20310 isolated from Arctic sea ice produced EPS (yield of 567 mg/L) with mannose and glucose being the dominant carbohydrates. The ecological role of the EPS was determined to improve the high-salinity and low-temperature tolerance of the strain (Liu et al., 2013). Another study found that marine Pseudoalteromonas (isolated from Antarctica) produced EPS that contained 40% protein with mannose, glucose and galacturonic acid representing the dominant monosaccharides (Nichols et al., 2005). The carbohydrate content of EPS from P. agarivorans stain Hao 2018 (yield 4.5 g/L) isolated from Yellow Sea of China contained 90% glucose and 6% mannose. The main biological activity of this strain was moisture retention and absorption of free radicals (i.e., antioxidant) with potential applications in food and cosmetics industries (Hao et al., 2019). Pseudoalteromonas sp. strain MD12-642 (isolated from Madeira) produced EPS with a particularly high content of uronic acids (up to 68%) and which might find potential applications in biomedical industry as active ingredients for anti-thrombotic and anti-arthritic drugs (Roca et al., 2016). Pseudoalteromonas sp. strain TG12 (isolated from West Scotland) produced EPS that was able to effectively emulsify n-hexadecane (EI24 of 60%) and some vegetable oils. This strain also contained high levels of uronic acids (~29%) in addition to xylose (27%), glucosamine (25%) and was effective in desorption of sediment-adsorbed metals (e.g., Al3+, Fe2+/3+, K+, Mg2+, Na+, and Si4+) (Gutierrez et al., 2008).



Marinobacter

Marinobacter is a genus within the order Alteromonadales. Members of the genus, such as M. hydrocarbonoclasticus and M. algicola are commonly isolated from oil-enriched marine environments (Gauthier et al., 1992; Gutierrez et al., 2013). Although Marinobacter can use hydrocarbons as carbon source, various studies demonstrated that it can also grow and produce EPS on other carbon sources such as glucose. Marinobacter species have been shown to produce exopolysaccharide polymers with excellent emulsifying activity against hydrocarbons that were superior to commercial synthetic surfactants like Tween 80 (Caruso et al., 2019). Marinobacter sp. W1-16 from Antarctic surface seawater produced EPS (molecular weight of 260 kDa) with varying yields, strongly depending on the sugar substrate used to grow the strain and the incubation temperature. The highest yield was produced when the culture was grown at 15°C and in the presence of 2% glucose. However, the strain was able to synthesize EPS, even at 4°C, albeit in lower quantities, suggesting that the EPS might have cryoprotective functions (Caruso et al., 2019). In addition, Marinobacter sp. MCTG107b was able to produce a glycolipid-type biosurfactant (grown on glucose) with di-rhamnolipid congeners present that was able to lower the ST to 30 mN/m (Tripathi et al., 2019). Marine sediment isolates belonging to Marinobacter genus produced (when grown on glucose or soybean oil) powerful emulsifiers with activity against hexane and toluene in the range of 45–64 and 33–75%, respectively, with some strains producing stable emulsions at 4°C and after high-temperature treatment for up to 18 months (Raddadi et al., 2017).




ECOLOGY AND ENVIRONMENT

Biosurfactant-producing bacteria can be found in a wide range of habitats, from aquatic (fresh and sea water, and groundwater) to terrestrial (soil, sediment, and sludge) environments. Extreme environments, characterized by extremes of high/low temperature, salinities, pH, and/or pressure, are also commonplace where biosurfactant-producing microbes can be found due to the ecological role biosurfactants play for the producing organisms in those environments, such as in cell adhesion to surfaces and potential food sources, retention of water and concentration of nutrients, production of biofilms etc. (Nicolaus et al., 2010). The environment can have a direct influence on the type of biosurfactants that microorganisms produce. For instance, marine microbial EPS contain higher levels of uronic acids which makes them polyanionic and relatively highly reactive (Gutiérrez et al., 2007b; Decho and Gutierrez, 2017) compared to non-marine microbial surfactants. With respect to cold-adapted bacteria, the monosaccharides in the EPS are usually characterized by the presence of mannose and galactosamine (Nichols et al., 2004, 2005). Examples of extreme environments from which biosurfactant-producing microbes have been isolated and cultured under laboratory conditions include oil reservoirs (Arora et al., 2019; references in Nikolova and Gutierrez, 2020), cold environments (e.g., polar regions) (Gesheva et al., 2010; Malavenda et al., 2015; Casillo et al., 2018; Perfumo et al., 2018), salt lakes (Béjar et al., 1998; Amjres et al., 2015), and hydrothermal vents (Raguénès et al., 1996; Rougeaux et al., 1998). Moreover, the most obvious place to search for marine biosurfactant-producing microorganisms is in hydrocarbon-polluted areas since biosurfactants play an important part in the process of microbial biodegradation of hydrocarbons (Chandankere et al., 2014).

Most biosurfactant-producing microorganisms can survive and even thrive in a wide range of temperatures, pH and salinity and therefore exhibit a wide range of metabolic processes. The majority of isolated and cultured microorganisms are aerobic because they are relatively easy to be sampled and handled in laboratory conditions. However, the number of biosurfactant-producing microorganisms, largely comprising anaerobes, that are being discovered and successfully cultured in ex-situ conditions is steadily growing (VanFossen et al., 2008). Anaerobic microorganisms are also able to produce biosurfactants and have typically been found in oil reservoirs where anaerobic hydrocarbon biodegradation processes occur through methanogenesis (Head et al., 2003; Jones et al., 2008). B. lichenformis, for example, can grow and produce biosurfactants under both aerobic and anaerobic conditions (Javaheri et al., 1985; Al-Sayegh et al., 2015), however, the biomass and surfactant yields under such conditions can significantly lower compared to under conditions (Yakimov et al., 1995).



CURRENT EXPLOITATION OF BIOSURFACTANTS FOR OIL AND GAS INDUSTRY APPLICATIONS

Biosurfactants are becoming important biotechnology products for many industrial applications including in food, cosmetics and cleaning products, pharmaceuticals and medicine, and oil and gas. The global market revenues generated by biosurfactants exceeded USD 1.5 billion in 2019 and is projected to grow at over 5.5% CARG1 between 2020 and 2026 (Ahuja and Singh, 2020). Household detergents are the largest application market, followed by cosmetics and personal care, and the food industry (Singh et al., 2018). Key manufacturers of biosurfactants include Ecover, Jeneil Biotech, Evonik, and Biotensidon among others (Table 3). Europe has over half of the market share followed by the United States and Asia (Singh et al., 2018). The increasing global interest in biosurfactants is due to their low toxicity, biodegradability, low environmental footprint and impact (Desai and Banat, 1997).


Table 3. Biosurfactants and polymeric surface-active agents, the companies producing these biomolecules and their respective industrial applications (not confined to just the Oil & Gas industry).
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Soil Bioremediation

Hydrocarbon soil contamination, such as from drilling, leaking pipelines, storage tanks, transportation etc., is a widespread problem with long lasting environmental impacts. Being highly hydrophobic, particularly when adsorbed onto soil particles, hydrocarbons, and heavy metals are very resistant to removal. Typically, a variety of physical and chemical treatments, such as removal, incineration, soil washing, and solvent extraction have been used successfully in the past. However, such techniques are deeply damaging to the soil structure and the autochthonous biodiversity, as well as cost-prohibitive. As such, bioremediation is the preferred soil treatment due to its efficiency, lower environmental impact, and cost-effectiveness. Bioremediation involves naturally occurring soil microorganisms which convert petroleum hydrocarbons into carbon dioxide, water, and cell biomass. There are many factors that influence the rate and extent of hydrocarbon degradation in soils, such as moisture content, aeration, pH, temperature, the biological condition of the soil (aged vs. fertile soils; nutrient content and bioavailability), and the concentration, molecular structure, and bioavailability of the hydrocarbon contaminants (Venosa and Zhu, 2003; Huesemann, 2004). The optimisation of these environmental factors is critical for the bioremediation success.

Soil bioremediation can be conducted either in place (i.e., in-situ), or the contaminated soil is upended and, transported to be subsequently treated elsewhere (ex-situ). In-situ bioremediation involves, generally, the treating of only the top 30-cm layer of the soil with fertilizers to stimulate indigenous soil microorganisms to break down the hydrocarbons (Atlas and Hazen, 2011). This treatment is the preferred method of choice, but the risk of contaminating underlying aquifers with dissolved hydrocarbons must be considered. Partially purified biosurfactants have been used in-situ to increase the solubility and bioavailability of hydrocarbons, and other hydrophobic contaminants, by increasing their surface area (Ron and Rosenberg, 2002; Bustamante et al., 2012). A field trial on LaTouche Island in Alaska demonstrated that a biologically derived surfactant, PES-51, could remove 30% of semi-volatile petroleum hydrocarbons from a subsurface beach material (Tumeo et al., 1994). However, the majority of bioremediation studies with biosurfactants are under laboratory conditions. A study from Argentina demonstrated that surfactin from B. subtilis strain O9 contributed to significantly more removal of crude oil from sandy loam soil than in soil without surfactin within a period of 300 days (Cubitto et al., 2004). The addition of rhamnolipid from P. aeruginosa strain SSC2 to crude oil-contaminated soil sludge resulted in 98% degradation after 4 weeks compared to the non-rhamnolipid control treatment (67%). The effect was enhanced by adding nutrients to the treatments (Cameotra and Singh, 2008). An in-situ experiment of soil bioremediation conducted near oil production facility in Pakistan demonstrated that higher crude oil degradation (up to 77%) was achieved in soil treated with a combination of a specialized bacterial consortium, rhamnolipids and nutrients (Tahseen et al., 2016). The efficiency of MELs produced by Candida antarctica SY16 to degrade crude oil in soil was investigated by Baek et al. (2007). The authors compared different bioremediation techniques (i.e., natural attenuation, biostimulation, bioaugmentation, biosurfactant addition, and a combination of all) and concluded that the combined treatment of biostimulation, bioaugmentation with oil degrading Nocardia sp. H17-1 and with MELs caused the highest total petroleum hydrocarbon degradation rate during the first 4 weeks of treatment. However, at the end of the experiment (100 days) the amount of residual hydrocarbons was similar for all treatments (Baek et al., 2007).



Microbial Enhanced Oil Recovery (MEOR)

MEOR is a process in which microorganism and/or their metabolic by-products are injected into mature oil reservoirs for the recovery of residual crude oil that was not extracted during the initial and secondary extraction processes. The idea behind MEOR is that when favorable conditions are present in the reservoir, the introduced microbes grow exponentially and their metabolic products would mobilize the residual oil (Gao and Zekri, 2011). MEOR bares with it its advantages and limitations, and the various processes of its application have been described extensively in the literature and recently summarized by Nikolova and Gutierrez (2020).

MEOR is based on two fundamental principles. Firstly, oil movement through porous media (rock formation) is facilitated by altering the interfacial properties of the oil-water-minerals displacement efficiency (i.e., decrease in IFT to increase the permeability of media), driving force (reservoir pressure), fluidity (miscible flooding; viscosity reduction), and sweep efficiency (selective plugging; mobility control). The second principle constitutes the degradation but also the removal of sulfur and heavy metals from heavy oils, by microbial activity (Shibulal et al., 2014). In the majority of MEOR field trials, injection of indigenous (or other MEOR suitable) pre-cultured bacteria or a consortium of bacteria along with nutrients (e.g., oxygen, nitrogen) has been the preferred choice of method because bacteria can produce biosurfactant in-situ which in turn significantly reduces the operational costs (Lazar et al., 2007; Geetha et al., 2018). However, biosurfactants produced ex-situ can also be used to enhance the microbial growth in oil reservoirs. In addition, when poor oil recovery from an oil well is due to low permeability of the rock formation, or to the high viscosity of the crude oil, the ability of biosurfactants to reduce IFT between the flowing aqueous phase and the residual oil saturation can improve the recovery process (Brown, 2010). Reduction of IFT by biosurfactants can also reduce the capillary forces that prevent the oil from moving through rock pores, however, the decrease in IFT must be at least two orders of magnitude to achieve mobilization of the oil. Typically, IFT between hydrocarbons and water is between 30 and 40 mN/m. For biosurfactants to have any effect in MEOR, they must reduce the IFT to 10−3 mN/m (Gray et al., 2008). To our knowledge such values have not yet been reported for known biosurfactants, and hence the effectiveness of IFT reduction may be limited in practice. Moreover, considering the type of oil reservoir (sandstone, carbonates etc.), residual oil saturation and the incremental oil recovery, the volume of biosurfactant that needs to be injected to achieve 30–60% oil recovery rate could be quite substantial and hence not practical or economical (Kowalewski et al., 2006; Gray et al., 2008; Afrapoli et al., 2011). In addition to reduction of IFT, biosurfactants can alter the wettability of rock formations, emulsify the crude oil, and contribute to the microbial metabolism of viscous oil (Sen, 2010).

Nevertheless, there are some promising results reported from different research groups that investigate biosurfactants for MEOR applications. Of all known biosurfactants, lipopeptides were mostly used in laboratory-based MEOR studies due to their ability to reduce the IFT to below 0.1 mN/m (Youssef et al., 2007; Gudiña et al., 2012; Pereira et al., 2013). Both bench-scale and in-situ lipopeptide production by stains of Bacillus spp. have proven successful in improving the oil recovery, including from wells close to their production limits (Al-Wahaibi et al., 2014; Al-Sayegh et al., 2015). Surfactins have been shown to maintain activities under a wide range of temperature, pH, and salinity while able to recover sand trapped oil. For example, B. subtilis produced surfactin at high temperature which could emulsify diesel with 90% efficiency and recover over 60% of oil entrapped in sand core (Makkar and Cameotra, 1997). Surfactin was recently shown to alter the wettability of CO2 injected in a subsurface rock formation demonstrating its potential suitability in carbon capture and storage application (Park et al., 2017). Lichenysin was reported to reduce the IFT to values of <10−2 mN/m (even at low concentrations of 10–60 mg/L) and to have exceptional stability under temperatures as high as 140°C, a pH range from 6 to 10, at salinities up to 10% NaCl, and at calcium (as CaCl2) concentrations up to 340 mg/L. In core flooding experiments, partially purified lichenysin recovered up to 40% of residual oil from sandstone cores compared to 10% recovery when chemical surfactants were applied (McInerney et al., 1990). Addition of biosurfactants during chemical surfactant flooding can improve the flooding performance in general. In the presence of rhamnolipids, the adsorption to sandstone of the surfactant alkylbenzene sulfonate was reduced by 25–30% and the quality of oil recovery increased by 7%. It has been suggested that rhamnolipids act as sacrificial agents by preferably adsorbing to the oil sands, making the surfactant more available for displacement activity and resulting in altering the wettability of porous media (Perfumo et al., 2010). Macromolecular biopolymers such as emulsan were shown to remove up to 98% of pre-adsorbed crude oil to limestone core samples, even at low concentration of 0.5 mg/ml (Gutnik et al., 1983). Recently, another biopolymer produced by Rhizobium viscosum CECT908 showed better efficiency than xanthan gum in the recovery of heavy oil (Couto et al., 2019).



Marine Oil Spill Response

Crude oil is highly hydrophobic and it is composed of thousands of hydrocarbon and non-hydrocarbon species and metals, each with their respective aqueous solubilities. When an oil is introduced into a water phase, it will float on the surface of the water phase due to its lower density relative to water. Together with viscosity, surface tension is an indication of how rapidly and to what extent an oil spreads over the surface and, when dispersed, within the subsurface. The lower the interfacial tension with water, the greater is the extend of spreading (Fingas, 2011). To increase the solubility of oil in water (i.e., to decrease the surface tension between oil and water), chemicals are applied to an oil slick (Brakstad et al., 2015). Dispersed oil is usually in the form of fine neutrally buoyant droplets with higher surface area-to-volume ratio (diameter size 1–70 μm) compared to non-dispersed oil, thus making the oil available for biodegradation by hydrocarbon-degrading bacteria (ITOPF, 2011). The natural fate of crude oil biodegradation (biological oxidation by microorganisms) in the marine environment has been extensively described (Atlas and Hazen, 2011; Kostka et al., 2011; Campo et al., 2013; Prince et al., 2013; Wade et al., 2013; Hazen et al., 2016; Joye et al., 2016; Seidel et al., 2016).

Marine bioremediation research has largely been limited to application of fertilizers and/or seed cultures of highly efficient oil-degrading microorganisms, though with conflicting results (Prince, 2010). The limitation of marine oil remediation when relying solely on indigenous microorganisms is that the concentrations of cells in oil-polluted open water systems is never high enough to effectively emulsify oil (Ron and Rosenberg, 2002). The addition of surfactants (biogenic or synthetically produced) aims to disperse/emulsify the oil and, in turn, speed up the biodegradation process. Biosurfactants, have been shown to be effective in dispersing crude oil and enhancing the biodegradation process only under laboratory conditions due to logistical, financial and regulatory limitations of conducting large-scale field trials. In a laboratory study, a bacterial consortium containing oil degrading strains of Ochrobactrum and Brevibacillus with/without rhamnolipids were added to crude oil in 1 L water tanks to stimulate marine oil spill bioremediation. The results showed that the removal efficiency of oil by the bacterial consortium alone was lower by 6% compared to the combination of consortium and biosurfactant (Chen et al., 2013). The authors also noted that the presence of rhamnolipid enhanced the biodegradation of alkanes of chain length > nC15, but, interestingly, had the opposite effect on shorter chain alkanes (nC13-C15) by reducing their solubility and increasing their stability. However, the overall removal efficiency of n-alkanes by the bacterial consortium and rhamnolipid was higher than the control. Similar trend was observed for PAH and biomarkers (Chen et al., 2013). These results were more or less consistent with another study which also used rhamnolipids in combination with a pre-adapted bacterial consortium (Nikolopoulou et al., 2013a), and which were more pronounced when nutrients were added to the treatments. The average specific degradation rate was reported to be 23, 20, and 10 times higher than the control for nC15, nC20, and nC25, respectively. The rhamnolipid also stimulated the growth of hydrocarbon degraders within 5 days, which were able to utilize 50% of the crude oil saturated fraction. In addition, LMW PAHs and, notably, the biomarkers pristane and phytane were also significantly degraded in the presence of rhamnolipid (Nikolopoulou et al., 2013a). The origin of nutrients (i.e., organic lipophilic or water-soluble) that are added together with rhamnolipids to the treatments can further enhance the degradation of crude oil in seawater and sediment environments (McKew et al., 2007; Nikolopoulou and Kalogerakis, 2008; Nikolopoulou et al., 2013b).

Bioemulsifiers can also be used in oil spill response with promising results. A bioemulsifier exopolysaccharide produced by Acinetobacter calcoaceticus, called EPS2003, was shown to be effective in enhancing crude oil biodegradation in natural seawater microcosms (Cappello et al., 2012). The addition of EPS2003 to the microcosms not only enhanced hydrocarbon-degrading bacteria, including Alcanivorax, Marinobacter, Oceanospirillum, and Pseudomonas, but also caused a 2-fold faster biodegradation of the total oil compared to microcosms without the EPS (Cappello et al., 2012). All of these studies, however, focused entirely on the degradation rate of crude oil on a handful of selected oil-degrading bacteria without investigating the indigenous marine microbial community response as a whole. Understanding how natural microbial communities are affected by the crude oil with/without presence of biosurfactants is crucial for advancing the rationale for further research into their suitability for oil spill response. However, due to varying reasons, including current high costs of biosurfactants available on the market and logistics around field studies, there is a marked lack of reported studies investigating the effectiveness of biosurfactants as oil spill treating agents.

We are aware of only one study that compared a synthetic chemical dispersant and a biosurfactant. In that case, a surfactin produced by Bacillus sp. strain H2O-1 was compared to the synthetic dispersant Ultrasperse II (Couto et al., 2016). Surfactin enriched for hydrocarbonoclastic bacteria more so than the synthetic dispersant, but no difference in oil biodegradation between the two was observed. In more recent work, rhamnolipid from P. aeruginosa and a synthetic chemical dispersant were compared on the response of a natural bacterial community to crude oil (Nikolova et al., 2020). The rhamnolipid promoted higher diversity in oil-degrading bacteria than the synthetic dispersant, however, the crude oil was ultimately more biodegraded when synthetic dispersant was added to the oil, with the exception of the aromatic fraction of the oil. Notably, the synthetic dispersant resulted in a clear inhibition of Cycloclasticus—a genus comprising species of obligate oil-degrading bacteria which are recognized for using aromatic hydrocarbons as a preferred source of carbon and energy (Head et al., 2006).

Although biosurfactants may have a positive effect on the oil-degrading microbial community, it is necessary to advance their performance in dispersing crude oil. Developing novel types of biogenic surface-active compounds and more environmentally friendly technologies to combat large offshore oil spills is fertile ground for ongoing and future exploration. In this respect, research and development of biosurfactants for treating oil spills at sea has significantly intensified, particularly over the past 10 years due mainly to concerns over the enormous quantities of the synthetic chemical dispersant Corexit that were used during the Deepwater Horizon oil spill in the Gulf of Mexico. Much of this anew activity ensued through the Gulf of Mexico Research Initiative (GoMRI) and is discussed in the following section.



Recent Trends in the Development of Bio-Based Dispersants to Combat Marine Oils Spills

Growing awareness among society regarding the environmental hazards associated with the use of chemical dispersants has led to increased interest toward the use of naturally-derived, biological dispersing products (i.e., biosurfactants) which are commonly associated with low toxicity, high biodegradability, better environmental compatibility, and are sustainably sourced compared to their counterparts (i.e., surfactants) that are produced via organo-chemical synthesis in a laboratory or industrial chemical plant (Desai and Banat, 1997). Over the past decades, numerous marine microorganisms, especially bacteria, have been identified that are able to degrade hydrocarbons by producing effective biosurfactants (Al-Wahaibi et al., 2014; Cai et al., 2014; Chandankere et al., 2014). However, the current knowledge on microbial biosurfactants has been limited to only a few compounds produced by a small number of bacteria and yeast species, such as Pseudomonas, Bacillus, Candida, and Acinetobacter (Ruggeri et al., 2009). These organisms, and their produced biosurfactants, have potential promise for application in offshore oil spill response, enhanced oil recovery, and soil washing treatment of petroleum-contaminated sites (Banat et al., 2010; De Almeida et al., 2016). However, it is important to find other promising biosurfactant-producing bacteria and/or yeast (and other fungi) in order to increase the variability of these biomolecules available for large-scale production and also to decrease the dependence on some of these microbial genera which have species of known human pathogens (e.g., Pseudomonas aeruginosa, Candida, and Bacillus). A highly promising source for discovering novel biosurfactant-producing microorganisms is the marine environment as it harbors an extensive and largely untapped microbial biodiversity, which has shown itself as a proven repository of powerful molecules currently used for pharmacological, food, and cosmetics applications (Kennedy et al., 2011; Gudiña et al., 2016; Perfumo et al., 2018).

The development of a new generation of dispersants that are as, or more, effective than commercial synthetic dispersants, cost efficient, and have minimal side effects when they come in contact with, or are ingested by, marine organisms and humans is a path that has gained traction since the Deepwater Horizon disaster. Through GoMRI in the U.S.A. as part of the Consortium for the Molecular Engineering of Dispersant Systems (C-MEDS), a number of projects have been underway aiming to develop bio-based dispersants, either from microorganisms or other natural sources, or using food-grade ingredients (e.g., silica, polyethylene glycol) that are common additives in food and medicine, and that can be obtained relatively cheaply by the ton. Whilst some of these C-MEDS projects utilize non-biomaterials, below we summarize some that use materials from biological sources so in keeping with the context of this review.

Led by scientists at Texas A&M Galveston as part of the Aggregation and Degradation of Dispersants and Oil by Microbial Exopolymers (ADDOMEx) group have shown that EPS produced by microorganisms (micro-algae and bacteria) is more efficient at oil dispersal than the synthetic chemical dispersant Corexit (Schwehr et al., 2018). In particular EPS with a higher protein-to-polysaccharide ratio resulted in higher enzymatic action and marine-oil-snow sedimentation efficiency, higher microbial diversity and cell abundance, and in more extensive biodegradation compared to oil treatments with Corexit, although the latter maintained a more stable emulsion of the oil droplets. Their findings also showed that the microbes in natural samples of seawater were more stressed when exposed to the crude oil or the oil together with Corexit, and in response they release more EPS that is higher in protein and carbohydrate/sugar content, but the EPS aggregates that form do not grow large enough to eventually sediment down. In the absence of Corexit, however, protein-rich EPS is formed, and which is significantly more efficient in purging the water column from the oil. Following this, the researchers are exploring ways to trigger the production of protein-rich EPS by natural communities of microorganisms in seawater during the event of another large oil spill.

Scientists from the University of Maryland and Tulane University have investigated the use of food-grade emulsifiers as substitutes for synthetic chemical dispersants. By examining the stability of emulsions of crude oil in seawater when in the presence of various food-grade emulsifiers, they found that lecithin (a cell membrane component) from soybean in combination with Tween 80 (emulsifier used in ice cream and other foods) were found to effectively disperse and produce more stable emulsions of crude oil than Corexit (Athas et al., 2014; Riehm et al., 2015). In another C-MEDS project, researchers are working on new classes of “green” dispersants made from naturally occurring inorganic and biomolecular materials. Using combinations of natural clay minerals and new carbon materials with synthetic polymer-based materials, new products are being evaluated to test for adhering strongly to the oil-water interface and stabilize oil droplets, which could prevent the formation of large slicks. C-MEDS researchers from the University of South Florida published research showing cactus mucilage dispersed crude oil more efficiently than synthetic dispersants, and notably requiring lower concentrations (Alcantar et al., 2015). In other work, biopolymers derived from cactus mucilage and chitosan show promise in synergistically working together with chemical dispersants, potentially helping to reduce the use of solvents that are typically intrinsic in synthetic chemical dispersant formulations.

Taking a different approach, C-MEDS researchers are also exploring new natural gelation agents in order to prevent oil slicks from spreading and, consequentially, reaching coastlines. Work led by Tulane University and collaborators used a gel-like matrix incorporated with Tween 80 and lecithin which resulted in improved stabilization of crude oil in seawater emulsions—more so over longer periods compared to traditional liquid dispersants (Owoseni et al., 2018). The gel-like formulation was designed to largely replace DOSS, the key surfactant component of synthetic chemical dispersants, with lecithin. The application of food-grade surfactants into a gel-like mesophase acts as a compact buoyant pod for improved delivery of the surfactants to sea surface oil slicks. It does this by way of remaining afloat where the oil is largely confined and avoiding the use of polypropylene glycol and the generation of volatile solvents in the atmosphere through aerial or ship-based spraying.

Researchers from the University of Texas at Austin investigated the potential use of nanoparticles as non-conventional dispersants and as tools to improve existing surfactant-based dispersants. Their work has led to the development of nanoparticles that are less toxic, more efficient oil spill treatments compared to synthetic chemical dispersants. By mixing hydrophilic nanoparticles (i.e., bare colloidal silica) with a weakly interacting zwitterionic surfactant (caprylamidopropyl betaine) to generate a high hydrophilic-lipophilic balance, the nanoparticles, and surfactant acted synergistically in forming finer emulsions with enhanced stability, particularly so in a seawater aqueous environment (Worthen et al., 2014). Caprylamidopropyl betaine (CAPB) is a surfactant that is formed using fatty acids from coconut or palm kernel oil and used in personal care products.

Scientists from Brown University and the University of Rhode Island studied the interactions of the obligate hydrocarbon-degrading bacterium Alcanivorax borkumensis with oil across oil-water interfaces that had varying amounts of the following different surfactants: CTAB (cetylytrimethylammonium bromide), lecithin (from soybean), SDS (sodium dodecyl sulfate), AOT (dioctyl sulfosuccinate sodium salt), and Tween 20, and they compared this to Corexit as the “gold” reference standard. The researchers recorded changes in the growth rate, lag time, and cell density of A. borkumensis at the oil-water interface containing low to high levels of these surfactants and found that not all of them aided this organism's degradation of the oil (Bookstaver et al., 2015). The food-grade surfactant, Tween 20, was found to work best by synergistically working with the organism, increased the surface area of oil droplets, and resulting in more bacterial growth and oil degradation. Conversely, the other surfactants inhibited the adherence of the bacterial cells to oil, limiting its biodegradation capacity. In conclusion, the authors recommended further investigation into the use of different surfactants, in particular Tween 20, to replace the current stockpile of synthetic chemical dispersants to treat future oil spills. In a similar study, researchers from the University of Houston compared the food-grade surfactant Tween 20 with several synthetic chemical dispersants to determine how they affect the adhesion of the hydrocarbon-degrading species Marinobacter hydrocarbonoclasticus to oil droplets (20–60 um), which is for some hydrocarbon-degrading bacteria an initial key step for biodegradation (Dewangan and Conrad, 2018). They found that increasing concentrations of all surfactants tested resulted in reduced adhesion of the cells to oil droplets, though electrostatic charge associated with some of the surfactants tested appeared to influence adhesion. Their results suggest that the choice of surfactant(s) in dispersant formulations should be accounted for with respect to how it affects bacterial adhesion to oil droplets and, hence, the biodegradation process.

In a study led by Tulane University in collaboration with Lappeenranta University of Technology, Finland, the stability of carboxymethylated chitosan nanoparticles cross-linked with either magnesium, calcium or strontium ions were studied under different pH and salinity in an effort to determine which could be used in oil spill treatment (Kalliola et al., 2016). The nanoparticles cross-linked with calcium ions, as well as when cross-linked with dodecane, were found to be most stable, showing potential for oil-spill treatment. In one other study, scientists from different institutions in Canada conducted work on the design of a lipopeptide biosurfactant produced by Bacillus subtilis N3-1P from fish waste-based peptone as a primary nutrient substrate for this bacterium (Zhu et al., 2020). The produced lipopeptide was evaluated as an ingredient together with DOSS, which is the key surfactant ingredient found in Corexit 9500. At a biodispersant ratio of 80/20 (v/v) of lipopeptide/DOSS, a high dispersion efficiency was achieved of 76.8% for Alaskan North Slope crude oil.




CONCLUSION AND FUTURE PERSPECTIVES

Biosurfactants and their HMW/polymeric versions (bioemulsifiers) have gained high interest in recent years, due largely to consumer demand for natural ingredients and by companies in search of chemical ingredients conferring improved functional properties and that can be derived from sustainable sources. With respect to the Oil and Gas industry, the application of biosurfactants for MEOR and in dispersant formulations to treat oil spills are areas of significant interest, but not yet applied on an industrial scale. In the case of MEOR, despite the fact that it has been around for around 70 years, it has not been widely used by the industry, mainly because of a lack of multidisciplinary research to resolve many of the limitations or knowledge gaps that hinder its advancement. It is recognized that research to improve MEOR requires the discovery and isolation of new types of microbial strains, especially those that are active under anaerobic conditions and that can rapidly produce biomass or biosurfactants. One avenue could be in the genetic engineering of new bacterial strains to be made to be more efficient, such as for the ex situ production of useful biosurfactants or surface-active biopolymers for injection into oil reservoirs to allow the remaining oil to be more easily recoverable.

In the case of treating oil spills, chemical dispersants have been used for over 50 years and are the preferable treatment for marine oil spills. Many hard lessons have been learned from the Deepwater Horizon spill, one of which has spurred interest to search for alternative types of dispersants that have greater environmental compatibility. Dispersants that contain surfactants derived from biological sources (i.e., biosurfactants) are thus promising. We may have entered a new era in the development of a new generation of dispersants produced from biological sources (i.e., bio-dispersants). Whilst prevention of oil spills in the first place is paramount, more reliance on bio-based dispersants to treat oil spills at sea should help reduce the potential detrimental environmental impacts that synthetic chemical dispersants can cause. In particular, it will be important to select dispersants that speed up the rate and extent that spilled oil is biodegraded by oil-degrading populations of microorganisms.
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Surfactin is a lipoheptapeptide produced by several Bacillus species and identified for the first time in 1969. At first, the biosynthesis of this remarkable biosurfactant was described in this review. The peptide moiety of the surfactin is synthesized using huge multienzymatic proteins called NonRibosomal Peptide Synthetases. This mechanism is responsible for the peptide biodiversity of the members of the surfactin family. In addition, on the fatty acid side, fifteen different isoforms (from C12 to C17) can be incorporated so increasing the number of the surfactin-like biomolecules. The review also highlights the last development in metabolic modeling and engineering and in synthetic biology to direct surfactin biosynthesis but also to generate novel derivatives. This large set of different biomolecules leads to a broad spectrum of physico-chemical properties and biological activities. The last parts of the review summarized the numerous studies related to the production processes optimization as well as the approaches developed to increase the surfactin productivity of Bacillus cells taking into account the different steps of its biosynthesis from gene transcription to surfactin degradation in the culture medium.

Keywords: surfactin, lipopeptide, Bacillus spp., biosurfactant, nonribosomal peptide


INTRODUCTION

Surfactin was firstly isolated in 1968 by Arima et al. as a new biologically active compound produced by Bacillus with surfactant activities, leading to its appellation. Its structure was elucidated firstly through its amino acid sequence (Kakinuma et al., 1969a) and then its fatty acid chain (Kakinuma et al., 1969b). Surfactin was thus characterized as a lipopeptide composed of a heptapeptide with the following sequence: L-Glu1-L-Leu2-D-Leu3-L-Val4-L-Asp5-D-Leu6-L-Leu7, forming a lactone ring structure with a β-hydroxy fatty acid chain. Bearing both, a hydrophilic peptide portion and a lipophilic fatty acid chain, surfactin is of amphiphilic nature, leading to exceptional biosurfactant activities and diverse biological activities.

Surfactins are actually considered as a family of lipopeptides, sharing common structural traits with a great structural diversity due to the type of amino acids in the peptide chain and the length and isomery of the lipidic chain (Ongena and Jacques, 2008). More than one thousand variants can potentially be naturally synthesized. This remarkable biodiversity mainly results from their biosynthetic mechanism.

This review is composed of 4 main sections. At first, a detailed description of the biosynthesis mechanisms will allow to understand origin of the biodiversity. Secondly, the diversity of variants will be seen, as well as its enhancement possibilities. Thirdly, the link between surfactin's varying structure and its properties and activities will be described. Lastly, the production process and its optimisation will be discussed, either for the whole surfactin family or for specific variants.



BIOSYNTHESIS OF SURFACTINS


Peptide Moiety

Surfactins, as most of the cyclic lipopeptides (CLPs), are not synthesized ribosomally, but rather by specialized systems, termed non-ribosomal peptide synthetases (NRPSs). NRPSs are multimodular mega-enzymes, consisting of repeated modules. A module is defined as a portion of the NRPS that incorporates one specific amino acid into a peptide backbone. The order of the modules is usually co-linear with the product peptide sequence. Each module can in turn be dissected into the following three domains: the adenylation (A) domain, the thiolation (T) domain (“-syn. peptidyl-carrier protein (PCP)-”) and the condensation (C) domain (Marahiel et al., 1997; Roongsawang et al., 2011). The A-domain recognizes, selects, and activates the specific amino acid of interest (Dieckmann et al., 1995). Taking into account the 3D-structures of several adenylation domains and their active site, several tools have been set up to correlate the amino acid residue present in this active site and their substrate specificity. A NRPS code was so defined that it is based on 8 amino acid residues from the active site (Stachelhaus et al., 1996; Rausch et al., 2005). The activated amino acid is hereby covalently bonded as a thioester to the flexible 4′-phosphopantetheinyl (4′-Ppant) arm of the T-domain. The 4′-Ppant prosthetic group is 20 Å in length and can swing from one to another adjacent catalytic center. Exactly this flexibility enables the transfer of the activated amino acid substrate to the C-domain, which catalyzes in turn (i) the formation of a peptide bond between the nascent peptide and the amino acid carried by the adjacent module and allows afterwards (ii) the translocation of the growing chain to the following module. Various functional subtypes of the C domain have been described. For example, an LCL domain catalyzes the formation of a peptide bond between two L-amino acids while a DCL domain between a L-amino acid and a growing peptide ending with a D-amino acid (Rausch et al., 2007). The first module (A-T module) is considered the initiation module, while the subsequent (C-A-T) modules are defined as elongation modules. After several module-mediated cycles of peptide extension, the complete linear intermediate peptide is released by the terminal thioesterase (TE) domain which, often, catalyzes an internal cyclization (Marahiel et al., 1997; Trauger et al., 2000). Besides the above mentioned domains, the NPRS assembly line can furthermore comprise additional optional domains, which catalyze modifications of amino acid building blocks e.g. their epimerization (E-domains) (Süssmuth and Mainz, 2017). The lipid moiety of surfactins and most of the microbial lipopeptides is introduced directly at the start of the biosynthesis. The initiation module features a C-A-T- instead of a classic A-T-structure (Sieber and Marahiel, 2005; Bloudoff and Schmeing, 2017). It contains a special N-terminal C-domain, termed C-starter (CS) domain and is in charge of the linkage of a CoA-activated β-hydroxy fatty acid to the first amino acid. The activated fatty acid stems foremost from the primary metabolism (Figure 1).


[image: Figure 1]
FIGURE 1. Top: The surfactin biosynthetic gene cluster. Structural NRPS genes are indicated in red. The regulatory gene comS, which is co-encoded in SrfAB is indicated in purple. Bottom: Classic module and domain architecture of SrfAA-SrfAD.


Three decades ago, the biosynthetic gene cluster (BGC) of the CLP surfactin was described in parallel by different research groups (Nakano et al., 1988; Cosmina et al., 1993; Fuma et al., 1993; Sinderen et al., 1993). The structural genes were identified in B. subtilis and are formed by the four biosynthetic core NRPS genes srfAA, srfAB, srfAC, and srfAD (Figure 1) which code together for a heptamodular NRPS assembly line. The three-modular enzyme SrfAA contains N-terminally the typical CS-domain of CLP-BGCs and acylates the first amino acid Glu1 with various 3-OH-fatty acids stemming from primary metabolism. The peptide is subsequently extended in a co-linear fashion by the elongation modules of SrfAA, SrfAB and SrfAC to yield a linear heptapeptide (FA-L-Glu1-L-Leu2-D-Leu3-L-Val4-L-Asp5-D-Leu6-L-Leu7). The inverted stereochemistry can be readily attributed to the presence of E-domains in modules M3 and M6 and DCL domains in modules M4 and M7 (Figure 1). Finally, the TE domain of SrfAC releases the lipopeptide and performs the macrocyclization between Leu7 and the hydroxy-group of the 3-OH fatty acid. Notably, SrfAD consist solely of a second TE-domain, which represents rather a supportive repair enzyme and is able to regenerate misprimed T-domains during NRPS assembly (Schneider et al., 1998; Schwarzer et al., 2002; Yeh et al., 2004).

Beside the structural NRPS genes, the surfactin BGC comprises one built-in and several adjacent accessory genes encoding e.g. transporters and regulatory proteins (MiBIG Accession No: BG0000433). Amongst these, we would like to further highlight the genes sfp, ycxA, krsE, yerP and comS, which are particularly related with the production yield of surfactin.

Sfp represents a phosphopantetheinyl transferase (PPTase) and is located ~4 kb downstream of the srf BGC. The T-domain of an NRPS is, upon its expression, not directly active but rather exists nascent in its non-functional apo-form. For full functionality, the flexible 4′-Ppant arm needs to be fused to the T-domain. The latter process is mediated by the PPTase Sfp, thereby converting all T-domains of the surfactin BGC into their active holo form (Quadri et al., 1998; Mootz et al., 2001). This fact makes Sfp indispensable for the production of surfactin (Tsuge et al., 1999). For example, in the reference strain, Bacillus subtilis 168, the sfp locus is truncated and therefore non-functional, which abolishes in turn surfactin production. However, the production can be restored by the transfer of a complete sfp locus (Nakano et al., 1988, 1992).

Further important genes in the context of surfactin production are genes encoding transporters which are efflux pumps. From a physiologically point of view, the pumps avoid intracellular surfactin accumulation and constitute an essential self-resistance mechanism (Tsuge et al., 2001). In particular since surfactin inserts into biomembranes and at higher concentration causes membrane disruption. An ecological rationale for transporters could be that surfactin is extracellularly at the correct site where it can exert its beneficial activity. So far, three transporters have been identified in Bacilli, that are involved in surfactin efflux, i.e. YcxA, KrsE, and YerP. It has been demonstrated that the separate overexpression of the corresponding genes enhanced release rates of surfactin (Li et al., 2015) by 89, 52, and 145%, respectively.

Finally, the surfactin BGC exhibits a unique peculiarity on the genetic level, in bearing a co-encoded regulatory gene, termed comS inside itself (D'Souza et al., 1994). It is located in the open reading frame of the NRPS gene srfAB (Hamoen et al., 1995), more precisely within the A-domain of module 4 (Figure 1). ComS is on the one hand involved in the positive regulation of the genetic competence of the cell (Liu and Zuber, 1998) and on the other hand part of the quorum sensing system comQXPA (Ansaldi et al., 2002; Schneider et al., 2002; Auchtung et al., 2006) which in turn regulates surfactin production. Beyond this brief explanation, for an excellent overview about the role of ComS, the reader is referred to a review, written by Stiegelmeyer and Giddings (2013). Since the production yield is coupled with the presence and functionality of ComS in the coding region of srfAB, the genetic engineering of the surfactin synthetase in this region requires special attention.



Fatty Acid Chain Synthesis

Since fatty acid biosynthesis plays a critical role in surfactin production, and strongly determines its activity and properties, in this section we briefly summarize this central metabolic pathway and the subsequent steps leading to the modification and activation of the fatty acyl-CoA precursor.

All organisms employ a conserved set of chemical reactions to achieve the de novo Fatty Acid (FA) biosynthesis, which works by the sequential extension of the growing carbon chain, two carbons at a time, through a series of decarboxylative condensation reactions (Wakil et al., 1983) (Figure 2). This biosynthetic route proceeds in two stages: initiation and iterative cyclic elongation. The acetyl-CoA carboxylase enzyme complex (ACC) performs the first committed step in bacterial FA synthesis to generate malonyl-CoA through the carboxylation of acetyl-CoA (Marini et al., 1995; Tong, 2013). The malonate group from malonyl-CoA is transferred to the acyl carrier protein (ACP) by a malonyl-CoA:ACP transacylase (FabD) (Serre et al., 1994, 1995; Morbidoni et al., 1996). The first reaction for the synthesis of the nascent carbon chain comprises the condensation of malonyl-ACP with a short-chain acyl-CoA (C2–C5) catalyzed by a 3-keto-acyl carrier protein synthase III (FabH). Acetyl-CoA is used as a substrate for the synthesis of straight-chain FA, while branched-chain fatty acids (BCFA) arise from isobutyryl-CoA, isovaleryl-CoA and methylbutyryl-CoA priming substrates. These precursors derive, from the catabolism of the branched-chain amino acids valine, leucine and isoleucine, respectively. The crucial branched-chain α-keto acid decarboxylase (BKD) complex catalyzes the decarboxylation of α-keto acids to generate the corresponding branched-chain acyl-CoA primers (Willecke and Pardee, 1971; Kaneda, 1991; Lu et al., 2004). The substrate specificity of FabH plays a determining role in the branched/straight and even/odd characteristics of the fatty acid produced. B. subtilis possesses two FabH isoenzymes, FabHA and FabHB, both of which preferentially utilize branched-chain acyl-CoA primers (Choi et al., 2000). Therefore, BCFA are the main components of phospholipids, where iso-C15:0, anteiso-C15:0, iso-C16:0, iso-C17:0, and anteiso-C17:0 represent the major FA found in Bacillus species (Kaneda, 1969; Kämpfer, 1994). The pattern of the BCFA can be modified by environmental conditions such as temperature (Graumann and Marahiel, 1999).
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FIGURE 2. Biochemical steps for the formation of fatty acid and their channeling to surfactin biosynthesis. The first step of fatty acid synthesis involves the production of malonyl-CoA by the acetyl-CoA carboxylase complex (ACC). The malonyl-CoA-ACP transacylase, FadD, transfers the malonyl groups to the acyl carrier protein (ACP) to produce malonyl-ACP. FabH, condensates the malonyl-ACP and a priming acyl-CoA substrate to produce the first new C-C bond. The keto group of the β-ketoacyl-ACP is completely reduced by the reducing enzymes of the cycle, FabG, FabZ, FabI, and then the condensing enzyme FabF initiates a new round of elongation of the growing carbon chain utilizing malonyl-ACP. The acyl-ACP product is primarily channeled to PL biosynthesis or alternatively to surfactin biosynthesis. For this, at least two additional biochemical steps are required, a hydroxylation of a free FA by YbdT and its activation by an ACS.


Next, the keto-acyl-ACP product of FabH condensation enters the elongation/reducing cycle of the fatty acid synthase II (FAS-II). There, the keto group is reduced by the NADPH dependent β-ketoacyl-ACP reductase (FabG) to give β-hydroxy-acyl-ACP. The β-hydroxyacyl-ACP intermediate is then dehydrated to trans-2-enoyl-ACP by a 3-hydroxyacyl-ACP dehydratase (FabZ). Then, the cycle is completed by an enoyl-ACP reductase, which reduces the double bond in trans-2-enoyl-ACP to form acyl-ACP (Fujita et al., 2007). B. subtilis possesses two enoyl-ACP reductases (FabI and FabL) with opposite preferences for the NADPH or NADH cofactor (Heath et al., 2000).

In all the successive steps of FA elongation, the acyl-ACP intermediate and malonyl-ACP are the substrates of FabF condensing enzyme (3-oxoacyl-ACP-synthase II) that elongates the growing acyl chain and initiate each new round of the cycle (Schujman et al., 2001). Finally, the acyl-ACPs of the proper chain length are substrates of acyltransferases involved in cell membrane phospholipid synthesis. Alternatively, some structurally specific FA are not integrated in the cell membrane phospholipids. Those modified FA could be, under specific environmental or growth conditions, channeled into secondary metabolic pathways. They are then a of specialized molecules, as it is the case of lipopeptides.

Once the long chain FA is synthesized, the next steps needed for surfactin biosynthesis involves the production of the 3-hydroxy-acyl-coenzyme A (CoA) substrates. Youssef et al. based on in vitro assays, suggested that acyl 3-hydroxylation occurs prior to CoA ligation (Youssef et al., 2011). These authors reported that YbdT, a cytochrome P450 enzyme, catalyzes the hydroxylation of the FA precursors to be incorporated in the lipopeptide biosynthetic pathway (Youssef et al., 2011). Cytochrome P450 are monooxigenases capable of introducing an oxygen atom into FA and in other lipidic and non-lipidic molecules. The B. subtilis genome contains eight genes coding for cytochrome P450 enzymes (Hlavica and Lehnerer, 2010). In vitro, high-performance liquid chromatography (HPLC) and gas chromatography–mass spectrometry analyses demonstrated that the recombinant ybdT gene product hydroxylates myristic acid in the presence of H2O2, to produce β-hydroxymyristic acid and α-hydroxymyristic acid (Matsunaga et al., 1999). Furthermore, a ybdT mutant strain of B. subtilis OKB105 produces biosurfactants with only 2.2% of 3-hydroxylated C14, while the 97.8% contained non-hydroxylated FA with chain lengths of C12, and C14–C18 (Youssef et al., 2011) and are thus linear.

Finally, the surfactin synthetase assembly line can be initiated in presence of a CoA-activated FA (Steller et al., 2004). Fatty acids are converted into their corresponding acyl-CoA derivative by fatty acyl CoA ligases (FACS). Of the four putative FACS identified in homology searches in the genome of B. subtilis, two of them, LcfA and YhfL, were characterized in vitro to be involved in surfactin production. HPLC-MS based FACS activity assays indicated that LcfA and YhfL catalyze the thioester formation with CoA and various FA substrates (3-OH C8, 3-OH C10, C12, and C14). All four single mutants in the FACS homolog genes, lcfA, yhfL, yhfT and yngI, decreased surfactin production by 38% - 55%, compared with the wild-type levels. Interestingly, a quadruple mutant in the FACS did not completely abolish surfactin biosynthesis, such strain still presents 16% surfactin production, compared with the levels produced by the wild-type strain. This observation suggests that other non-canonical FACS are present in B. subtilis or that other pathways, such as transthiolation from ACPs to CoA, could be involved in providing the fatty acyl moiety.

The hydroxylated and CoA activated FA derivative is finally transferred onto the surfactin synthetase assembly line, in a reaction performed by the N-terminal condensation (CS) domain, that is as mentioned above responsible for the lipoinitiation mechanism. In vitro, the recombinant dissected C domain, catalyzed the acylation reaction using glutamate-loaded PCP domain and 3-OH-C14-CoA as substrates (Kraas et al., 2010).




VARIANTS OF SURFACTIN

The surfactin biosynthesis mechanism previously described is responsible for the high biodiversity of surfactin-like molecules. In addition, the assembly line machinery of surfactin synthetases can be easily modified by synthetic biology in order to increase this biodiversity. Both aspects will be developed in the following chapter.


Natural Variants

Three main peptide backbones and the NRPSs responsible for their biosynthesis, produced by different Bacillus species, have been so far described in literature: surfactin as previously described from B. subtilis, B. amyloliquefaciens, B. velezensi, and B. spizizeni amongst others, pumilacidin from B. pumilus (Naruse et al., 1990) and lichenysin from B. licheniformis (Horowitz et al., 1990). Compared to surfactin, pumilacidin has a leucine in position 4 instead of a valine, as well as an isoleucine or a valine in position 7 instead of a leucine. Lichenysin differs from surfactin by a change in the first amino acid residue: a glutamine (Gln) instead of a glutamic acid (Figure 3).


[image: Figure 3]
FIGURE 3. Natural and synthetic variants of surfactin. The natural variants can be obtained through specific strains, the non specificity of the adenylation domain or the first condensation domain, a non cyclization or a linearization and through the genetic engineering of the NRPS. The synthetic variants can be obtained through a chemical modification of a natural product or through total chemical synthesis. The first three molecule naturally produced are surfactin produced by B. subtilis and others, pumilacidin from B. pumilus and lichenysin from B. licheniformis.


This first biosynthetic diversity in surfactin is increased by the promiscuous specificity of adenylation domains of modules 2, 4, and 7 of surfactin synthetases which are able to accept L-Leu, L-Val or L-Ile amino acids residues as well as L-Ala for module 4. Similarly low levels of specificity have been observed for lichenysin (Peypoux et al., 1991; Bonmatin et al., 2003).

Based on all these results, it appears that the aspartic acid in position 5, as well as the D-Leucine in position 3 and 6 are present in all the members of the surfactin family. The only mention of an asparagine (Asn) for lichenysin (Yakimov et al., 1995) was quickly refuted by the same author after the use of fast atom bombardment mass spectrometry (Yakimov et al., 1999). The specificity of M3 and M6 could result from (i) an enzyme of the assembly line machinery such as the epimerisation domain which could accept only leucine as substrate, (ii) from the specificity of the adenylation domain or (iii) from the specificity of the involved condensation domains.

The changes in the peptide chain are not the only source of diversity in the surfactin family. As mentioned before, surfactin is a heptapeptide linked to a fatty acid chain. Regarding this chain, the length of it can vary from 12 to 17 carbons atoms, mainly being C14 and C15.

Another change in this lipid chain is its isomery, it can have a linear, n, configuration, but it can also be branched, iso and anteiso. Anteiso can only be in an uneven carbon chain length, while iso can be found in all chain lengths (odd and even-numbered carbon chain). These derivatives can be mainly explained by the promiscuity of the CS-domain present in module M1 toward its relaxed substrate specificity.

Finally, natural linear surfactins (Figure 3) have been also identified in the culture supernatant of Bacillus strains (Gao et al., 2017). The molecular mechanism responsible for this linearization is not yet known. It could result from an incomplete efficacy of TE domain which could release some surfactin without cyclization or from enzymatic or chemical degradation of cyclic surfactin.

In addition, heterologous enzymes are also capable to catalyze linearization. An in vitro study showed the linearisation effect of a purified V8 endoprotease from Staphylococcus aureus (Grangemard et al., 1999). Furthermore, an in vivo study demonstrated that Streptomyces sp. Mg1 produces, as a mechanism of resistance, an enzyme that hydrolyses surfactin into its linear form (Hoefler et al., 2012).

Surfactin methyl ester was observed in the supernatant of Bacillus subtilis HSO121 (Liu et al., 2009), and a methylated product of surfactin with a valine in position 7 was discovered in the supernatant of a Bacillus mangrove bacteria strain (Tang et al., 2007). This change was also discovered in the supernatant of Bacillus licheniformis HSN221 with surfactin and lichenysin methyl esters (Li et al., 2010) and in the culture medium of Bacillus pumilus through surfactin methyl ester (Zhuravleva et al., 2010).



Synthetic and Biosynthetic Variants

In addition to the natural surfactins seen before, synthetic variants can be obtained through chemical modifications or genetic engineering of the NRPS. This leads to new forms or to a controlled production of a specific form. Reasons for structural changes are manifoldly given, foremost to reduce the toxicity of surfactin, but also to optimize its biological activities or to increase its water solubility.

Esterification can be achieved through chemical treatment with alcohol, reacting with the Asp-β- and/or Glu-γ-carboxyl group, producing monoester, and/or diester-surfactin (Figure 3).

For example, reaction of surfactin with n-hexyl alcohol lead to mono- and di-hexyl-surfactin, with 2-methoxyethanol to mono- and di-2-methoxy-ethyl-surfactin (Shao et al., 2015). Amidation through a reaction with alcohol and then NH4Cl was also observed (Morikawa et al., 2000). Esterification and amidation of aspartic and glutamic acid eliminate the negative charge of those amino acid residues, creating an even greater diversity in the surfactin family because of the charge change that they bring and thus the modification in surfactin biological and surfactant properties.

Linearization of the cyclic surfactin previously mentioned as a natural process can also be obtained by chemical alkaline treatment (Figure 3) (Eeman et al., 2006).

In addition to those chemical modifications of surfactin naturally produced, synthetic forms can be chemically produced (Figure 3). Liquid phase techniques have been used at first (Nagai et al., 1996) but, because of the many steps and the purification of intermediates needed, it was replaced with a quicker solid phase peptide synthesis (SPPS) technique. Different forms of surfactins have been produced, such as standard surfactin, but also analogs with a change in the amino acid sequence, such as an epimerisation (D-Leu2), a change in charge (Asn5) and the switch of two residues (Asp4-Leu5) (Pagadoy et al., 2005). Linear surfactin was also produced, as well as linear with an amidated carboxy-terminus function (Dufour et al., 2005). Finally, the fatty acid chain length was likewise changed, with C10 and C18 (Francius et al., 2008). However, due to the complexity of the production, these lipopeptides are intended only for research use.

As said before, in addition to the chemical changes, the genetic engineering can be also applied to the genes coding for the NRPS, in order to modify the structure of surfactin. The generation of novel derivatives by rational design can hereby be achieved by site directed mutagenesis, module- insertion, deletion, and substitution (Alanjary et al., 2019). Application of the site directed mutagenesis technique, an A-domain specificity of an NRPS module shift from L-Glu to L-Gln and from L-Asp to L-Asn at position 5 in modules 1 and 5 was accomplished, respectively (Eppelmann et al., 2002).

Concerning the concept of module substitutions, particularly the Marahiel group showed in a ground breaking way from the mid 90s onwards the feasibility of module swaps which allowed single or multiple variations concerning all seven amino acids (Stachelhaus et al., 1995, 1996; Schneider et al., 1998; Eppelmann et al., 2002). As a practical aspect, beside the gain in basic research knowledge, for several modified surfactins, such as Cys7-surfactin, a decreased hemolytic activity was observed. Furthermore, ring contracted surfactin derivatives were obtained by deletion of complete NRPS modules. In this way, the corresponding knockouts yielded hexapeptidic surfactin congeners, individually lacking Leu2, Leu3, Asp5 and Leu6. Notably, the ΔLeu2 ΔLeu3 and the ΔLeu6 surfactin variants showed a reduced toxicity toward erythrocytes and enhanced antibacterial activities, while the ΔAsp5 surfactin exhibited an even higher inhibitory ability for Gram positive bacteria, but kept the hemolytic capabilities of the native surfactin (Mootz et al., 2002; Jiang et al., 2016). However, each genetic manipulation mentioned above resulted in a significant decrease in the production yield. Nevertheless, these studies showed the feasibility and moreover demonstrated in an encouraging way that the surfactin scaffold can be fine-tuned concerning its intended activity and its undesired side effects.

Very recently, the Bode group revolutionized the concept of module swapping. It includes the finding that C-domains have to be subdivided into a CDonor (CD) and CAcceptor (CA) portion and that both are amino-acid specific (Bozhüyük et al., 2019). This redefines nowadays the borders of an exchange unit. Instead of a classic A, A-T or C-A-T domain swap, it is preferable to exchange a CD-A-T-CA domain unit (Figure 4). The huge advantage of these findings is that peptide-variants can be generated by genetic engineering at a much higher success rate and without any production loss. The technique will be an incentive to modify highly bioactive structures, such as surfactin. The exchange units can be derived from other Bacilli or codon-optimized from other bacterial genera. Particularly, in combination with synthetic biology, in future numerous genetically-engineered modifications can be envisioned: beside the exchange of amino acids, ring contractions by module deletion and ring expansions, by addition of an exchange unit, can be generated, respectively (Figure 4). Since peptides, containing D-configured amino acids are less prone to degradation, the change of the absolute configuration by insertion of epimerization domains could lead to derivatives that are less prone to enzymatic degradation. Furthermore, since the biotechnological production of surfactin always results in the production of complex mixtures, e.g., varying in the fatty acid portion, it would be desirable to produce surfactin with a more defined lipid moiety. For this purpose, the biobrick-like exchange of the CDonor-portion of the CS-domain could lead to the incorporation of the desired 3-OH fatty acid. Finally, it can be also envisioned to modify the surfactin NRPS assembly line even further, e.g. by introduction of catalytic domains which drive intramolecular cyclization-, N-methylation-, hydroxylation-, and redox-reactions.
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FIGURE 4. Top: Re-defined module and domain architecture of SrfAA-SrfAD with dissected C subdomains. The new module definition CA-A-T-CD is indicated in light green. BOTTOM: Examples of biobrick-like exchanges and deletions using a synthetic biology concept. The resultant changes in the molecule are indicated in red. R represents the rest of the fatty acid moiety, which has numerous possibilities regarding chain length, degree of saturation and branching.





STRUCTURE AND PROPERTIES RELATIONSHIP

Surfactins and surfactin-like molecules are amphiphilic molecules with a polar part mainly constituted by the two negatively charged amino acid residues Glu and Asp (in native surfactin) and an apolar domain formed by the lateral groups of aliphatic amino acid residues (mainly Leu) and the fatty acid chain. This amphiphilic structure is responsible for its attractive physico-chemical properties as well as its various biological activities.


Surfactin Structure and Its Influence on Physico-Chemical Properties and Biological Activites

The amphiphilic structure of surfactins leads to strong surface activity, i.e., their capacity to reduce the surface/interfacial tension and to self-assembly in nanostructures, and the presence of negative charge(s). Thus, they display as physico-chemical properties foaming (Razafindralambo et al., 1998; Fei et al., 2020), emulsifying (Deleu et al., 1999; Liu et al., 2015; Long et al., 2017; Fei et al., 2020) and dispersing properties, solid surface wetting and surface hydrophobicity modification performance (Ahimou et al., 2000; Shakerifard et al., 2009; Marcelino et al., 2019; Fei et al., 2020), and chelating ability (Mulligan et al., 1999; Grangemard et al., 2001; Eivazihollagh et al., 2019). This strong surface activity leads to detergent applications (Zezzi do Valle Gomes and Nitschke, 2012), but they also show promising perspectives of applications in the environmental sector to enhance oil recovery in oil-producing wells (Liu et al., 2015; Joshi et al., 2016; Long et al., 2017; de Araujo et al., 2019; Alvarez et al., 2020; Miyazaki et al., 2020), to increase the biodegradation rate of linear and aromatic hydrocarbons (Wang et al., 2020), and for metal removal from soil or aqueous solutions (Zouboulis et al., 2003; Eivazihollagh et al., 2019). Very recently, it was also suggested that surfactin can effectively demulsify waste crude oil (Yang et al., 2020). Their emulsifying property also confers them a potential of application in the food and cosmetics area for the product formulation (Mnif et al., 2013; Varvaresou and Iakovou, 2015; Zouari et al., 2016) as well as in the pharmaceutical area for the formulation of stable microemulsion drug delivery systems (Ohadi et al., 2020).

The variations in the molecular structure of the peptidic part and/or of the hydrocarbon chain greatly impact their physico-chemical properties. In term of self-aggregation behavior, the critical micellar concentration (CMC) value decreases with a longer fatty acid chain (CMC Surfactin C15 = 20 μM; CMC surfactin C14 = 65 μM; CMC surfactin C13 = 84 μM in Tris-HCl pH 8) (Deleu et al., 2003; Liu et al., 2015). It also decreases with the presence of a methyl ester on the Glu residue (Grangemard et al., 2001) or the replacing of the Glu residue by a Gln as in lichenysin (Grangemard et al., 2001; Bonmatin et al., 2003). On the contrary, the linearization of the peptide cycle (CMC linear surfactin C14 = 374 μM in Tris pH 8.5) (Dufour et al., 2005) and the presence of a Leu4 instead of the Val4 as in pumilacidin (de Araujo et al., 2019) increase it. Different self-assembled nanostructures like sphere-like micelles, wormlike micelles and unilamellar bilayers coexist with larger aggregates in aqueous solution depending on the surfactin concentration, pH, temperature, ionic strength and metal ions (Zou et al., 2010; Taira et al., 2017; Jahan et al., 2020). These parameters can induce conformational changes in the secondary structure of the cyclic peptide moiety and thereby affect the shape and the packing parameter of surfactin (Jahan et al., 2020).

The capacity of surface tension reducing is also influenced by the molecular structure of surfactin. Depending of environmental conditions, lichenysin is or not more efficient than surfactin to reduce the surface tension (in Tris pH 9.4 γcmc=35 and 37 for lichenysin and surfactin respectively and in NaHCO3 pH 9.4 γcmc=30 and 29 for lichenysin and surfactin respectively) (Grangemard et al., 2001), while pumilacidin is less (de Araujo et al., 2019). Linearization of the peptide cycle lessens this capacity (34 mN/m in Tris pH 8.5). Nevertheless, the replacing of carboxyl group by a sulfo methylene amido group leads to a complete loss of activity (Bonmatin et al., 2003). The chain length but also the branching type also impact the surface tension. A longer chain is more efficient and the normal configuration is more active than the iso one which is more powerful than the anteiso (Yakimov et al., 1996).

The effect of the chain length on the foaming properties does not follow this trend as it was shown that a lipidic chain with 14 carbon atoms provides surfactin with best foaming properties compared to that with 13 or 15 carbon atoms (Razafindralambo et al., 1998).

Lichenysin was also demonstrated to be a better divalent cation chelating agent than surfactin (Grangemard et al., 2001). This effect is assigned to an increase accessibility of the carboxyl group to the cation in the case of lichenysin (Habe et al., 2018). The complexation of divalent cations with the lipopeptide in a molar ratio of 2:1 for lichenysin leads to the formation of an intermolecular salt bridge, stronger than the intramolecular complexation in a 1:1 ratio with surfactin (Grangemard et al., 2001; Habe et al., 2018).

Globally speaking, the few studies focused on the structure-properties relationships of surfactin family emphasize three main facts. The first is that the unique feature of the peptide loop provides surfactin with a fascinating molecular behavior at interfaces (Liu et al., 2020). Furthermore, the peptide cycle linearization leads to a structural distortion of the molecule reducing or annihilating its surface active power. The second fact is that the surface activity of surfactin is dictated by the interplay of hydrocarbon chain and peptide sequence (Liu et al., 2020). The more distant and distinct the polar and apolar domains are, the stronger the surface active power is. The last fact is that the charges of the polar part also play a primordial role in the physico-chemical properties. A monoanionic surfactin is more efficient than a dianionic one, due to a reduced repulsive effect between the molecules at the interface.

The remarkable physico-chemical properties of surfactin are also responsible for their biological activities which, in most of the cases, involve perturbation or disruption of membrane integrity. It was demonstrated for haemolytic (Kracht et al., 1999; Dufour et al., 2005), antibacterial (Bernheimer and Avigad, 1970), antiviral (Yuan et al., 2018; Johnson et al., 2019), and antimycoplasma (Vollenbroich et al., 1997) activities of surfactin as well as its ability to inducing systemic resistance in plant (Ongena et al., 2007; Ongena and Jacques, 2008). Some of those activities leading to promising results in the agricultural field (Chandler et al., 2015; Loiseau et al., 2015). But surfactin was also characterized for anti-inflammation (Takahashi et al., 2006; Zhao et al., 2017), anti-sepsis (Hwang et al., 2007), anti-tumor (Wu et al., 2017) and immunomodulatory (Park and Kim, 2009) activities for which another target than membranes is involved. A synergistic effect has been observed between surfactin and other lipopeptides. The addition of surfactin at an inactive concentration to iturin increase its haemolytic activity (Maget-Dana et al., 1992). The combination of surfactin and fengycin lead to a decrease in disease in tomato and bean plants (Ongena et al., 2007). Furthermore, while surfactin has no effect against fungi, it has been shown to enhance the biological activities of other lipopeptides against fungi and oomycetes (Deravel et al., 2014; Tanaka et al., 2015; Desmyttere et al., 2019).



Use of Molecular Modeling for Mechanism of Action Investigation

Molecular modeling methods are powerful theoretical tools to investigate structure functions relationship of surfactin and its mode of action. Docking and Molecular Dynamic (MD) simulations have been used in various studies involving surfactin for the characterization of diverse properties to predict activities and domains of applications.

For membrane interactions, Hypermatrix (Brasseur et al., 1987), was used to simulate the interaction of surfactin with a membrane monolayer in order to determine the lipid specificity for insertion and membrane destabilization. It was shown that surfactin interacts specifically with 1,2-dipalmitoylphosphatidylcholin (DPPC) localized at the DPPC/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) domain boundaries (Lins and Brasseur, 1995; Deleu et al., 2003, 2013).

For medical applications, the interaction of surfactin with the amyloid β -peptide (A β 42) has been studied with MD simulation and docking experiments [with GROMACS (Abraham et al., 2015) and AutoDock (Morris et al., 2009) respectively].

Further investigations have shown that surfactin binds protofibrils by forming a stable hydrogen bond with residues involved in salt bridges responsible ofamyloid aggregation and plaques stability (Verma et al., 2016). Another docking investigation, employing Swiss Dock (Lien Grosdidier et al., 2011), has shown that surfactin binds favorably via hydrogen bonds to porcine pancreatic lipase and inhibits its activity, which could lead to a novel and potent body weight reducer for obesity control (Meena et al., 2018).

Beside these investigations on monomeric surfactin interacting with potential targets, MD simulations proved to be an efficient tool to study molecular assemblies. A surfactin monolayer at the air-water interface was studied under various interfacial concentrations. It was shown that packed structures are formed via intra- and inter-molecular hydrogen bonds, stabilizing the β-turn structure of the peptide ring, favoring the β-sheet domain organization and hydrophobic contacts between molecules Another simulation was applied to study the self-assembly of surfactin in water and more particularly the structural organization of the micelles (Lebecque et al., 2017). Micelles were pre-formed with PackMol (Martinez et al., 2009) and were simulated to analyse their behavior. The optimal aggregation number, i.e., 20, predicted by this approach is in good agreement with the experimental values. Two parameters were analyzed, the hydrophilic (phi)/hydrophobic (pho) surface and the hydrophobic tail hydration (Lebecque et al., 2017). A higher phi/pho surface ratio means a more thermodynamically favorable organization of the hydrophilic and hydrophobic domains, but steric and/or electrical repulsions between polar heads have also to be considered. For surfactin, it was shown that the phi/pho surface ratio undergoes a decrease for the largest micelles of surfactin because they have to rearrange themselves to reach a more favorable organization. The low value of apolar moieties hydration observed for surfactin micelles is due to the very large peptidic head that efficiently preserves hydrophobic tails from contact with water. The Coarse Grain (CG) representation MARTINI (Marrink et al., 2007) (grouping atoms into beads to speed up the simulation process) was similarly applied to analyse the structural properties and kinetics of surfactin self-assembly in aqueous solution and at octane/water interface (Gang et al., 2020). With complementary MD of a pre-formed micelle and a monolayer, the authors showed that their CG model is in agreement with atomistic MD and experimental data, for micelle self-assembly and stability, as well as for the monolayer. Furthermore, this study allows the development of a set of optimized parameters in a MARTINI CG model that could open further investigations for surfactin interaction with various biofilms, proteins or other targets of interest with a better sampling than atomistic MD.




PRODUCTION

This last part of this review is dedicated to the improvement of the production of surfactin like compounds. It will first consider the techniques for the identification and the quantification of these lipopeptides and then focus on strain, culture conditions, and bioprocess optimization. Not to forget, the purification process allows for a greater recovery of the surfactin produced and lower the losses.


Identification and Quantification of Surfactin and Its Variants

In order to discover new natural variants or verify the production of synthetic ones, the identification is an important process. The first surfactin structure elucidation was made through hydrolysis of the peptide and fatty acid chain into fragments, their identification and alignment (Kakinuma et al., 1969b). However, with the continuous innovations of analytical-chemical techniques such as mass spectrometry MS/MS (Yang et al., 2015a), nuclear magnetic resonance (NMR) (Kowall et al., 1998) and Fourier transform IR spectroscopy (FT-IR) (Fenibo et al., 2019), the analysis of new variants can be determined quicker and without hydrolysis. While FT-IR provides the functional groups, NMR leads to a complete structural characterization of the compounds but requires completely purified products at the level of mg quantities. Mass spectrometry does not enable the differentiation of compounds having the same mass (such as leucine and isoleucine for example), nor the type of fatty acid chain (linear, iso or anteiso), but provides the global mass and the peptide moiety primary sequence.

An overview of surfactin's dosage techniques can be found in Table 1. The first ones rely on surfactin's amphiphilic nature, so that its production can be detected through its surfactant activity.


Table 1. Techniques for detection and/or quantification of lipopeptide production.
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Indirect methods, such as emulsification measure, haemolytic activity (blood agar plate) or cell surface hydrophobicity can be used. However, the correlation between those activities and surfactant activity has been refuted. Youssef et al. (2004) does not recommend the use of blood agar lysis as a screening method. Therefore, direct methods to measure the surface activity, such as interfacial tension measurement, drop shape analysis, drop collapse assay or oil spreading should be used (Youssef et al., 2004). Newer techniques have been developed the last few years for a rapid detection and quantification, based on color shifts or fluorescence.

The first color shift approach is based on the higher affinity of a mediator, initially forming a complex with a color indicator, for surfactin and thus the release of the color indicator in the solution (Yang et al., 2015b). The fluorescence technique is based on the same principle, but with fluorescein instead of a color indicator (Heuson et al., 2018). This leads to a more sensitive and stable procedure. However, another color shift approach has been developed based only on the interaction between bromothymol blue solution and lipopeptides (Ong and Wu, 2018). However, since they are not specific for surfactin, the best and most sensitive quantification method is still the use of reversed phase HPLC-UV or MS (Geissler et al., 2017). This method also allows the discrimination between the various homologs of the surfactin family. Indeed, the molecules are separated based on their hydrophobic properties, giving a shorter retention time for lipopeptides with a leucine in position 7 and a longer retention time for lipopeptides with a valine in position 7. The separation is also based on the fatty acid chain, the shorter the fatty acid chain length is, the shorter the elution time is (Dhali, 2016). Furthermore, the production capacity of a micro-organism can be discovered through PCR, with primers specific to the surfactin biosynthesis genes (sfp and srf ) (Mohammadipour et al., 2009) or genome sequencing. However, these methods do not reflect the real lipopeptide production, since only the presence of the genes is observed. RT-PCR allows the detection of the transcribed genes, but does not allow to reflect the post-transcriptional modifications.



Optimisation of Surfactin Production

In order to enhance the surfactin production, in addition to fermentation optimization, the genetic engineering of the producing strains is of great significance. It was already covered in the past by other teams (Hu et al., 2019) and will be more developed here.

A first strategy would be to allocate more resources of the cell to surfactin biosynthesis by suppressing different cellular processes. It was successful with the plipastatin operon disruption (Coutte et al., 2010a) or biofilm formation related genes (Wu et al., 2019). However, a strain with a 10 % genome deletion, comprising genes for plipastin, bacilysin, toxins, prophages and sporulation, had a lower surfactin production (Geissler et al., 2019). Then, concerning surfactin production itself, the strategy can take place at different stages of the surfactin cell production: at the transcription level by promoter substitution or modification of the transcriptional regulatory genes of srfA operon, at the level of surfactin synthesis by increasing the precursor availability, during the molecule's excretion and finally during its degradation (Figure 5).
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FIGURE 5. Steps involved in the overproduction of surfactin in Bacillus, from the gene expression to the degradation. The main steps are in purple, the yellow arrow represent hypothetical reactions.



Transcription

As seen before, surfactin NRPS is coded by four genes, srfA-A, srfA-B, srfA-C, and srfA-D, that are controlled by the Psrf antoinducible promoter, triggered by signal molecules from a quorum sensing pathway. Studies were performed to exchange this promoter with inducer-specific or constitutive ones. It emerged that a replacement with a constitutive promoter in a weak surfactin producer strain leads to an increase in the production, but that the opposite effect is observed for strong surfactin producers (Willenbacher et al., 2016). However, the use of novel artificial inducible promoters leads to an increase in surfactin production of more than 17 times (Jiao et al., 2017).

In addition to the promoter, transcriptional regulatory genes also control the expression of the NRPS genes. The cell density dependent quorum sensing system plays a regulatory role in many pathways in Bacillus, and among others in the regulation of the srfA operon. Ohsawa et al. (2006) showed that the inhibition of the ComQXP quorum sensing locus lead to a decrease in the expression of srfA genes and Jung et al. (2012) showed that the overexpression of ComX and PhrC increases the production of surfactin.

In addition to the quorum sensing system itself, regulators also impact the srfA operon, the quorum sensing system or even other mechanisms that indirectly impact surfactin. There are positive regulators such as PerR (Hayashi et al., 2005) and negative regulators such as CodY (Coutte et al., 2015), Rap (Hayashi et al., 2006), SinI (López et al., 2009) and Spx (Zhang et al., 2006).



Increasing Precursor Supply of NRPS by Feeding or Metabolic Engineering

Modifying media and fermentation condition is a strategy to overproduce the lipopeptide precursors as well as to favor the production of certain isoforms. For example it was seen that the feeding of leucine as 50% of the nitrogen source lead to an increase in specific surfactin production of three times (Coutte et al., 2015). Another strategy is the application of rational metabolic engineering approaches such as: (i) blocking competitive pathways for building blocks, as well as, those pathways that consume products; (ii) pulling flux through biosynthetic pathways by removing regulatory signals; and (iii) by overexpressing rate-limiting enzymes.


Amino Acids Precursors

One way to develop this metabolic engineering approach is to use knockout of genes which negatively influence the intracellular pool of amino acids precursors. To implement the knock-out of gene which negatively influence the intracellular pool of amino acid precursor, their metabolic pathways have to be modeled as a reaction network taking into account the regulation processes.

Firstly, the various pathways involved in the metabolites needed for the amino acid production should be addressed. In this research for compounds from the glycolysis that influence the amino acid production, pyruvate is interesting from multiple points of view. It is the entry point of the Krebs cycle through its conversion into acetyl-CoA, but it is also used as a substrate for the production of amino acids that compose the surfactin. Indeed, pyruvate is converted into valine and leucine. Furthermore, the production of isoleucine is made through threonine and pyruvate. The Krebs cycle also contributes to the amino acid production, with oxoglutarate and oxaloacetate, they belong to the metabolism of aspartic and glutamic acid. Secondly, the various enzymes that regulates metabolite production should be addressed. The search can also go a level above, with the regulators and promoters of those enzymes, such as pleiotropic regulators CodY or TnrA (Dhali, 2016). Lastly, the transporters of the amino acid precursors can be addressed. Indeed, the amino acid can be transported into the cell from the environment.

Wang et al. (2019), showed that the knockout of murC, yrpC and racE, negative regulators involved in the metabolism of glutamate, lead to an increase in surfactin production. The choice of those knock-outs can also be directed by methods from computational biology, to narrow them down and reduce the laboratory time needed.

Some prediction methods are based on formal reasoning techniques based on abstract-interpretation (Niehren et al., 2016). This is a general framework for abstracting formal models that is widely used in the static analysis of programming languages. Formal models are reaction networks with partial kinetic information with steady state semantics define systems of linear equations, with kinetic constraints, that are then abstracted. Here, the methods were to be developed further, so that they could be applied to reaction networks rather than other kinds of programs. This approach has been used for the branched chain amino acids (leucine, valine, and isoleucine) that mainly compose the surfactin peptide chain (Coutte et al., 2015).

The quite complex metabolic pathway of leucine production from threonine and pyruvate was modeled, by rewriting the informal model from SubtiWiki (Coutte et al., 2015) into this formal modeling language, while adding and adapting some reactions. It selected gene knock-outs that may lead to leucine overproduction, for which some of them an increase in surfactin production in Bacillus subtilis 168 was observed after experimental verification (Dhali et al., 2017).

Since single gene deletion is successful, multiple gene deletion must be the next aim. To be able to perform various deletions and/or insertions in the same strain, a markerless strategy is required. Various strategies can be performed such as temperature sensitive plasmid, pORI vectors, auxotrophy based methods, but also the cre/lox system (Yan et al., 2008), the pop-in pop-out technique (Tanaka et al., 2013) and the CRISPRi technology (Wang et al., 2019).



Fatty Acid Precursors

As mentioned, fatty acids are one of the crucial components of surfactin, and modifications of this part of the molecule, such as length and isomerism, demonstrated to impact on the physicochemical properties and on the biological activity of lipopeptides (Dufour et al., 2005; De Faria et al., 2011; Henry et al., 2011; Liu et al., 2015; Dhali et al., 2017). Different metabolic engineering strategies were applied to improve surfactin production, in terms of the branched-chain fatty acid supply included: (i) enhancing the branched-chain α-ketoacyl-CoA supply (Dhali et al., 2017; Wang et al., 2019; Wu et al., 2019); (ii) enhancing malonyl-ACP synthesis (Wu et al., 2019); (iii) overexpressing the whole fatty acid synthase complex (Wu et al., 2019); and (iv) pulling substrates flux toward surfactin biosynthesis by enhancing srfA transcription (Jiao et al., 2017; Wu et al., 2019).

Another study showed that the overexpression of the bkd operon produces less surfactin, besides being detrimental for cell growth (Wu et al., 2019). As the BKD complex requires lipoylation for its dehydrogenase activity, this enzyme competes with other lipoic acid dependent complexes (pyruvate dehydrogenase complex (PDH), 2-oxoacid dehydrogenase, acetoin dehydrogenase and the glycine cleavage system), generating a suppression of cell growth and, eventually, of surfactin production. By overexpressing the enzymes responsible for lipoic acid synthesis (lipA, lipL, and lipM) (Christensen et al., 2011; Martin et al., 2011), this suppressive effect is reversed. The competitive lipoylation process between BKD and other lipoic acid dependent complexes is eliminated (Wu et al., 2019) and thus generates a higher production of surfactin with respect to the parental strain.

A further pathway, targeted to modification, represents the malonyl-ACP synthesis. Acetyl-CoA is converted into malonyl-CoA through the activity of ACC (accDABC). Thus, overexpression of these genes in combination with that of fabD, the malonyl-CoA:ACP transacylase, has been reported to increase the levels of surfactin production (Wu et al., 2019). Furthermore, these authors applied systematic metabolic engineering in B. subtilis 168 to construct surfactin hyperproducer strains. Other successful interventions related to FA biosynthesis have also been described. The simultaneous overexpression of most FAS II coding genes; fabH and fabGZIF (Runguphan and Keasling, 2014) and expression of the E. coli tesA thioesterase (Steen et al., 2010), to “pull” through the pathway. The combination of the mentioned interventions, in an already modified B. subtilis 168 chassis, further improved surfactin production by 220% (Wu et al., 2019).

Acetyl-CoA, is a key intermediate metabolite, which is not only used for surfactin biosynthesis, but fundamentally for cell growth and proliferation. Acetyl-CoA is generated from pyruvate by PDH; overexpression of enzymes of the glycolytic pathway and the KO of genes coding for enzymes associated with the acetyl-CoA consumption are common strategies to increase the supply of this key intermediate. Wu et al. (2019) showed that the simultaneous overexpression of the PDH genes and that of the glycolysis enzymes produce an increase in biomass but not a significant increase in the levels of surfactin. However, if these interventions were combined with the overexpression/deregulation of the srf gene cluster, the surfactin production could be further improved to 12.8 g/l, achieving a 42% (mmol surfactin/mol sucrose) of the theoretical yield.



Directed Biosynthesis of Surfactin

D Due to the non-specificity of some adenylation domains, the proportion of natural variants of surfactin can be modified through the feeding of certain amino acids as the nitrogen source in the culture medium. In the peptide moiety, this only affects L amino acid residues located in position 2, 4, and 7, and with a greater variation in position 4. Indeed, the feeding of valine leads to an increase of valine in position 7 (Menkhaus et al., 1993), the feeding of isoleucine (Ile) leads to the apparition of isoleucine in position 2 and/or 4 (Grangemard et al., 1997) and the feeding of alanine (Ala) lead to a surfactin with alanine in position 4 (Peypoux et al., 1994). Also, the culture medium can also influence the proportion of surfactin variants with different acyl moieties. For example, Liu et al. (Liu et al., 2015) found that the strain B. subtilis BS-37 has lower surfactin titers with higher proportions of C15-surfactin when grown in LB compared with glucose medium. Another team analyzed the influence of amino acid residues on the pattern of surfactin variants produced by B. subtilis TD7 (Liu et al., 2012). The β-hydroxy fatty acid in surfactin variants was C15>C14>C13>C16, when no amino acid was added in the culture medium. On the other hand, when Arg, Gln, or Val was added to the culture medium, the proportion of surfactins with even β-hydroxy fatty acid chain significantly increased; whereas the addition of Cys, His, Ile, Leu, Met, Ser, or Thr significantly enhanced the proportion of surfactins with odd β-hydroxy fatty acid. Some of these results can be explained by the mode of biosynthesis of branched fatty acids, the precursors of which are branched chain amino acids (Kaneda, 1991). Thus, valine feeding enhances the proportion of iso variants with even fatty acid chains, while leucine and isoleucine feeding enhances the proportion of uneven iso or anteiso fatty acids chains respectively (Liu et al., 2012).

Modification of the variant pattern can also be obtained by genetic engineering of precursor pathways. As previously mentioned, increasing the branched chain 2-ketoacyl-CoAs intermediates is one of the strategies used for enhancing the synthesis of surfactin. The deletion of gene codY, which encodes a global transcriptional regulator and negatively regulates the bkd operon lead to a 5.8-fold increase in surfactin production in B. subtilis BBG258 with an increase by a factor 1.4 of the amino acid valine in position 7 instead of leucine (Dhali et al., 2017). On the other hand, Wang et al. (2019), using CRISPR interference (CRISPRi) technology, were able to repress the bkdAA and bkdAB genes of the bkd operon; provoking a modest improvement in surfactin concentration, but a significant change in the proportion of the nC14 component. Similar results were observed in B. subtilis BBG261, a derivative lpdV mutant strain, where the interruption of this 2-oxoisovalerate dehydrogenase of the BKD complex led to higher percentage of the nC14 isoform (52,7% in the lpdV mutant in comparison with the 21,2% of the control strain) (Dhali et al., 2017).




Excretion

The excretion of surfactin is another important step for its overproduction. Even if, as mentioned before, surfactin can insert itself in the membrane of the cell, the transmembrane efflux is mediated by protein transporters.

As mentioned before, thanks to its amphiphilic structure, surfactin can interact with the membrane of the cell. Under or at the CMC, the surfactin can insert itself in the membrane, and above the CMC it can even solubilize it (Deleu et al., 2003, 2013). However, it was hypothesized by Tsuge et al. that the gene yerP, homolog to the RND family efflux pumps, is involved in the surfactin efflux (Tsuge et al., 2001). Later, Li et al. (2015) showed that the overexpression of three lipopeptide transporters, dependent on proton motive force, YcxA, KrsE and YerP lead to an increase in surfactin export of 89, 52, and 145% respectively.

Those studies are promising and the efflux proteins need to be further investigated to fully understand the excretion of surfactin.



Degradation

Lastly, the importance of surfactin degradation should not be underestimated. Indeed, a decrease in surfactin concentration of 59 and 73% has been observed during the fermentation process (Nitschke and Pastore, 2004; Maass et al., 2016), leading to the presence of degradation mechanisms by the cell themselves.

Three hypotheses are considered by the different teams observing this phenomenon. Since that, for different mediums with the same carbon content, the surfactin decrease happened at the same time, it could be that surfactin is used as a carbon source after glucose depletion. Or, since the decrease happened at the same surfactin concentration, that it is degraded because of its possible inhibitory effect at higher concentration (Maass et al., 2016). It was also shown that the surfactin decrease is linked to the increase in protease activity in the culture medium and thus the produced enzymes could be involved in this degradation (Nitschke and Pastore, 2004).

As for the excretion, this degradation process was seldomly researched but could greatly influence the surfactin production.




Culture Medium and Conditions

Landy culture medium, based on glucose and glutamic acid, is one the main culture medium usually used for surfactin production. Furthermore, some studies have been performed to ameliorate it (Jacques et al., 1999; Akpa et al., 2001; Wei et al., 2007; Ghribi and Ellouze-Chaabouni, 2011; Huang et al., 2015; Willenbacher et al., 2015).

However, another type of approach for the culture medium is rising. Indeed, the use of cheap substrate such as waste or by-products from the agro-industrial field is more and more researched (De Faria et al., 2011; Gudiña et al., 2015; Moya Ramírez et al., 2015; Paraszkiewicz et al., 2018), since this approach enables a sustainable production of surfactins. The recent review of Zanotto et al. develops specifically this approach (Zanotto et al., 2019).

Concerning the fundamental parameters of culture condition, a pH of 7 and a temperature of 37°C leads to a higher production rate (Ohno et al., 1995a). However, when up-scaling from a flask culture to a larger scale, the main challenge in surfactin production appears. Indeed, the agitation rate and oxygenation of the culture medium play an important role in the production (Hbid et al., 1996; Guez et al., 2008; Ghribi and Ellouze-Chaabouni, 2011). As surfactin is a surfactant and thus increases the stability of a gas-liquid dispersion, this agitation leads to the abundant production of foam. Nonetheless, even if this foam production is often considered as a drawback, it can be used with the appropriate reactors as an advantage to easily recover surfactin.



Production Processes

For an overproduction of surfactin, the addition of a solid carrier to an agitated liquid culture can enhance surfactin production by stimulating cell growth and by promoting a biofilm formation. Yeh et al. (2005) added activated carbon, agar and expanded clay, observing a 36 times increase with activated carbon.

Nonetheless, as mentioned before, due to the high foam generation in surfactin production, classical stirred reactors are not optimal for this bioprocess. Indeed, adding antifoam to the culture medium has many drawbacks. Antifoams may have a negative effect on cell growth and are costly, but even more, they have to be eliminated during purification. Thus, multiple strategies can be applied: (i) to use this foam production to its advantage or (ii) to reduce or avoid foam production.

For the first strategy, the foam fractionation method consists in a continuous removal of the foam from a liquid agitated culture to a sterile vessel. So, this removal is a first purification step and by the continuous extraction avoids any possible feedback inhibition from the products (Cooper et al., 1981; Davis et al., 2001). However, the foam can carry a part of the culture medium and cells out and thus decrease the production. For the second strategy, a rotating disk bioreactor was used by Chtioui et al. (2012) where a biofilm formation occurs on a rotating disk in a liquid medium. The process is simple and can easily be upscaled, but the oxygen transfer is quite low and thus not optimal for surfactin production.

Bacillus biofilm formation capacity can also be used in other type of biofilm reactors such as packed bed reactors, where the liquid medium recirculates on a packing in the reactor (Zune et al., 2016). The purification is easily performed, but the biofilm growth is difficult to control because it depends on the liquid distribution in the packing. Recent studies have considered the genetic engineering of the bacterial cells to modify their biofilm formation ability or their filamentous growth in order to enhance their adhesion on the packing (Brück et al., 2019, 2020).

A membrane reactor allows for a bubbleless oxygen transfer through a membrane between the air and the culture medium. Furthermore, a first surfactin purification can be made through ultrafiltration coupled to the fermentation (Coutte et al., 2010b). However, there is a surfactin adsorption on the membrane and they can be costly when upscaled.

Lastly, a solid medium can be used with solid state fermentation that avoids the mechanical stirring of liquid cultures and thus the foam production. It represents a simple process but with parameters more difficult to control than in a liquid culture. However, many waste and by-products used as novel substrate are in a solid state and could thus be used without pretreatment (Ohno et al., 1995b).

Most studies are performed on the enhancement of one of the steps of the production process, but some studies are performed to decrease the costs in a large scale production (Czinkóczky and Németh, 2020).



Purification

The purification process is a major step in the surfactin production and depends on the fermentation process used. Linked to the techniques mentioned before, foam can be recovered during the fermentation and lead to 70% of recovery (Davis et al., 2001; Willenbacher et al., 2014). For a fermentation process with the surfactin in the liquid medium, acid precipitation, linked to the negative charge of surfactin, is the oldest and more common used technique. It can lead to a high recovery rate, but has a low purity (55%) and is the only technique that cannot be continuously coupled to the production. Solvent extraction can also be used alone but it is mostly coupled with acid precipitation to enhance the purity (Kim et al., 1997; Geissler et al., 2017). One of the most common type of purification, membrane filtration, can especially be used for surfactin through its micelle forming ability above its critical micelle concentration. The aggregated molecule is larger an thus can be retained by membranes with a MWCO of 10–100 kDa (Jauregi et al., 2013) with recovery rates and a purity above 90% depending on the applied membrane. Furthermore, hybrid methods have been successfully employed, i.e., precipitation before filtration (Chen et al., 2007), which facilitated the process or increased the final purity.

The techniques mentioned above are mostly used for the extraction of surfactin from the culture medium. Some uses of surfactin require a higher purity that can be obtained with the following methods. The physico-chemical properties of surfactin can be used through its adsorption on resin or active charcoal (Liu et al., 2007), leading to variable recovery rates and purity. Chromatographic derived methods can also be used to get a better purity and to separate individual variants or isoforms of the lipopeptide (Smyth et al., 2010). Reverse phase chromatography, based on hydrophobic interactions, is the most common technique employed.




CONCLUSIONS

With the improved genetic toolbox which is now available, a larger and more diverse chemical space of the surfactin scaffold can be generated and explored. This endeavor will create novel surfactin derivatives with improved, specialized, or expanded biological activities. And even if this molecule's potential applications range is already broad and reaches different industrials sectors, it may be enhanced with those novel compounds. However, despite the advancements in surfactin production, its production cost is still withholding it for a widespread commercial use in low added-value applications.
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Selection of the most appropriate remediation technology must coincide with the environmental characteristics of the site. The risk to human health and the environment at the site must be reduced, and not be transferred to another site. Biosurfactants have the potential as remediation agents due to their biodegradability, low toxicity, and effectiveness. Selection of biosurfactants should be based on pollutant characteristics and properties, treatment capacity, costs, regulatory requirements, and time constraints. Moreover, understanding of the mechanisms of interaction between biosurfactants and contaminants can assist in selection of the appropriate biosurfactants for sustainable remediation. Enhanced sustainability of the remediation process by biosurfactants can be achieved through the use of renewable or waste substrates, in situ production of biosurfactants, and greener production and recovery processes for biosurfactants. Future research needs are identified.
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INTRODUCTION

Cost-effective solutions that require less resource are significant factors in determining the treatment of contaminated sites. Both in situ and ex situ treatment approaches are available, but the most appropriate selection must be sustainable and based on the site characteristics (Mulligan, 2019). The risk to human health and the environment must be reduced in all management steps. For example, for contaminated sediments, the risks of dredging, disposal, and/or potential beneficial reuse of the sediments must be determined. To work toward sustainability, indicators must be identified and quantified. During remediation, waste generation and landfill deposition must be minimized, natural resources conserved, and benthic habitats and wetlands protected (Yong et al., 2014). Landfills will continue to be filled with contaminated sediments and soil, and biodiversity in the environment will be reduced unless changes are made. Integrated innovative management practices need to be developed to ensure that the remediation practices are performed sustainably.

A potential solution for the pump and treatment method could involve the use of bio-based products such as biological surfactants instead of petroleum-based ones. Mulligan (2014b) has shown that biodegradable, non-toxic products called biosurfactants (e.g., rhamnolipids and sophorolipids) can be produced from waste materials and can be employed for soil flushing or washing for metal and organic contaminants or for enhanced biodegradation of organic pollutants. Biosurfactant applications for remediation of contaminated soil and water have potential based on low toxicity, high biodegradability, unlimited applicability, and relatively low production cost for sustainable remediation and critical micelle concentration (CMC) and high effectiveness in enhancing biodegradation and affinity for metals. Studies showed that for effective application of biosurfactants, they should be selected based on pollutant characteristics and properties, treatment capacity, costs, regulatory requirements, and time constraints. Moreover, understanding of the mechanisms of interaction between biosurfactants and contaminants can assist in selection of the appropriate biosurfactants for sustainable remediation. Enhanced sustainability of the remediation process by biosurfactants can be achieved through the use of renewable or waste substrates, in situ production of biosurfactants, and greener production processes of biosurfactants. Most research has involved rhamnolipids. Other biosurfactants and process scale-up need further investigation. Therefore, in this paper, the application of biosurfactants for remediation as a potentially more sustainable option and future research needs are discussed.



ENVIRONMENTAL APPLICATIONS OF BIOSURFACTANTS


Rhamnolipids

Rhamnolipids are anionic due to their carboxylic moiety (Tan et al., 1994; Herman et al., 1995; Ochoa-Loza, 1998). Therefore, metals with positive charge can be removed by rhamnolipids added to soil and sediment as reviewed by Mulligan (2014b). Juwarkar et al. (2007) showed the rhamnolipid decreased toxicity and enhanced microbial activity (Azotobacter and Rhizobium) which showed improved soil quality, but cost effectiveness was not evaluated.

Rhamnolipid was evaluated for its ability to reduce soil ecotoxicology of an aged, contaminated soil (Slizovsky et al., 2011). By removing 39, 56, 68, and 43% of Zn, Cu, Pb, and Cd, the toxicity reduction of the treated soil was demonstrated by the increase in biomass levels and survival of two species of worms (Eisenia fetida and Lumbricus terrestris).

Although most studies have focused on cation removal, it has also been found that anions (chromium and arsenic) can also be removed. Massara et al. (2007) demonstrated the removal of Cr(III) by rhamnolipids from kaolinite and the reduction of Cr(VI) to Cr(III) within 24 days. Further research indicated hexavalent chromium extraction and reduction by rhamnolipids from contaminated water and soil (Ara and Mulligan, 2015). Mining residues were also studied for removal of the As(V) form, at high pH by rhamnolipids (Wang and Mulligan, 2009b). Cu, Zn, and Pb removal is also positively correlated with that of arsenic.

Another way to add a surfactant to contaminated soil is in the form of a foam. It could be potentially more efficient than a biosurfactant solution. A 0.5% rhamnolipid foam solution was evaluated for cadmium and nickel removal from a contaminated sandy soil (Mulligan and Wang, 2004) and for the treatment of fresh water sediments co-contaminated with polycyclic aromatic hydrocarbons (PAHs), Pb, Zn, and Ni (Alavi and Mulligan, 2011).

Congiu and Ortega-Calvo (2014) studied the influence of the rhamnolipid biosurfactant on PAH biodegradation. Two mechanisms for the biosurfactant use were identified: (a) micellar solubilization, which improved the PAH availability to microbial cells for biodegradation and (b) rhamnolipid partitioning into soil organic matter that increased the PAH desorption rate from the soil.

Mulligan and Roshtkhari (2016) showed that rhamnolipid and microbial cultures isolated from weathered oil could enhance flocculation of the oil sands tailings by a factor of 2.70. The mechanism of flocculation appeared to involve a hydrophobicity increase of the particles, followed by adsorption of the biosurfactants and other organic compounds to bridge between particles. The sedimentation of the tailings will allow reduction in the volume of the ponds.

A rhamnolipid-producing strain of Lysinibacillus sphaericus strain was studied by Gaur et al. (2019). The solubilities of various pesticides were enhanced including β endo-sulfan and ϒ hexachlorocyclohexane. The biosurfactant also had antimicrobial activities against six strains of pathogenic bacteria (Aeromonas hydrophilia MTCC 1143, Bacillus subtilis MTCC 441, Escherichia coli MTCC 723, Klebsiella pneumonia MTCC 109, Pseudomonas aeruginosa MTCC 424, and Vibrio cholera MTCC 3904).



Surfactin

Surfactin is a lipopeptide produced by B. subtilis consisting of seven amino acids in a 14-carbon compound (Kakinuma et al., 1969). Surface tensions decreased to 27 mN/m with low surfactin concentrations (0.005%). Production costs are high due to low yields and expensive substrates. Various food by-products and wastes have been used as substrates including whey, sugar cane molasses, maize water, cashew apple juice, olive oil, and potato processing effluents (Mulligan, 2014a).

The two negative charges on the glutamate and the aspartate portions of surfactin enable the binding of various metals (Thimon et al., 1992). Subsequently, heavy metals desorption by surfactin from contaminated soil and sediments was demonstrated by batch washing experiments (Mulligan et al., 1999a). The mechanism of surfactin enhanced metal extraction was attachment to the soil interface and metal complexation by the biosurfactant, and subsequent detachment of the metal/micelle complex.

Other studies by Singh and Cameotra (2013) indicated that surfactin and a fungicide were produced by the strain B. subtilis A21. The lipopeptide was effective for the removal of both petroleum hydrocarbons (65%) and metals such as Cd, Co, Zn, Pb, Ni, and Cu (26–44%) under various conditions. Sorption on the soil of the biosurfactant decreased the efficiency by about 50%. Mustard seed germination after the soil washing process, was improved, indicating the environmentally friendly nature of the biosurfactant.

A study with two biosurfactants, surfactin and saponin, was performed to compare foam fractionation and soil washing for the removal of potential toxic metals (Cu, Zn, and Pb) from an industrial contaminated soil (Maity et al., 2013). Saponin and foam fractionation were more effective than surfactin and soil flushing. Pb was extracted more than Cu and Zn.

Das and Kumar (2018) studied an indigenous biosurfactant-producing Bacillus licheniformis strain for remediation of petroleum-contaminated soil. The biosurfactant was identified as a lipopeptide. Potato peel powder (an agroindustrial waste), in addition to the petroleum, was used to produce the biosurfactant. Experiments were carried out as a bioslurry. The toxicity reduction of the contaminated soil was determined through the earthworm toxicity test and the seed germination inhibition assay. The bioslurry treatment (500 g per 1 L water) with the microbial strain with and without potato peel powder successfully reduced the toxicity of the soil.

Isolation of a lipopeptide-producing strain of B. subtilis from a creosote-contaminated soil (Bezza and Chirwa, 2015) showed that the lipopeptide could recover 85% of the motor oil from sand. In biodegradation experiments, the lipopeptide enhanced the degradation of the oil by twofold. The lipopeptide was stable from pH 5 to 12, 25 to 125oC, and salinity of 5 to 20%. It also showed emulsification properties against of hexane and cyclohexane. Therefore, the lipopeptide has potential for enhanced oil recovery and petroleum-contaminated soil remediation.

Ashish (2018) studied the use of Candida tropicalis MTCC230 for its ability to enhance microbial enhanced oil recovery (MEOR) by a lipopeptide biosurfactant. The surface tension of water could be reduced to 32 mN/m. The CMC was 32.5 mg/L. The lipopeptide was stable under wide pH (2–12), temperature (30–90°C), and salinity (2–10%) ranges. Soil washing tests showed the ability to remove hydrocarbon contaminants from both water and soil. The suitability for MEOR was also indicated.

Felix et al. (2019) studied the use of cashew apple juice as a substrate for biosurfactant production for remediation of oil-contaminated soil. The biosurfactant lipopeptide reduced the surface tension of water and the interfacial tension with oil to 31.8 and 27.2 mN/m, respectively, with a CMC of 12.5 mg/L. The toxicity against lettuce and a microcrustacean was very low with a LC50 of 612 μg/mL. It was stable against pH, salinity, and temperature changes and was effective for remediation of oil-contaminated soil.



Sophorolipids

The yeast Candida bombicola (formerly known as Torulopsis bombicola) produces a sophorolipid biosurfactant (Cooper and Paddock, 1984). The sophorolipid is produced in high yields which make it a potentially economic biosurfactant. Crude sophorolipids could potentially enhance metal removal from soils and sediments (Mulligan et al., 1999b, 2001).

Arab and Mulligan (2018, 2020) evaluated the use of sophorolipids for washing mining tailings. Increasing the temperature from 15 to 23°C increased removal of arsenic, copper, and iron, indicating its potential for remediation of mine tailings. In another study, Da Rocha et al. (2019) determined that the biosurfactant of C. tropicalis was much more effective for Zn and Cu removal than Pb. An economic analysis suggested the potential for industrial remediation by the biosurfactant. Ashish (2018) examined the application of a C. tropicalis biosurfactant-producing strain for remediation of motor oil contaminated sand.

Dispersion of biodiesel, diesel, and light crude-oil by sophorolipids was studied (Saborimanesh and Mulligan, 2018). Decreasing the surface and interfacial tension and micelle encapsulation of oil was determined as the main mechanism for the enhanced dispersion by the biosurfactant. Further study examined the biodegradability of these petroleum products by indigenous oil degrading bacteria with and without biodispersant addition (Saborimanesh and Mulligan, 2015). Characterization by 16S rRNA pyrosequencing indicated that Firmicute was the dominant phylum in the biodegradation of the biodiesel and diesel, whereas Actinobacteria in the diesel and Proteobacteria and Actinobacteria in the light crude oil. Addition of the sophorolipid enhanced the dispersion of the biodegradation of the hydrocarbons.



Saponin and Other Biosurfactants

Plant-based non-ionic saponin is another biosurfactant that has been studied for removal of heavy metals from various soil types (Hong et al., 2002). Maximal cadmium and zinc removal from regesol was 90–100%, respectively. Unlike the previously discussed biosurfactants, saponins can be extracted from various plant parts such as the seeds, fruits, roots, and stems and are often classified as triterpenoids and steroid saponins. This wide distribution could make mass production easier and less costly (Kobayashi et al., 2012). For zinc, Mulligan et al. (2001) also found that saponin behaved in a similar manner to surfactin and rhamnolipid tests. Zeng et al. (2005) indicated that saponins can assist microorganisms for remediation by enhancing mass transfer and modifying cell hydrophobicity to enhance biodegradation. The surface tension of compounds like PAHs could be reduced.

Song et al. (2008) found that saponin was effective for removing phenanthrene and cadmium, from soil (87.7 and 76.2%, respectively). The mechanism for remediation of the organic contaminant, phenanthrene, was by solubilization and for cadmium, it was complexation with the carboxylic groups of saponin. At pH 6.5, saponin (2000 mg/L) was able to desorb 83% of the copper and 85% of the nickel from kaolin (Chen et al., 2008). Comparison to other agents showed the following: ethylenediaminetetraacetic acid (EDTA) > saponin > sodium dodecyl sulfate (SDS). The mechanism was adsorption of the surfactant, formation of metal ion pairs, and then desorption of the metal. More recently, Kobayashi et al. (2012) and Zhou et al. (2013) have shown that PAHs of three to five rings could be solubilized by saponin, and Cao et al. (2013) showed the desorption of PCB with Cu and Pb by saponin with ethylenediamine-N,N’-disuccinic acid (EDDS), while Ye et al. (2015) performed washing tests with a peanut oil-water solvent system with saponin for removal of polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), and PAHs and heavy metals from soil in conjunction with phytoremediation.

Liu et al. (2017) summarized the requirements for sustainable remediation with saponins. These included:


1.Model development for prediction of the ability of saponins to remove contaminants by biodegradation, flushing, or washing under a variety of conditions.

2.Improvement of purification and screening techniques for saponins.

3.Development of new applications regarding stabilization of nanoparticles for remediation.



A study by Rufino et al. (2013) showed that a yeast synthesized Rufisan biosurfactant which decreased the surface tension to 25.3 mN/m. Between 30 and 98% of the motor oil was removed from soil, respectively, by both the crude Rufisan biosurfactant and the purified biosurfactant at its CMC. The soil type and biosurfactant concentration did not affect the oil removal rate. Thus, the main mechanism of oil removal was likely oil displacement.

Resende et al. (2017) isolated a bacterial strain from seawater. The surface tension was reduced to 29 mN/m, and a maximum concentration of 3.6 g/L was produced. The strain was also very stable. A frying oil showed the best results for biosurfactant production. Motor oil could be removed by up to 90% from soil. Therefore, it has potential for future remediation.

Suryanti et al. (2016) examined the production of a glycolipid biosurfactant by Rhodococcus rhodochrous for remediation of cadmium. The biosurfactant had a CMC of 896 mg/L and could stabilize an emulsion up to 12 days. Both partially purified and crude biosurfactants were evaluated. The crude form could adsorb Cd slightly better than the purified form; thus, this form would be more economic.



DISCUSSION AND FUTURE RESEARCH DIRECTIONS

The concept of industrial ecology is to protect the environment and conserve resources (Mulligan, 2019). Principles include use of renewable resources and conservation of materials for industrial activities, efficient industrial production processes including reduction, recovery, recycling, and reuse of waste, and effective management of wastes and emissions. Biosurfactant production and their application for soil remediation should be viewed in this light.

Various applications of biosurfactants for treatment of contaminated soils, sediment, and waste (e.g., tannery sludge and mining wastes) have been discussed. Some of the applications of biosurfactants for biodegradation for mixed contaminants are shown in Table 1A and for washing or flushing in Table 1B. By solubilization and emulsification of the contaminants, biosurfactants can enhance biodegradation of contaminants. Since the biosurfactants are biodegradable, biosurfactants remaining after treatment will not contribute toxicity to the treated soil. More research of more complex situations is needed, particularly regarding mixed organic and inorganic contamination. The mechanism of removal by the biosurfactants of oil and metal contamination is shown in Figure 1.


TABLE 1. Selected biodegradation studies and soil washing/flushing studies involving biosurfactants.

[image: Table 1]
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FIGURE 1. Interactions of biosurfactants with oil and metal contaminants on soil.


The high cost of producing the biosurfactants has limited full scale applications. This is due to low yields, rates of production, and recoveries (Descaro et al., 2017). The chemical properties of different congeners are also difficult to control. Genetic manipulation is underway to produce congeners appropriate for specific applications. Crude preparations and inexpensive or waste substrates can be employed (Mulligan and Gibbs, 1993). Waste materials as substrates will also improve the sustainability of the production process through cost reduction and waste reduction. As indicated by Marchant (2019), a full life cycle analysis (LCA) is necessary to identify where costs such as energy requirements during the fermentation process can be reduced. For example, Mulligan and Gibbs (1993) indicated that low-cost raw materials, increasing yield and production rates, optimization of the fermentor operation, reduction of product recovery costs, and matching the appropriate biosurfactant grade with the application will optimize the process costs such as employing crude instead of purified biosurfactants for environmental applications.

Biosurfactants thus can be produced externally and added to soil in situ or through soil washing. Subsequent recovery of the biosurfactants for reuse can enhance process sustainability. Liu et al. (2018) reviewed the substrates used by rhamnolipid producers. These include a variety of soluble sugars (glucose and glycerol), hydrocarbons (crude oil and diesel), and vegetable oils (e.g., coconut, palm, olive, etc.). For more sustainable production, waste substrates have been studied to reduce disposal issues and costs but can be inconsistent in quality. Some of these include water-mixable waste, molasses, whey milk or distillery waste peels of various fruits and vegetables, wastes from coffee and tea, whey, and waste cooking oils (Mulligan, 2014b).

Another approach is to biostimulate the microorganisms to produce the biosurfactants in situ. This reduces soil transportation costs and reduces risk of contaminant exposure and degrades the organic contaminants. Enhanced sustainability of the remediation process by biosurfactants can be achieved through the use of renewable or waste substrates, in situ production of biosurfactants, and greener production processes of biosurfactants. In situ biosurfactant production could be sustainable and cost effective due to the lower labor, material, energy, and transport requirements. Various biosurfactant-producing strains of Bacillus and Pseudomonas have been determined at hydrocarbon-contaminated sites (Jennings and Tanner, 2000) and thus stimulating in situ production could be strategic (Jalali and Mulligan, 2008). The role of in situ biosurfactant production could also enhance natural attenuation processes in the soil and groundwater (Yong and Mulligan, 2019). However, the understanding of the fate and transport of the contaminants with the biosurfactants in the subsurface studies needs to be improved. Injection of genetically modified organisms in an in situ application will likely not be acceptable both to regulatory authorities and to the public.



CONCLUSION

In summary, biosurfactants have the potential for sustainable remediation of contaminated soils, sediments, and wastes (e.g., tannery and mining) due to their low toxicity, biodegradability, and effectiveness. However, the entire life cycle of the biosurfactant needs to be evaluated in order to optimize material, energy, and cost requirements. In situ production of the biosurfactants is potentially the most sustainable approach. Scale-up studies of the remediation process through partnership research and development are highly desirable.
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Parameter

Head group

Classffication

Concentration

CMC at 25°C

Surface tension at CMC (mN/m)
CMD at 25°C (dilution times)
Surface tension at CMD (mN/m)

Foamate (pH 7)

10991
03g1L®
284>
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26.1°

Biosurfactant

Cell-free broth (pH 7)

Anionic
Lipopeptides
6491
14910
28.9°
227
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Dehydol LSTTH

Cell-free broth (pH 10)

Non-ionic:
Fatty alcohol C12- 14 with 7 moles ethoxylate
649l 7%
1290 00291
285 208
218 ND
276 ND

%Data was provided from manufacturer. ®Data was obtained from Rongsayamanont et al. (2017). “Data was obtained from Khondee et al. (2015). ND = no data,
CMC = Critical micelle concentration; CMD = Critical micelle dilution.
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Formulation® Composition

- Deionized water (DI)
= Foamate (20% v/v)
- Dehydol LS7TH (2% VA)

F1 20% Foamate + 2% Dehydol LS7TH + 78% DI

F2 20% Foamate + 2% Dehydol LS7TH + 4% Butanol -+ 74% saline water
F3 20% Foamate + 2% Dehydol LS7TH -+ 789% saline water

F4 20% Foamate + 2% Dehydol LS7TH + 4% Butanol + 74% DI

F5 20% Foamate + 2% Dehydol LS7TH + 8% Butanol -+ 70% saline water

Microemulsion type®

Not occur
Typell
Type |
Type |
Type ll
Type |
Typel
Type il

TPH Removal efficiency® (%)

299406
50310
619413
992402
92910
748422
81.2+60
786407

aCompositions of each formulation were reported as volume of each component. The saline water contains 4% (w/v) NaCl. Microemuision type was tested with polyolefin.

CRatio of cutting (g) to washing agent (mL) was 1:2 and washing time was 30 min.
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Mixtures Independent variables (%) Dependent

variables
Cell-free- Dehydol  Water (100%) (TPH removal
broth,pH10  LS7TH (5%) efficiency, %)
(100%)

1 100.0 0.0 00 442
2 00 100.0 00 21.0
3 00 00 100.0 30.2
4 33.3 66.7 00 784
5 33.3 00 66.7 444
6 00 33.3 66.7 468
7 66.7 333 00 53.8
8 66.7 00 33.3 79.9
9 00 66.7 33.3 54.1
10 33.3 333 333 81.0
11 66.7 16.7 16.7 742
12 16.7 66.7 16.7 55.6
13 16.7 167 66.7 53.1

14 33.3 33.3 233 75.8
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Water washing

PFs (mg/L) 513447
PFs (mg) 26402
PFs recovery (%) 1.56+0.1

PFs purity (%)

Results are shown as a relative amounts of recovered PFs in comparison to PFs present in CELL (100%, 170.6 £+ 1.3 mg).

1st Extraction 2nd Extraction 3rd Extraction

3020.3 + 80.6 316.6 + 20.0 24.8 + 4.8

1561.0 £ 4.0 168+ 1.0 1.2+£0:2

89.8+ 24 9.4+ 0.6 0.7 £0.1
146+13

Total PFs amount in CELL fraction

168.1 £4.6
100+ 2.7
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PFs recovery (%)

Water
washing

SUP
SUP after boiling

SUP pellet extracts Methanol 3.7+0.8
Ethanol 59+06
Acetonitrile 6.4 +£0.3
Ethyl acetate 6.1 £0.1

1st
Extraction

88.0+ 0.6
76.6 £25
85.6 £4.2
56.2 £ 1.4

2nd
Extraction

2.9 £0:2
86+0.2
2.7+£0.1
219+ 05

3rd
Extraction

00+£00
20402
00+£00
107 =247

Total PFs recovery
(organic fraction)

100.0 £2.6
6.3+4.6
90.9+£0.2
87.2+1.0
88.3+2.0
88.84+ 0.9

PFs
purity (%)

0.7+0.0

63.6 + 1.1
572+26
60.4 + 25
45.0+ 0.6

Results are shown as a relative amounts of recovered PFs in comparison to PFs present in SUP (100%, 408.2 + 10.7 mg/L).
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Characteristics Drill cuttings Drill cuttings after Drill cuttings after
washing in a scale-up.

system
Soil texture: Sily clay Sity clay

2
pH 81 7.0
Conductivity (1S/cm) 4,200 17210 431
Petroleum hydrocarbon (mg/kg) 161,672 44,468 26,359
Total bacteria (log CFU/g soi) ND? 518 514
Olefin degrading bacteria (og CFU/g soi) ND 521 530
Water holding capacity (WHC) (mg/g soi) ND 062 075
Organic matter (%) ND 10.86 1158
Total N (%) ND 008 011
Available K (ppm) ND 155 6,155
Available P (ppm) ND 9% 688

AND = not determined.
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Strains and plasmids

E. coli
PIR2

HB101 pRK2013
DH5¢ pSW-2

PIR2 pEMG-fleQ
DHS5apir pTNST
DH5apir pSKO2

P. putida
KT2440

KT2440 E1
KT2440 E1.1
KT2440 AfleQ
KT2440 SK4
KT2440 E1.1_RL

Characteristics

F~, Alac169, rpoS(Am), robA1, creC510, hsdR514, endA, recA1 uidA(AMIul):pir; host for oriV/ (REK)
vectors

SmP, hsdR-M*, proA2, leuBe, thi-1, recA; harboring plasmid pRK2013

SupE44, AlacU169 (®80lacZ AM15), hsdR17 (r~ mk ), recA1, endA1, thi-1, gyrA96, relAt;
harboring plasmid pSW-2 encoding I-Scel nuclease, tool for genomic deletion

PIR2 harboring plasmid pEMG-fleQ
Mpir lysogen of DH5«; harboring plasmid pTNS1

DH5anpir harboring Tn7 delivery vector pSKO2 for chromosomal integration; containing rhlAB
genes from P, aeruginosa PAO1

wild type

Isolate of P, putida KT2440 after 23rd transfer from laboratory evolution on ethanol
Isolate of P, putida KT2440 after 33rd transfer from laboratory evolution on ethanol
AfleQ

wild type with attTn7:Pgg-rhiAB

KT2440 E1.1 with attTn7:Pgg-rhiAB

References

Thermo Fisher Scientific

Ditta et al., 1980

Martinez-Garcia and de

Lorenzo, 2011
this study

Choi et al., 2005
Bator et al., 2020

Bagdasarian et al., 1981

This study
This study
This study
Tiso et al., 2020
This study
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Organism Substrate CDW (gcpw L™ 1) Maximal titer Product to substrate Product to biomass
(ges L77) yield (Cmolgs Cmols™") yield (98s 9cow ™)

P, putida KT2440 SK4 Ethanol (7.6 g L™") 111 +£0.08 0.64 + 0.03 0.104+0.00 0.59 £0.07

P, putida KT2440 SK4 Glucose (10gL~") 1.94 £0.03 0.71 +0.03 0.11 £ 0.00 0.36 £ 0.01

P, putida KT2440 E1.1_RL Ethanol (7.6 gL~") 1.63 £0.05 0.94 £+ 0.01 0.154+0.00 0.58 £ 0.01

P, putida KT2440 E1.1_RL Glucose (10g L™7) 2.42 +£0.05 1.02 £ 0.01 0.16 4+ 0.00 0.42 +0.01
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Abundance (%)

Production water (Shotgun Production water (16S rDNA
sequencing) sequencing)

Marinobacter 52.74 Halanaerobium 27.85
Halanaerobium 20.83 Marinobacter 11.82
Desulfohalobium 6.34 Alcanivorax 9.38
Desulfovibrio 4.07 Desulfovibrio 3.77
Alcanivorax 2.84 Brevibacillus 0.31
Halothermothrix 1.98 Ochrobactrum 0.30
Halothiobacillus 1.85 Bacillus 0.27
Arsenophonus 1.50 Desulfohalobium 0.21
Streptomyces 1.45 Rhizobium 0.06
unclassified 1.26 Phyllobacterium 0.01
(derived from
Bacteria)

Bartonella 0.08 Paenibacillus 0.01
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Abundance (%)

YPD consortium

Brucella

Bartonella

Bacillus

Ochrobactrum

Phyllobacterium

Rhizobium

Candidatus Liberibacter
Arsenophonus

unclassified (derived from Viruses)
unclassified (derived from Bacteria)

28.11
23.14
19.94
12.34
8.72
3.29
1.21
1.07
1.07
0.79

BH consortium

Brevibacillus
Bacillus
Spiroplasma
Lactobacillus
Anoxybacillus
Arthrobacter
Corynebacterium
Lysinibacillus
Mycoplasma
Tolypocladium

99.73
0.1
0.07
0.02
0.01
0.01
0.01
0.01
0.01
0.01
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Cacetate [9/L]

CDWmax [9/L]
fmax [1/0]

Overall u [1/h]
ACagetate [9/L]
Y acetate/x [9/9]
Yacetate/S [g/ g]

0

0.492 +£0.010
0.123 £ 0.020
0.041 £ 0.000
2.162 £ 0.249
4.386 + 0.557
0.202 +0.020

0.5

0.470 + 0.049
0.095 £ 0.005
0.042 + 0.004
2.689 + 0.222
5.742 + 0.251
0.262 + 0.018

1.5

0.470 £0.033
0.083 £0.013
0.037 £ 0.002
2.850 £0.108
6.084 + 0.234
0.244 + 0.020

25

0.474 £ 0.025
0.072 + 0.009
0.033 £ 0.003
3.014 + 0.226
6.386 + 0.686
0.271 £ 0.014

5

0.632 + 0.011
0.076 £ 0.002
0.039 + 0.001
3.143 £ 0.372
5.906 + 0.621
0.276 + 0.047

10

0.465 + 0.011
0.069 + 0.006
0.029 + 0.001
2.987 +0.438
6.405 +£0.813
0.265 £ 0.037
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This study This study This study Willenbacher Chtioui et al. Coutte et al. Davis et al.
et al. (2015a) (2012) (2010) (1999)
B. subtilis strain JABs24 JABs24 JABs24 DSM 107 ATCC 21332 ATCC 21332 ATCC 21332
Cultivation strategy Batch Fed-batch Serum flask Batch Rotating disk Membrane Batch
bioreactor bioreactor 10 g/L glucose bioreactor bioreactor bioreactor bioreactor
anaerobic anaerobic anaerobic 2.5/10g/L aerobic aerobic Oxygen-
glucose depleted
anaerobic nitrate-limited
Medium 20 kg 20 kg 01L 1.0L 12L 3L 1L
CDWmax [d] 11.81 11.07 X 0.320%/0.586* 3.75 9.3 6.0
CDWmax [9/L] 0.62 0.57 0.492 0.320/0.586 3.125* 3.1* 6.0*
CDWmax [h] 62 63.5 69 48*/140* 72 30* 26*
Surfactin at CDWmax [d] 1.89 1.95 X 0.06*/0.17* 0.254 0.727 0.350*
Surfactin at CDWmax [9/L] 0.100 0.101 0.190 0.06*/0.17* 0.212* 0.242* 0.350*
1 max [1/h] 0.112(15h) 0.093 (22 h) 0.109 (12 h) 0.105/0.074 X X X
Yp/x max [g/q] 0.170 (15 h) 0.261 (12 h) n.d. X X % X
Yx/s max [g/g] 0.164 (37 h) 0.193 (31 h) n.d. X X X X
Yp/s max [g/g] 0.024 (54 h) 0.040 (25 h) n.d. X X X X
Qsurfactin Max [g/(g-h)] 0.057 (15 h) 0.023 (22 h) n.d. X X X b <
overall u [1/h] 0.062 0.056 0.041 0.049%/0.022* 0.064* 0.154* 0.203*
overall Ypx [9/d] 0.140 0.150 0.344 0.278/0.259 0.068 0.078* 0.075
overall Yy;s [9/9] 0.051 0.064 0.044 0.120/0.049 0.189 0.164* 0.316*
overall Yp/s [9/9] 0.007 0.010 0.015 0.033/0.011 0.013 0.013 0.018"
overall gsurtactin [9/(9-h)] 0.004 0.005 0.005 0.005/0.002 0.001* 0.002* 0.003*
Acetate [g/L] at CDWpax 2.46 2.27 217 X X X X
L-Lactate [g/L] at CDWmax 0.16 0.19 0.24 X X X X

*calculated or estimated within this study or previous published works of Willenbacher et al. (2015a) based on the data or figures given in the respective study.
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Strain 7.5 g/L glucose 10 g/L glucose
0.001 mol/L NHs* 0.1 mol/L NHst 0.2 mol/L NHst  0.001 mol/L NHs* 0.1 mol/L NH4* 0.2 mol/L NH4*
COWiae [9/L] MG1 0.299 + 0.033 0.319 £ 0.013 0.485 + 0.033 0.459 + 0.007 0.379 + 0.007 0.498 + 0.033
MG5 0.399 + 0.040 0.392 + 0.007 0.465 + 0.027 0.332 + 0.093 0.405 + 0.020 0.425 + 0.040
Overall u [1/h] MG1 0.050 + 0.004 0.061 £ 0.001 0.076 + 0.004 0.044 + 0.008 0.034 + 0.002 0.042 + 0.002
MG5 0.059 + 0.002 0.067 + 0.002 0.062 + 0.003 0.055 + 0.002 0.045 + 0.001 0.051 + 0.009
Yis [0/dl MGH 0.040 £ 0.001 0.044 + 0.004 0.078 £ 0.012 0.037 + 0.003 0.029 + 0.001 0.040 + 0.003
MG5 0.056 + 0.004 0.081 £ 0.001 0.058 + 0.003 0.048 + 0.004 0.036 + 0.002 0.052 + 0.008
SUHBE /L] MGH 109.97 + 3.23 94.55 £+ 2.00 83.19 £7.37 156.20 + 3.46 136.40 + 4.40 87.35 £ 3.99
MG5 85.53 + 13.41 85.61 £ 3.97 48.49 £ 2.02 74.90 £17.95 66.42 + 15.35 32.63 +£7.82
. MG1 238.37 £ 3.08 156.51 + 8.88 115.90 &+ 2.90 231.70 £9.16 152.07 £+ 25.33 119.45 +£ 8.24
MG5 669.29 + 35.62 692.48 + 44 .51 666.46 + 16.74 779.24 £ 20.70 982.14 £ 196.30 708.56 + 78.74
MG1 176.57 £ 30.27 145.76 + 8.51 7712 +£0.45 127.07 £ 0.95 116.23 £ 1.85 76.21 +£4.02

Miller Units at CDWmax

MG5

606.28 + 13.14

543.52 + 38.63

569.58 + 47.52

740.50 £+ 173.45

746.76 + 136.21

569.63 + 70.19
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Plasmid

pJOE4786.1
pKAMO182
pSHX1
pKAMS312
pKAM452

pSHX2

Properties or insert

Oripycis, bla, ter-'lacl-lacZa-ter

pJOE4786.1 + PCR s1001 — s1002 (Sma I)

pJOE4786.1 + PCR s1011 - s1012 (Sma I)

Oripgr322, rop, ermC, bla, amyE'-[ter-Pyer-lacZ-spcR]-'amyE
pKAMS312 containing promoter

region of narG (pPKAMO182), integrated by Age | and Nde |
pKAMS312 containing promoter

region of nasD (pSHX1), integrated by Age | and Nde |

References

Altenbuchner et al. (1992)

This study

This study

Morabbi Heravi and Altenbuchner (2018)
This study

This study
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Strain

B. subtilis
JABs24
MG1

MG5

E. coli
JM109

Genotype or description

trp* sfot AmanPA
trp™ sfot AmanPA amyE::[Ppac-lacZ, spcR]
trpt sfot AmanPA amyE::[Ppasp-lacZ, spcR]

mcrA recA1 supE44 endA1 hsadR17 (rk~mx ™) gyrA96 relA1 thi A(lac-proAB) F [traD36 proAB™ lacld lacZ AM15]

References

Geissler et al. (2019b)
This study
This study

Yanisch-Perron et al. (1985)
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Strain Medium Condition  Carbon source Nitrogen source ODax References

[o/L] [mmol/L]
B. subtilis JABs24 Defined (modified Cooper’s anaerobic Glucose: 10 NOz™: 100 1.85 (serum flask) This study
(derived from 168) mineral salt medium) NH4*: 1 2.35 (bioreactor)
B. subtilis DSM 10T Defined (modified Cooper’s anaerobic Glucose: 10 NOz=: 117.7 1.76 Willenbacher et al. (2015a)
mineral salt medium) NH,: 100
B. subtilis DSM 107 Defined (modified Cooper’s anaerobic Glucose: 7.5 NOz™: 117.7 2.568 Willenbacher et al. (2015a)
mineral salt medium) NH4*: 100
B. subtilis LCB6 Defined (Spizizen’s aerobic Glycerol: 10 mL/L NO3z~: 24 ~2 Clements et al. (2002a)
(derived from 1168) minimal medium) anaerobic NH4*: 30 ~0.1
B. subtilis LCB6 Defined (Spizizen’s aerobic Glucose: 10 NO3z™: 24 3 Clements et al. (2002b)
(derived from 1168) minimal medium) anaerobic NH4*: 30 0.12
B. subtilis 168 Defined (minimal medium) anaerobic Glucose: 9 NO3z~: 10 1 Cruz Ramos et al. (2000)
Pyruvate: 4.4 NO,~: 10 0.7
X 1
B. subtilis JH642 Complex (LB with anaerobic Glucose: 0.18 NO3z~: 10 1.1 Hoffmann et al. (1998)
supplements) NH;*: 4
NO,~: 10 1
NH4*: 4
X 0.7
B. subtilis JHB42 Defined (minimal medium) aerobic Glucose: 9 X 10 Marino et al. (2001)
anaerobic NO3z™: 10 1.1
NO,~: 10 1.05
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Strain

Features

Strains used for cloning, amplification, and transfer of plasmids

E. coli DH5a

E. coli S17-1
S. cerevisiae VL6-48
E. coli DH5a\pir

E. coli PIR2

E. coli HB101 pRK2013

E. coli DH5a pYTSKO1K_0G7

E. coli DH5a pVLT33-PA_rhIABC

E. coli DH5a pBNT Km

S. cerevisiae VL6-48 pYTSK10K_0G7_rhlAB
E. coli DH5a pYTSK10K_1G7_rhiAB

E. coli DH5a pRhon5Hi-2-eyfp

S. cerevisiae VL6-48 pYTSK40K_1G7_rhIAB
E. coli DH5a pYTSK40K_0G7_rhiAB

E. coli $17-1 pYTSKA0K_1G7_rhIAB

E. coli DH5a\pir pSK02

E. coli DH5a pSW-2

E. coli DH5a)pir pTNS-1
E. coli DH5a\pir pApha
E. coli PIR2 pEMG-flag1

E. coli PIR2 pEMG-flag2
E. coli DH5a\pir pMaW03
P. putida chassis strains
P, putida KT2440

P, putida KT2440 Aflag

P, putida KT2440 AphaG

P, putida KT2440 Apha

P, putida KT2440 AphaG Apha
P, putida KT2440 Aflag Apha

F~ ®80lacZAM15 A(lacZYA-argF) U169 deoR, recA1, endA1, hsdR17 (rK—, mKy) phoA

SUPE44'\max~ thi=1, gyrA96, relAT,

recA, thi, pro, hsdR~M+ [RP4 2-Tc:Mu:KmTn7] Tpf Sm”?
MATa, his3-A200, trp1-A1, ura3-52, lys2, ade2-101, met14
Apir lysogen of DH5a; host for oriV/(R6K) vectors

F~, Alac169, rpoS(Am), robA1, creC510, hsdR514, endA, recA1, uidA(AMiIul):pir; host for

oriV(RBK) vectors

SmP, hsdR-M, proA2, leuB6, thi-1, recA; harboring plasmid pRK2013
DHb5a harboring plasmid pYTSKO1K_0G7

DH5a harboring plasmid pVLT33-PA_rhIABC

DH5a harboring plasmid pBNTmcs(t)Km

VL6-48 harboring plasmid pYTSK10K_0G7_rhIAB

DH5a harboring plasmid pYTSK10K_1G7_rhIAB

DH5a harboring plasmid pRhon5Hi-2-eyfo

VL6-48 harboring plasmid pYTSK40K_1G7_rhIAB

DH5a harboring plasmid pYTSK40K_0G7_rhlAB

S$17-1 harboring plasmid pYTSK40K_1G7_rhlAB

DH5a Apir harboring Tn7 delivery vector pSKO02 for chromosomal integration
DH5a harboring plasmid pSW-2 encoding I-Scel nuclease

DH5a wpir harboring plasmid pTNS-1
DH5a Apir harboring plasmid pApha
PIR2 harboring plasmid pEMG-flag1
PIR2 harboring plasmid pEMG-flag2
DH5a Apir harboring plasmid pMaW03

wild type

APP_4328-PP_4344 and APP_4351-PP_4397

APP_1408

APP_5003-PP_5008

APP_1408 and APP_5003-PP_5008 (phaC1ZC2DFI)
APP_4328-PP_4344, APP_4351-PP_4397 and APP_5003-PP_5008

P, putida strains used for biosurfactant production

P, putida KT2440 pPS05
P, putida KT2440 SK4
P, putida KT2440 ¢;mRLE SK40

P, putida KT2440 Aflag SK4

P, putida KT2440 AphaG SK4

P, putida KT2440 Apha SK4

P, putida KT2440 AphaG Apha SK4
P, putida KT2440 Aflag Apha SK4

KT2440 harboring plasmid pPS05
rhiAB, attTn7 integrated, P1afg
rhiAB, eYFP, attTn7 integrated, Ppagaa/nagR, Gm?, tnsABCD

APP_4328-PP_4344 and APP_4351-PP_4397, rhiAB, attTn7 integrated, P141gy

APP_1408, rhiAB, attTn7 integrated, P14#g
APP_5003-PP_5008, rhiAB, attTn7 integrated, P14y
APP_1408 and APP_5003-PP_5008, rhIAB, attTn7 integrated, P141y

APP_4328-PP_4344 and APP_4351-PP_4397 and APP_5003-PP_5008, rhiAB, attTn7

integrated, P14y
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Biosurfactant Medium
Crude biosurfactant Soil
Rhamnolipid Soil
Rhamnolipid Soil
Rhamnolipid Sand
Rhamnolipid Soil
Rhamnolipid Soil
Rhamnolipid Soil
Rhamnolipid Soil
Rhamnolipid Soil
Rhamnolipid Sediment
Rhamnolipid Soil
Rhamnolipid Soil
Lipopeptide Soil
Saponin Soil
Biosurfactants Soil

(A) Biodegradation studies

Microorganism

Bacillus subtilis ICA 56
Luteibacter sp.

P, chrysosporium
Indigenous microorganisms
P, aeruginosa DSVP20
Indigenous microorganisms
P putida ATCC 17484
Pyrene degrading bacteria
Indigenous microorganisms
Indigenous microorganisms
P, chrysosporium
Pseudomonas aeruginosa A11
Staphylococcus sp.
Burkholderia cepacia RPH1

Enterobacteriae, Pseudomonas, and other isolates

Contaminant

Hydrocarbons and heavy metals
Petroleum and heavy metals
PAHs

PAHSs, n-alkanes

Eicosane, fluoranthene, pristane
Diesel oil

Phenanthrene

Pyrene

Chloropyrifos

Triclosan

Organochlorine pesticides

Hg, Ni

High salinity crude oil
Phenanthrene

PAHs

References

Lima de Franca et al. (2015)
Zhang et al. (2011)

Wang et al. (2014)
Nikolopoulaou et al. (2013)
Sharma et al. (2015)
Whang et al. (2008)
Gottfried et al. (2010)

Jorfi et al. (2014)

Singh et al. (2016)

Qian et al. (2016)

Wang et al. (2014)

Singh and Cameotra (2013)
Hentati et al. (2021)

Choi et al. (2009)

Cazals et al. (2020)

(B) Soil washing/flushing studies

Biosurfactant Medium Contaminant References
Crude glycolipid Soil Cd Suryanti et al. (2016)
Lipopeptide Soil Qil Felix et al. (2019)
Lipopeptide Sand Motor oil Bezza and Chirwa (2015)
Lipopeptide Soil Petroleum Das and Kumar (2018)
Rhamnolipid Sepiolite, feldspar Cd Asci et al. (2008a)
Rhamnolipid Feldspar Zn Asci et al. (2008b)
Rhamnolipid, surfactin Kaolinite Pb Kim and Vipulanandan (2006)
Rhamnolipid, MEL, saponin Soil, sediment Zn, Cu, Pb, Oil Mulligan et al. (2007)
Rhamnolipid Soil, water Cr Ara and Mulligan (2015)
Rhamnolipid Mining residues As Wang and Mulligan (2009a,b)
Rhamnolipid Sediments PAH, Pb, Zn, Ni Alavi and Mulligan (2011)
Rhamnolipid Soil Pesticides Gaur et al. (2019)
Rhamnolipid, viscosin Soil PAHs, metals Amani (2015)
Rhamnolipid Soil and mining residues Cr, Cu, and Ni Barajas-Aceves et al. (2015)

with phytoremediation
Rhamnolipid, citric acid Garden soils Cd, Pb, lindane Wan et al. (2015)
Rhamnolipid Mined soil Fe Akintunde et al. (2015)
Rhamnolipid Sediments Cd, Cr, Cr, Pb Chen et al. (2017)
Rhamnolipid foam Sandy soil Petroleum, diesel oil Da Rosa et al. (2015)
Rhamnolipid Clay loam or sand Qil Hallmann and Medrzycka (2015)
Rhamnolipid+surfactin with Soil Qil Fanaei et al. (2020)

Hp Op assisted biotreatment
Rufisan Soil Motor oil Rufino et al. (2013)
Saponin Soil PCB, Cu, Pb Cao et al. (2013)
Saponin, tannic acid Soil As Gusiatin (2014)
Saponin with phytoremediation Soil PBDEs, PCBs, PAHSs, Ye et al. (2015)

Heavy metals

Surfactin Tannery sludge Cr Kilic et al. (2011)
Sophorolipids Mining residues As Arab and Mulligan (2020)
Surfactin Soil Qil Ashish (2018)
Surfactin, saponin Soil Cu, Zn, Pb Maity et al. (2013)
Surfactin, fengycin Soil Cd, Co, Zn, Pb, Ni, Cu, petroleum hydrocarbon Taira et al. (2015)
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Name

pEMG-flag1
pPEMG-flag2

pMaWo03

pApha

pSK02

pPS05

pRK2013

pSW-2

PTNS-1
pYTSKO1K_0G7
pBNTmcs(HKm
pVLT33-PA_rhiIABC
pRhon5Hi-2-eyfo
PYTSK10K_0G7_rhiAB
PYTSK40K_1G7_rhiAB

Features

PEMG derivative for KO of APP_4328-PP_4344

PEMG derivative for KO of APP_4351-PP_4397

PEMG derivative for KO of APP_1408

pPEMG derivative for KO of APP_5003-PP_5008

pBG derivative, Km?, Gm?, 0ril/(R6K), Tn7-L and Tn7-R, rhiAB, P14xg

pBBR1 derivative, rhiAB, Pgynis

Km?, oriV(RK2/ColE1), mob™ tra™, helper plasmid for conjugation

Gm", 0riV/(RK2), mob™, xyiS, Pm — I-Scel, plasmid for KO

Ap”, oriV(REK), mob™, tns7A-D for specific transposition, helper plasmid for Tn7 integration
YCp50-poly-KmP, Tn7-L, Gm?, tns7A-D, Tn7-R

pBBR1 ori, Km?, Ppagas, nagR

PRSF1010 ori, oriT, Km?, EC_lacl, Piac_PA_rhIABC

pBBR1 ori, oriT, CmP, KmF, pelB, P ns_eYFP

YCp50-poly-Km??, Tn7-L, Ppagaa/nagR + BCD2 + PA-rhiAB, Gm, ins7A-D, Tn7-R
YCpSO—;:)on—KmR , Tn7-L, Ppagaa/nagR + BCD2 + PA-rhiAB, eYFP, GmP, ths7A-D, Tn7-R

References

Blesken et al., 2020

Blesken et al., 2020

This study

Mato Aguirre, 2019

Bator et al., 2020b

Tiso et al., 2016

Figurski and Helinski, 1979
Martinez-Garcia and de Lorenzo, 2011
Choi et al., 2005

GenBank Accession No. MT522186
Verhoef et al., 2010

Wittgens et al., 2017

Troost et al., 2019

This study

This study

KO, knockout.
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Company (website)

AGAE Technologies LLC
(www.agaetech.com)

Jenel Biotech
(wwwjeneilbiotech.com)
Biotensidon
(wwwibiotensidon.corm)
Frauhofer IGB
(www.igb.fraunhofer.de)
Saraya Co. Ltd
(worldwide.saraya.corm)
Ecover

(www.ecover.com)

Groupe Soliance
(www.soliance.com)

MG Intobio Co. Ltd

Evonik (corporate.evonik.com)
Lipotec SAU
(www.iipotec.com)
Biopolymer International

(wwwbiopolymer-international com)

Location

USA

USA

Germany

Germany

Japan

Belgium

France

South Korea
Germany
Spain

Belgium

Adapted from Randhawa and Rahman (2014).

Products
Rhamnolipids
Rhamnolipids.
Rhamnolipids.
Glycolipids, MELs
Sophorolipids
Sophorolipicis
Sophorolipids
Sophorolipids
Sophorolipids
Marine EPS

Xanthan and gellan gums

Industry application

Pharmaceuticals, cosmetics, personal care, bioremediation, EOR

Cleaning products, EOR

Agriculture (plant pest control), cosmetics, cleaning products,EOR

Cleansing products (shower gels, shampoos, washing-up liquids)

Cleaning products, cosmetics, hygiene products

Cleaning products, cosmetics, bioremediation, pest control, pharmaceuticals

Cosmetics

Beauty and personal care
Cleansing products
Cosmetics, personal care

Food, personal care, pharmaceuticals, oil driling, animal feed
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Environment Organism Carbon source ST Els  Chemical composition of References
(mN/m) (%)  surfactant

Marine Alcanivorax borkumensis Alkanes 29 Glucose-lipid ‘Yakimov et al., 1998

Marine Aleanivorax dieselofei Alkanes 35 51 Glycolipid Hassanshahian et al.,
2012

Marine hydrothermal vent  Alteromonas infernus Glucose Acidic EPS Raguénés et al., 1997b

Marine hydrothermal vent  Alteromonas macleodii Glucose Sulphated EPS Raguénés et al., 1996;
Rougeaux et al., 1998

Marine Arthrobacter sp. EK1 Alkanes Trehalose lipid Passeri et al., 1991

Oiled soil Bacillus cereus IAF 346 Sucrose 28 60 EPS Cooper and Goldenberg,
1987

Ol reservoir Bacilus methylotrophicus USTBa  Alkanes, PAH 28 Glycolipid Chandankere et al., 2014

Oiled soil Bacillus pumilus 2IR Crude oil/glucose 32 >60  Lipopeptide Fooladi et al., 2016

Olled sludge Brevibacilus sp. POM-3 Phenanthrene a7 57 Glycolipid Reddy et al., 2010

Other Burkholderia thailandensis Glycerol 32 42 Rhamnolipid Diaz De Rienzo et al.,
2016

Ol reservoir Clostridium sp. N-4 Sucrose 32 Glycoprotein Arora et al., 2019

Marine Cobetia sp. MM1IDA2H-1 PAH 33 44 Lipidic surfactant Ibacache-Quiroga et al.,
2013

Marine Colwellia psychrerythraea 34H Capsular EPS Casillo et al., 2017

Marine Corynebacterium kutscheri Motor oil; Peanut oil Glycolipopeptide Thavasi et al., 2007

Oil field Corynebacterium lepus Kerosene 30 Lipopeptide Cooper et al, 1979

Marine Enterobacter cloaceae 71a >60 EPS Iyer et al., 2006

Ofled soil Escherichia fergusonii KLUO1 Diesel o 32 Lipopeptide Sriram et al., 2011

Marine Flexibacter sp. TG382 Glucose 67 >60  Giycoprotein EPS Gutiérrez et al., 2009

Marine Gordonia amicalis LH3 Parafins, crude oil Rhamnolipid Hao et al., 2008

Marine Halomonas eurihalina Glucose, PAH 78 Sulfated Calvo et al., 2002

heteropolysaccharide

Marine Idiomarina sp. 185 Tetradecane 29 30 Glycolipid Malavenda et al., 2015

Marine Pantoea sp. A-13 Paraffins, kerosene 30 Glycolipid Vasileva-Tonkova and
Gesheva, 2007

Marine sediment Pseudoaltermonas sp. 93 Tetradecane 63 55 Glycolipid EPS Malavenda et al., 2015

Ol reservoir Pseudomonas aeruginosaWd-1  Alkanes, Veg oils 24 100 Rhamnolipid Xia et al, 2013

Other Pseudomonas cepacian CCT6659 Vg oil 2720 -  Rhamnolipid Soares da Siva et al.,

100 2019
Marine hydrothermal vent  Vibrio diabolicus HE800 Glucose EPS Raguénes et al., 1997a
Olled soil; marine Virgibacillus salanis Glucose 30 80 Lipopeptide Elazzazy et al., 2015

Empty fields mean that these parameters were not determined by the source.
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Biosurfactant
type

Origin

Low-molecular weight biosurfactants

Chemical structure Industrial application

References

Glycolipids
Rhamnolipid Pseudomonas aeruginosa Rhamnose monosaccharide/s linked to Bioremediation Funston et al., 2016;
Burkholderia thailandensis 3-hydroxyl fatty acid unit via B-glycosidic bond Agriculture Chong and Li, 2017;
Marinobacter sp. Cosmetics Twigg et al., 2018; Tripathi
strain MCTG107b Pharmaceuticals etal.,, 2019
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Sophorolipid Candida spp. Dimeric sugar sophorose head linked to a long Cosmetics Van Bogaert et al., 2007;
chain hydroxy fatty acid tail Personal care products Kurtzman et al., 2010;
Santos et al., 2017
¥ OR, 17
HO- 0. /t/
OH OH OH
Trehalose lipids Rhodococcus erythropolis Trehalose sugar linked to long chain fatty acids Peng et al., 2007
(Ca0 to Coo)
9
\/\/\/\/\/C\
SO,
HoHg
Mannosylerythrol Candida antarctica Long-chain fatty acids linked to a Food Adamczak and Bednarski,
lipids (MELs) Pseudozyma spp. mannopyranosyl-meso-erythritol hydrophilic 2000; Morita et al., 2013;
head group Niu etal.,, 2019
CH,OH
Hi OH
OR; H OH
R4OCH, !
R0 O <|>Hz
o]
R,0 y
H
Lipopeptides
Surfactin, iturin Bacillus subtilis Cyclic lipopeptide consisting of long hydroxyl Soil bioremediation Varittanakom et al., 1986;
and fengycin fatty acid chain and hydrophobic amino acid MEOR Al-Wahaibi et al., 2014;
ring Inés and Dhouha, 2015;
Liu et al., 2015
RN ey
- 4 PO
v
e
Surtactin stucturs ¢ I e
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Lichenysin Bacillus lichenformis Cyclic lipopeptide similar to surfactin MEOR Yakimov et al., 1995;
Joshi et al., 2015;
Coronel-Ledn et al., 2016
Viscosin Pseudomonas fluorescens Cyclic lipopeptide similar to surfactin Agriculture Laycock et al., 1991; De
Bruijn and Raaijmakers,
2009
High-molecular weight bioemulsifiers
Emulsan Acinetobacter calcoaceticus A complex of a lipheteropolysaccharide MEOR Rosenberg and Ron,
RAG-1 (apoemulsan) and a protein 1999; Uzoigwe et al.,
2015
=
e
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Alasan Acinetobacter radioresistens A complex of anionic polysaccharides rich in Bioremediation Navon-Venezia et al.,
KAS3 alanine and proteins with high molecular mass MEOR 1995; Toren et al., 2001
Liposan Candida lipolytica A complex of heterpolysaccharides and protein Pharmaceuticals Cirigliano and Carman,
Food 1985; Campos et al.,
Cosmetics 2013
Sphingan Sphingomonas spp. Linear tetrasaccharide backbone Food Schultheis et al., 2008;
(glucose-glucoronic Textile Prajapati et al., 2013; Kaur
acid-glucose-rhamnose/mannose) to which Pharmaceuticals etal., 2014; Li et al., 2016
glucosyl, thamnosyl, mannosyl or acetyl side Oil and Gas
chains are attached
Xanthan gum Xanthomonas campestris A backbone of repeating sub-units of 3 to 8 Food Kuppuswarni, 2014; de
monosaccharides Oil and Gas Mello Luvielmo et al.,

2016; Kang et al., 2019
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Technique

Blood agar lysis
Drop collapse

Qil spreading

Surface tension measurement
Color shift

HPLC-UV

LC-MS

PCR or genorme sequencing
RT-PCR

Advantages

Ease of use

Ease of use

Ease of use, better prediction than drop collapse

Ease of use, reliable

Ease of use, high-throughput

Can discriminates the different lipopeptides if standard, quantification possible
Discriminates the different lipopeptiies

Production capacity measurement

Production capacity measurement

Disadvantages

Not specific and not reliable

Not specific

Not specific

Not specific

Not specific

Expensive equipment

Expensive equipment

Observes only genes

Observes only gene transcription
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Strains

Escherichia coli DH5a

Burkholderia thailandensis E264
ED1023

B. thailandensis ocb1- mutant ED3008
JBT112
JBT107
JBT108
JBT109
JBT101
JBT102
JBT103
Plasmids
plT2
pGP704N-dfr
pTZ110
pGEM-T Easy
pAH1

pAH2
pMCG11
pAH5

pAHS8
pMEB00O
pJPDO3

Characteristics

fhuA2 A(argF-lacZ)U169 phoA ginV44®80 A(lacZ)M15 gyrA96
recAT relA1 endA1 thi-1 hsdR17

Wild type strain

E264 scmR:pUT-mini-Tn5-Km; KmR
E264 BTH_II1071-151:ISlacZ hah, TcR
E264 Abtall Abtal2 Abtal3

E264 AbtaR1

E264 AbtaR2

E264 AbtaR3

E264 Abtall

E264 Abtal2

E264 Abtal3

Suicide vector ISlacZ/hah transposon, TcP

Source of the trimethoprim resistance cassette, Tmp™
Broad host range facZ fusion vector, Amp?

Cloning vector, Amp®

Promoter region of rh/A7 inserted in pGEM-T Easy
Promoter region of rhlA2 inserted in pGEM-T Easy
pTZ110:ahfRIl, Tmph

Promoter region of rhiA1 inserted in pMCG11, Tmp"
Promoter region of rhlA2 inserted in pMCG11, TmpR
Broad-host-range cloning vector; To?

scmR gene inserted in BamHI-Hindlll sites in pME600O; e

References

Woodcock et al., 1989

Brett et al., 1998

Le Guillouzer et al., 2020
Gallagher et al., 2013
Chandler et al., 2009
Chandler et al., 2009
Chandler et al., 2009
Chandler et al., 2009
Chandler et al., 2009
Chandler et al., 2009
Chandler et al., 2009

Jacobs et al., 2003
Lesic and Carniel, 2005
Schweizer and Chuanchuen, 2001
Promega

This study

This study

This study

This study

This study

Maurhofer et al., 1998
Le Guillouzer et al., 2020

Tc, tetracycline; Tmp, trimethoprim, Bla, beta-lactamase, Km, kanamycin.
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Strains and plasmids

E. coli DH10b

P, putida KT2440
E. coli DH10b pEBP18

E. coli DH10b pEBP18_BA354

P, putida KT2440 pSBO1

P, putida KT2440 pPS05

P, putida KT2440 pW.J02

P, putida KT2440 pVLT33

P, putidia KT2440 pVLT-swrlV

U. maydis MB215

U. maydis MB215 Arual

U. maydis MB215 Aemt1

U. maydis MB215 Acyp1Aemt1

Characteristics

F~ mcrA A (mir-hsdRMS-merBC) ©80lacZ AM15 AlacX74 endA1 recA1 deof
Afara, leu)7697 araD139 galU galK nupG rpsL\~

Wildtype

E. coli DH10b harboring plasmid pEBP18 (ColE1 ori, Km”, Cm?, GFPmut3,
P77, Py, cCOSNBQ, BS_amyEupdw)

E. coli DH10b harboring plasmid pEBP18_BA354 (ColE1 ori, Kmf, Cm"f,
GFPmut3, META_nas354_pep_gly_oxi_ABC-tra, Pr7, Py, cosNBQ,
BS_amyEupdw)

P, putida KT2440 harboring plasmid pSB01 (ColE1 ori, oriT, KmP,
Psyns_PA_rhiA)

P, putida KT2440 harboring plasmid pPS05 (pBBR1 ori, oriT, Tef, Kmf,
Psyn16_PA_rhIAB)

P, putida KT2440 harboring plasmid pWJ02 (pBBR1 ori, oriT, TR,
Psyn16 _PA_rhIABC)

P, putida KT2440 harboring plasmid pVLT33 (pRSF1010 ori, oriT, KmP, EC_lacl,
Ptac)

P, putida KT2440 harboring plasmid pVLT33 (pRSF1010 ori, oriT, Km?, EC_lacl,
Psyn16_SM_swrlV)

Wild type

Arual_HygR

Aemt1_HygR

Acyp1 Aemt1_HygR

References or sources

Durfee et al., 2008

Bagdasarian et al., 1981
Thies et al., 2016

Thies et al., 2016

Tiso et al., 2017

Tiso et al., 2016

Tiso et al., 2017

Hage-Hulsmann et al., 2018

Hage-Hulsmann et al., 2018

Hewald et al., 2005
Hewald et al., 2005
Hewald et al., 2005
Teichmann et al., 2010
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Rhamnolipid reduction aq. phase  Rhamnolipid recovery org. phase  Protein/peptide reduction aq. phase

w%] w2%] [w%]
pHvalie 1 99.7 (SD 0.1) 233(8D0.8) 315(SD1.4)
3 98.9(SD 0.6) 64.9 (D 11.0) 17.9(SD 1.5)
6 | 98.6 (SD 0.6) 479(SD7.5) 21.1(SD5.8)
P
aq
8 ory 74.4(SD1.3) 267 (SD1.7)

P

aq

The presented excerpts of photos show the pH value-dependent interphase formation. Standrd deviation is based on trplicates (Org, organic phase; IP interphase; Aq,
aqueous phase; SD, standard deviation).
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Basic Unit RL I RL_II

parameter

Product H Rhamnolipid ~ Rhamnolipid

Substrate -] Molasses Sugar beet

pulp
(hydrolyzed)

Content usable kG6iucose MO8 bstrate] 0.47 0.67

sugar

Yield coefficient [kgProduct/K9GIucose) 0.1 0.1
[kgproduct/Kgsubstrate] 0.05 0.07

Conversion rate [%)] 10 10

Inputs

Substrate [kgsupstrate/KIProduct] 212.8 150.2

Substrate per [kgsubstrate/Fermentation] 76.4 39.6

150-L

fermentation

Water per [kQwater /Fermentation] 55.1 66.1

150-L

fermentation

Minimal [KQMinimaimedium,Fermentation] 1.46 1.46

medium per

150-L

fermentation

Inoculum per [KQinoculumy/Fermentation] 0.66 0.66

150-L

fermentation

Total operation [Lrermentationcontent] 1125 1125

volume

Specific [Las/LFermentationbroth/Min] 0.1 0.1

aeration rate

Precipitation [kg] 120.2 81.7

agent

Recycling rate [%] 80 80

Extraction [kg] 18.0 17.0

agent

Recycling rate [%)] 80 80

Acidification [kal 0.012 0.011

agent

Intermediate

products

Fermentation [ka] 133.6 107.8

broth

Theoretical [kgrL] 0.359 0.240

contained RL

Product losses [kg] 0.043 0.029

Output

Product [kg] 0.316 0.211

Solid residues [kg] 13.3 18.5

Liquid residues [kg] 129.7 102.2

RL, rhamnolipid.
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Variable Standard Formulation Formulation

formulation A B
Moisture (%) 0.07 + 0.012 0.10 £0.01° 0.03 + 0.00°
Ash (%) 1.53+0.112 1.67 +0.082 1.60 + 0.012
Lipids (%) 21.96 & 0.792 23.32 + 0.60°2 25.10 + 1.20P°
Proteins (%) 8.39 + 0.042 7.9540.130 7.54 + 0.08°
Carbohydrates (%) 68.05 + 0.93? 66.95 + 0.812 65.73 £ 1.272

Energy value (cal) 503.40 + 3.58%  509.52 +£2.65°%  518.95 + 5.99%

Different letters on same line denote significant differences (o < 0.05, Tukey’s test).
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After baking Firmness (N)

Formulation Before baking
Firmness (N) Cohesiveness Elasticity (mm) Adhesiveness (mJ)
Standard 63.57 +2.842 0.70 4+ 0.022 0.77 £0.122 1.67 £0.292
A 66.18 + 3.002 0.72 £ 0.062 077 £012° 117 £0.292
B 4447 + 6.40° 0.62 4+ 0.052 0.83 +£0.122 1.50 £+ 0.502

44559 + 15.52°2
427.88 £ 10.712
426.60 + 12.352

Different letters in same column denote significant differences (p < 0.05, Tukey's test).
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Fatty acid

Composition (%)

Palmitic acid (C16:0)
Linoleic acid (C18:2)
Oleic acid (C18:1)
Linolenic acid (C18:3)
Stearic acid (C18:0)
Arachidic acid (C20:0)
Behenic acid (C22:0)
Nervonic acid (C24:0)

11.46 £ 0.04
50.58 £ 0.25
28.79+0.79
1.84 £ 0.06
3.83 £0.03
0.41 4+ 0.00
0.91 £0.56
1.66:4077
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Biosurfactant
concentration
(mg/mL)

% TAC
(ascorbic acid)

212.70 £ 4.87
120.59 £+ 0.12
77.34 £ 0.08
50.56 + 1.27
30.62 + 0.06

% | (DPPH)

21.35+0.25
13.09 £ 0.62
11.87 £ 0.06
9.87 +£0.32
8.48 £ 0.75
5.36 +0.12

% 1
(superoxide ion)

76.79 £ 5.29
76.31 +£ 3.40
42.64 + 0.62
18.756 £ 0.37
0.36 £ 0.00
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Formulation Weight (g) Diameter Thickness Spread

(mm) (mm) factor
Standard 6.92 £0.712  46.82 + 0.502 7.34+0.24% 6.38 £ 0.052
A 7.08 405728 4880+ 0.45° 7.33+0.45° 6.47 +0.312
B 713 £0.66% 47.39 +£0.22°% 764+ 0222 6.20 + 0.062

Different  letters in same column denote  significant  differences
(o < 0.05, Tukey'’s test).
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Species Fgluc,max(0—48 h) Fnit,max(0-48 h)  Ggluc,max(0-48 h)  Gnit,max(0—48 h) Cx.final [IL™1]  Yx/giuc,avi0-48 ) Yx/Nit,av(0-48 h)
[gL="h™"] [gL="h™"] [gg="h7"] [gg="h7"] [gg~"1 lgg~"1
M. aphidis 1.14 £ 0.06 0.112 4+ 0.021 0.50 +0.08 0.059 £+ 0.011 6.86 + 1.30 0.23 + 0.06 2.64 + 0.99
U. siamensis - 0.152 £+ 0.005 - 0.114 £+ 0.004 2.29 +0.17 - 1.28 £ 0.04
U. shanxiensis 1.45+£0.13 0.124 £+ 0.007 0.74 +0.07 0.065 + 0.004 5.12 +0.38 0.17 £ 0.03 2.30 +0.31
P hubeiensis 222 +0.13 0.244 £+ 0.049 0.84 + 0.05 0.092 £+ 0.019 5.59 + 0.31 0.20 + 0.02 219+ 0.57
P, tsukubaensis 1.00 £ 0.06 0.089 + 0.009 0.81 +0.05 0.063 £ 0.007 3.68 +0.17 0.12 £ 0.01 152+ 0.28
S. graminicola 1.65 £ 0.08 0.154 £ 0.010 0.85 + 0.01 0.079 £ 0.005 5.55 + 0.08 0.19 + 0.01 229+ 0.17
M. parantarcticus 1.48 £0.39 0.095 + 0.026 0.96 + 0.26 0.103 £ 0.029 4.01 +£0.26 0.14 +0.05 1.61 £0.55

Cultivations were performed as independent triplicates in shaking flasks.
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tBS,max [h] tu,max [h] tDO,min [h]

Species/medium 1 2 3 1 2 3 1 2 3

M. aphidis >50* >50* >50* 9.7 22.9 12.7 14.9 43.4 n.s.#
U. siamensis >50* >50* 48.2 33 10.2 8.7 17.7 17.0 n.s.*
U. shanxiensis 34.7 375 >50* 4.0 16.0 3.7 8.2 23.0 ns.*
P, hubeiensis 46.9 29.0 >50* 4.8 18.3 9.2 15.5 202 ns. *
P, tsukubaensis >50* >50* 32.4 4.3 13.2 9.2 43.4 44.2 n.s. *
S. graminicola 36.7 37.9 >50* 3.7 22.7 10.7 29.4 295 n.s. *
M. parantarcticus 28.4 26.4 >50* 2.7 12.3 14.2 26.7 19.7 ns. *

*Max. backscatter was not clearly reached within the investigated time, # no significant change in DO level observed.
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Medium 1 2 3

Type Complex Mineral Mineral
Reference Rau et al. Theobald YNB

(2005a) et al. (1993)
Glucose 30.0 30.0 30.0 gL?
NaNO3z 3.0 3.0 3.0 gL™!
CaCly - 0.1 0.1 gL
KCl - 1.1 = gL-T
KH,PO4 0.2 1.0 1.0 gL-!
MgSO4 0.1 0.5 0.5 gL?
NaCl - - 0.1 gL
Yeast extract 1 - - gL?
CuSOy4 - 0.77 0.04 mg L’
FeClz - 9.00 0.20 mg L~!
MnSO4 s 4.73 0.40 mg L1
ZnS0O4 - 5.05 0.40 mg L™’
HzBO3 - - 0.50 mg L1
NasMoO4 - - 0.20 mg L1
KI - - 0.10 mg L1
Biotin - 0.03 0.002 mg L™’
Ca-Pantothenate - 30.0 0.4 mg L~
Myo-Inositol - 60.3 2 mg L’
Pyridoxin HCI - 15 0.4 mg L1
Thiamin HCI - 6.0 0.4 mg L~
Folic acid - - 0.002 mg L—!
Niacin - - 0.4 mg L~
p-aminobenzoic acid - - 0.2 mg L~
Riboflavin - - 0.2 mg L’

For reasons of comparability, the salts and trace elements are all listed in anhydrous
form, although they might actually be added in the hydrate form.
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Ingredients Standard Formulation Formulation

(%) A (%) B (%)
White flour 47.0 47.0 47.0
Margarine 20.0 20.0 20.0
Sugar 15.0 15.0 15.0
Vanilla extract 3.0 3.0 3.0
Baking powder 1.0 1.0 1.0
Pasteurized egg white 10.0 10.0 10.0
Pasteurized egg yolk 4.0 2.0 0.0
Biosurfactant 0.0 2.0 4.0

Total 100.0 100.0 100.0
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Compositions

Rhamnolipids

Rha-Rha-Cm-Cm,
Rha-Cm-Cm

Rha-Rha-C1-C1o

Rhathameme,
Rha-C10-C1o,
Rha—Rha—C1o—O12,
Rha-C10-C12, Rha-Cy2:1-Cyo,
Rha-Cqs:2, Rha-C&Q
Rhathang;me,
Rha-C1g-Cg/Rha-Cg-C1o,
Rhathang;me;w s
Rha-Rha-C10-C10,
Rha—Rha-C10-C12;1 ,
Rha-C10-C10, Rha-Rha-Cm-
C1g/Rha—Rha—O12—O1o,
Rha-C10-C12:1/Rha-C12:1-Cqo,
Rha-Rha-Cq2:1-C12,
Rha*Rha*Cm*CMq y
Rha-C19-C12/Rha-C12-Cqg
Rha—Rha—Cm—Om,
Rha-C10-Cio,
Rha-Rha-C19-C12:1,
Rha-C10-Cq2.1,
Rha-Rha-C1g-Co,
Rhameme

Biosurfactant PRO1
(formulation of 25% RLs) Plant
support (the Netherlands)

Mono- and di-rhamnolipids

Rhathameme,
Rha-C10-C10 (Jeneil
Biosurfactant Company
JBR599) Biosurfactant PRO1
(formulation of 25% RLs) Plant
support (the Netherlands)
Rha-Rha-C19-C1o,
Rha-Cm-Cm (Jeneil
Biosurfactant Company
JBR599)

Rhathameme,
Rha-C19-C1o

Rha-Cg:1, Rha-C10-C10:1,
Rha-C10:1-Cio,
Rhathamemeq y
Rha-Rha-C12.1-C1g

Mono- and di-rhamnolipids

Rha-C10-C1o,
Rha-Rha-C44-Cg, Other Rha or
Rha-Rha: -010-010, -08-010,
-C10-C12, -C12-Cy2, -C14-Cyo,
-C10-C1e

Various mixtures of mono-
(Rha) or di-rhamnolipids
(Rha-Rha): -C10-Cg/-Cg-C1o,
-C10-C10:1/-C10:1-C1o,
-C10-C10, -C10-C12:1/-C12:1-
C10/-C10:1-C12/-C12-Ci0:1,
-C10-C12/-C12-C1o
Rha-Rha-Cg-Cm, Rha-CS-Cm,
Rha-Rha-Cm-Cm,
Rha-C10-C10,
Rha-Rha-C1g-C1o,
Rha-C10-C12 and purified
Rha-Rha-C1p-C1g or
Rhameme

Rha-09;2, Rha-Cm, Rha—C12;3,
Rha—Og—Cg, Rha-C10-C10;1,
Rha*Cm;rCm, Rhameng,
Rha-Cg-C1o,
Rhathameme,
Rha-Rha-C12-C1g
Rha-C10-C1o,
Rha-Rha-C10-C10

Rha-Cg.2, Rha-Cg.1, Rha-Co,
Rha*C12;1 s Rhathameq s
Rha-C1o-C10:1/Rha-C1o:1-C1o
Rha—Og, Rha—C10—C10

Rha-Rha-Cqq,
Rha—Rha—Og—C1o,
Rha-Rha-C10-C10

Rhathameme,
Rha-C19-C1o

Rha-C10-08, Rha—C10—C10,
Rha-C10-C12:1, Rha-C1p-Cyz,
Rha—Rha—Og—C1o,
Rhathameme,
Rha-Rha-C19-C12:1,
Rhathameme
Semipurified rhamnolipid
mixture (RL90-A, AGAE
Technologies, Corvalis,
United States) and RL90-N,
NatSurFact, Fairfax,

United States)

Source organisms

Pseudomonas spec. DSM
2874

Pseudomonas aeruginosa

Pseudomonas aeruginosa B5

Pseudomonas aeruginosa
AT10

Pseudomonas aeruginosa
4772

Pseudomonas aeruginosa LBI

Pseudomonas aeruginosa

Pseudomonas aeruginosa |GB
83

Pseudomonas aeruginosa

Pseudomonas aeruginosa

Pseudomonas aeruginosa
zJUu211

Pseudomonas aeruginosa DS9

Pseudomonas aeruginosa
ZJU-211

Serratia rubidaea SNAUO2

Pseudomonas aeruginosa

Pseudomonas aeruginosa

Pseudomonas aeruginosa
SS14

Pseudomonas aeruginosa
KVD-HM52

Pseudomonas aeruginosa DS9

Pseudomonas aeruginosa
SS14

Pseudomonas aeruginosa DR1

Pseudomonas aeruginosa
zJu211

Pseudomonas aeruginosa
#112

Pseudomonas aeruginosa

Sensitive phytopathogens

Glomerella cingulata

Phytophthora capsici, Pythium
aphanidermatum, Plasmopara
lactucae-radicis

Cercospora kikuchii,
Cladosporium cucumerinum,
Colletotrichum orbiculare,
Cylindrocarpon destructans,
Magnaporthe grisea,
Phytophthora capsici

Botrytis cinerea, Rhizoctonia
solani, Colletotrichum
gloeosporioides, Fusarium
solani, Penicillium funiculosum

Penicillium funiculosum,
Fusarium solani, Botrytis
cinerea, Rhizoctonia solani

Penicillium funiculosum,
Alternaria alternata

Phytophthora cryptogea

Phytophthora capsici,
Phytophthora nicotianae,
Phytophthora cactorum,
Phytophthora infestans,
Pythium aphanidermatum,
Pythium ultimum

Pythium myriotylum

Botrytis cinerea

Phytophthora infestans,
Phytophthora capsici, Botrytis
cinerea, Fusarium
graminearum, Fusarium
oxysporum

Fusarium sacchari

Alternaria alternata

Fusarium oxysporum,
Colletotrichum gloeosporioides

Phytophthora sojae

Phytophthora sojae

Fusarium oxysporum f. sp. pisi

Fusarium oxysporum

Colletotrichum falcatum

Fusarium verticillioides

Sclerotium rolfsii, Fusarium
oxysporium, Phytophthora
nicotianae, Macrophomina
phaseolina

Verticillium dahliae

Aspergillus carbonarius

Leptosphaeria maculans

Effects

Conidial germination inhibition,
Growth inhibition (MIC)
Zoospore lysis

Zoospore lysis, spore
germination and hyphal growth
inhibition

Growth inhibition (MIC)

Growth inhibition (MIC)

Growth inhibition (MIC)

Zoospore lysis, reduction of
sporangia formation

Motility inhibition, zoospore
lysis, mycelial growth inhibition

Mycelial growth inhibition

Spore germination and mycelial
growth inhibition

Mycelial growth Inhibition

Mycelial growth Inhibition

Spore germination and mycelial
growth inhibition
Mycelial growth Inhibition

Zoospore motility inhibition

Zoospore motility and mycelial
growth inhibition

Fungal growth inhibition

Mycelial growth and fungal
biomass accumulation inhibition

Spore germination and mycelial
growth inhibition

Spore germination and mycelial
growth inhibition
Mycelial growth inhibition

Spore germination and mycelial
growth inhibition

Mycelial growth inhibition

Mycelial growth inhibition

References

Lang et al., 1989
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P. putida KT2440
strain

Product
Synthesized product
gl

Separated product
%]
Ey

iomass 1
Ecutoctant
Yes 1

STY [gp/Lh]

*Mean for all determined enrichment factors E with standard deviation during harvest period (r

Ks3

HAA
4.8

48.2

11+06

3.76+05
0.04
0.12

AlapF_HAA

HAA
28

50.5

073402
498+ 16
0.02
0.07

SK4

RL
74

32.1

1.36+0.2

268+ 10
0.07
0.17

AlapF_RL

RL
4.6

36.4

11402

43+12
0.04
0.1

6).

AlapA
AlapF_RL
AL
8.1

30.0

127 +£03
247 +£03
007
0.19

Aflag RL

RL
87

283

0.74 £0.23
223+04
0.08
0.21

GR20_RL

RL
100

313

0.82+0.3

16903
0.09
0.24
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P. putida Product #max [17h] STY [ge/L-h] Yex [9p/9x] Ypss [9p/gs] Yxss [ox/gs]

Yeix
KT2440 [ox/gu;]
strain
SK4 RL 0.46 £0.02 0.06 £ 0.01 0.26 £0.04 0.1£0.02 0.38 £ 0.00 6.55+0.1
Ks3 HAA 0.48 0,003 007 +£001 03002 012001 0400 566012

Biological replicates (n = 2) with deviation from the mean are shown.
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Strains and plasmids

E. coli
PIR2

PIR2 pBG14ffg
HB101 pRK2013
PIR2 pKSO3

PIR2 pEMG-pvd
PIR2 pEMG-flag
PIR2 pEMG-flag2
PIR2 pEMG-alg

PIR2 pEMG-bos

PIR2 pEMG-pea

PIR2 pSEVA512S-peb
PIR2 pEMG-apA

PIR2 pEMG-lapF
DHSapir pApha
DHSa pSW-2

DHSehpir pTNS1
DHSapir pSKO2

P. taiwanensis
VLB120

P. putida

DOT-TIE

s12

KT2440

KT2440 Aflag

KT2440 Adlg

KT2440 Abes
KT2440 Apea
KT2440 Apeb
KT2440 AlapA
KT2440 AlapF
KT2440 AlapAAlapF
KT2440 Apha
KT2440 AfimbriaeApil

KT2440 AfimbriaeApiliAcurii

KT2440 GR20

KT2440 KS3
KT2440 SK4

KT2440 AlapF_HAA
KT2440 AlapF_RL
KT2440 AlapAlepF_RL
KT2440 Afilag_RL
KT2440 GR20_RL

Characteristics

F~, Mac169, 1poS(Am), robA1, creC510, hsaR514, endA, recAT uidA(AMIU):pir
oriV(RBK) vectors

PIR2 harboring Tn7 delivery vector pBG14ffg; containing BCD2-msfgip fusion
SR, hsdR-M*, proA2, leuB6, thi-1, recA; harboring plasmid pRK2013

PIR2 harboring Tn7 delivery vector pKSO03 for chromosomal integration; containing rhiA from P
aeruginosa PAO1; pBG derivative

PIR2 harboring plasmid pEMG-pvd
PIR2 harboring plasmid pEMG-flag 1

PIR2 harboring plasmid pEMG-flag2

PIR2 harboring plasmid pEMG-alg

PIR2 harboring plasmid pEMG-bcs

PIR2 harboring plasmid pEMG-pea

PIR2 harboring plasmid pSEVA512S-peb

PIR2 harboring plasmid pEMG-lapA

PIR2 harboring plasmid pEMG-lapF

DHSahpir harboring plasmid pApha

DHSa harboring plasmid pSW-2 encoding I-Scel nuclease, tool for genomic deletion

3 host for

DHSahpir harboring plasmid pTNS1

DHS akpir harboring Tn7 delivery vector pSKO2 for chromosomal integration; containing rhiAB
genes from P aeruginosa PAO1

wild type

wild type
wild type

wild type

APP_4328-PP_4344, APP_4351-PP_4397 deletion of flagellum operon
APP_1277-PP_1288 deletion of aginate operon

APP_2634-PP_2638 deletion of cellulose operon

APP_3132-PP_3142 deletion of exopolysaccharide a operon
APP_1795-PP_1788 deletion of exopolysaccharide b operon
APP_0168 deletion of large adhesion protein A operon

APP_0806 dieletion of large adhesion protein F operon

APP_0168, APP_0806 cumulative deletion of lapA and lapF
APP_5003-PP_5008 deletion of polyhydroxyalkanoate operon

APP_1887-PP_1891, APP_2357-PP_2363, APP_4986-PP_4992, APP_5080-PP_5083,
APP_0607-PP_0611 deletion of fimbriae and pili operon

APP_1887-PP_1891, APP_2357-PP_2363, APP_4986-PP_4992, APP_5080-PP_5083,
APP_0607-PP_0611, APP_3472-PP_3484, APP_1993, APP_5093 deletion of fimbriae, pil
and curii operon

APP_4219-PP_4221, APP_4328-PP_4344, APP_4351-PP_4397, APP_1277-PP_1288,
APP_2634-PP_2638, APP_3132-PP_3142, APP_1795-PP_1788, APP_0168, APP_0806,
APP_5003-PP_5008 cumulative deletion of l3pA and lapF, pyoverdine, flagellum, alginate,
celluose, exopolysaccharide a & b, polyhycioxyalkanoate operon

attTn7:Pyg-rhiA

attTn7::Pyg-1hiAB

P puticia KT2440 AlapF with attTn7::Peg-rhiA

P, putida KT2440 AlapF with attTn7::Pyg-rhlAB

P putica KT2440 AlapAAIapF with attTn7 :Pyg-rhiAB

P, putida KT2440 Aflag with attTn7::Pyg-rhlA

KT2440 GR20 with attTn7::Pyy-rhIAB

References or sources

‘ThermoFisher Scientific

Kobbing et al., 2020
Ditta et al,, 1980
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
Mato Aguire, 2019

Martinez-Garcia and de
Lorenzo, 2011

Choi et al., 2005
Bator et al., 2020

Panke et al., 1998

Ramos et al,, 1998
Hartmans et al,, 1990
Bagdasarian et al., 1981
This study

This study

This study

This study

This study

This study

This study

This study

This study

BacMine S. L., unpublished

BacMine S. L., unpublished

This study

This study
Tiso et al,, 2020a
This study
This study
This study
This study
This study
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Peptones Total carbon (mg g~ 1)
Fish head 4051 £3.2

Fish liver 399.9 £2.3
Tryptone N/A

Soytone N/A

Yeast extract N/A

Total organic carbon (mg g=1)

73.4+0.3

66.2 + 0.4
N/A
N/A
N/A

Total nitrogen (mg g 1)

98.1+£0.7
1289+ 0.8
133
94
114

Ash (%)

5.8
6.3+ 0.1
6.6
12.0
13.1

C/N

412
3.1
3.4
4.4
3.9

Reference

Aspmo et al., 2005
Aspmo et al., 2005
Aspmo et al., 2005

*N/A, not available.
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Lipopeptide (%) 0 20%
Lipopeptide (mL) 0 0.02
DOSS (mL) 0.1 0.08
Mole fraction () 0 0.56

CMC* of system 0.267 0.21

CMC*: the ideal CMC value of each binary system.

40%

0.04
0.06
0.77
0.194

60%

0.06
0.04
0.88
0.187

80%

0.08
0.02
0.95
0.182

100%

0.1

0.18
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Growth on Luria agar

Protease activity

Cellulase activity

Pseud. furukawaii KF7077(A 29)
Pseudomonas indica NBRC 1030457 (BDAC01000046)
LMG 22747 (Z76668)
ialis A31/707 (QLA 7
Pseudomonas glareae KMM 95007 (LC011944)
Pseudomonas segetis CIP 1085237 (FZ0G01000015)
Pseudomonas otitidis MCC103307(AY953147)
Pseudc iginosa JCM 59627 (BAMA01000316)

100Pseudomonas aeruginosa RTE4 MCC 3945 (MK530435)
Pseudomonas nitroreducens DSM 143997 (AM088474)
Pseudomonas citronellolis NBRC 1030437 (BCZY01000096)

89 Pseudomonas panipatensis Esp-17 (jgi.1118294)
104 Pseudc linyi is LYBRD3-77 (HM246142)
10 L: d igittaria JCM 181957 (FOXM01000044)
] Pseud is CCTCC AB 20120227 (LT629780)
1 Pseudomonas alcaligenes NBRC 141597 (BATI01000076)
51 Pseud. is JCM 184167 (F 24)
76 Pseudomonas fluvialis ASS-1T (NMQV01000040)
29 1 Pseudomonas pharmacofabricae ZYSR67-ZT (KX910087)
Pseud lcaliphila JCM 106307 (FNA 5)
d I subsp. is RS1T (DQ842018)

Pseudomonas chengduensis MBR™ (EU307111)
77 Pseudomonas toyotomiensis HT-3T (AB453701)
Pseudomonas mendocina NBRC 141627 (BBQC01000018)
subsp. DSM 10457 (NIUB01000072)
Pseudomonas stutzeri DSM 51907 (AJ288151.1)
Pseudomonas stutzeri ATCC 175887 (CP002881)
Pseudomonas nitrititolerans GL14T (MH917718)
Pseudomonas benzenivorans DSM 86287 (FNCT01000040)
Pseudomonas guariconensis LMG 273947 (FMYX01000029)
Pseudomonas putida strain IAM 12367 (NR 043424.1)
Pseudc hizosph THST (AY152673.1)
Pseudomonas protegens type strain CHAOT (AJ278812.1)
92 Pseudomonas syringae NCPPB 2817 (NR 043716.1)
97, Pseud: hlororaphis strain NBRC 39047 (NR 113581.1)
6 Pseudc i strain JAM 120227 (NR 043420.1)
99! Pseudomonas trivialis P 513/197 (NR 028987.1)
95" Pseudomonas poae DSM 14936T AJ492829.1

Pseudomonas rhizoryzae RY 24T (MK759856)
74 [ Azotob hi subsp.ch 1AM 126667 (AB175653)

99l_Azolobacl¢r chroococcum subsp. isscasi P205T (MK567896)

Oblitir iphila B4199" (CP012358)
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Fish Time (h) Alcalase = Temperature Estimated Validated
waste (%) (°C) DH* (%) DH (%)
Liver 4 272 52 51 53.39 51.61
Head 4 2.92 54.07 52.35 49.37

*DH, degree of hydrolysis.
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Host organism

Burkholderia glumae BGR1
(ArhiA)

Cellvibrio japonicus Ueda107

Escherichia coli BL21(DE3)

Escherichia coli DHb5a

Escherichia coli HB101

Escherichia coli TG2

Escherichia coli W3110

Escherichia coli XL1-blue

Pseudomonas aeruginosa
PA14 (ArhlA)

Pseudomonas chlororaphis
NRRL B-30761
Pseudomonas fluorescens
ATCC 15453

Pseudomonas oleovorans
GPo1

Pseudomonas putida KCTC
1067

Pseudomonas putida KT2442

Pseudomonas putida KT2440

Pseudomonas putida KT2440
(Aflag), (AphaG), (Apha), and
(AphaG Apha)

Pseudomonas putida
KT40CZC (Apha)
Pseudomonas putida KT42C1
(AphaCT)

Pseudomonas taiwanensis
VLB120

Pseudomonas stutzeri DQ1

Saccharomyces cerevisiae
CEN-PK 102-3A/CEN-PK
113-6B

n. d., no data.

Heterologous
genes/operons

thiApa-rhiBpa
rhiAgg-rhiBe,
1A pa 5g-rhiBpe
rhiAB

rhiA, rhiB, rhiC, rhIAB, rhIAC,

rhiBC, rhIABC, rhIA-rhiB
L168X

rhiAB

rhIAB

rhiABpa-rhiCey
rhiABg,-rhICE,
rhIABps-rhiCip
rhIABg,-rhiCe,
rhiAB

rhiC

rhiA, rhiB,

rhiAB, rhIAB-rhIR
rhiAB-rhiR-rhll
rhiAB

rhiAB-rhIR

rhiAB

rhiAB-rhIR

rhiA, rhiAB

rhiAgg-rhiBpa

fh/Apa /Bg -I'h/BPa
rhiC

rhIAB-rhiR-rhll
rhIAB
rhIAB-rhiR-rhll
rhiAB
rhIAB-rhIR-rhll
rhIAB-rhiR-rhll
rhiAB
rhiAB

rhIAB-rhiR-rhll

rhiAB

hIABC

rhIAB, thIABC

rhiA, thiB, rhiC, rhiAB,
hIABC, rhlA S102A-rhiB
rhiABgg, tIABCag, rhiCsg
rhiARarhIBag, MhiAyrhIBpa
hiAB

rhIAB

rhIAB
rhIAB
rhIAB
rhIAB-rhiR-rhll

rhiA
rhiB

Controlling promotor

lac-promoter, constitutive

Synthetic promoter, constitutive

[7-promoter, IPTG inducible

T7-promoter, IPTG inducible

T7-promoter, IPTG inducible

T7-promoter, IPTG inducible

T5-/lac-/ara-/Trc-promoter,
IPTG inducible

T7-promoter, IPTG inducible
tac-promoter, IPTG inducible

rhl-promoter, native RhIR/I
regulation

tac-promoter, IPTG inducible
tac-promoter, IPTG inducible
lac-promoter, constitutive

tac-promoter, IPTG inducible

tac-promoter, IPTG inducible

lac-promoter, constitutive

Pseudomonas syringae
promoter, constitutive

rhl-promoter, native RhIR/I
regulation

tac-promoter, IPTG inducible

rhl-promoter, native RhiIR/I
regulation

tac-promoter, IPTG inducible

rhil-promoter, native RhIR/I
regulation

rhl-promoter, native RhIR/I
regulation

tac-promoter, IPTG inducible

tac-promoter, IPTG inducible

rhl-promoter, native RhIR/I
regulation

Synthetic promoter (library),
constitutive

tac-promoter, IPTG inducible
Synthetic promoter library,
constitutive

tac-promoter, IPTG inducible
tac-promoter, IPTG inducible
nagAa-promoter, salicylate
inducible

Synthetic promoter, constitutive

tac-promoter, IPTG inducible

tac-promoter, IPTG inducible

Synthetic promoter, constitutive

rhl-promoter, native RhIR/I
regulation

TEF-promoter
ADH-promoter

Source/donor organism

Pseudomonas aeruginosa
PA14/Burkholderia glumae
BGR1

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
ATCC 9027

Pseudomonas aeruginosa

PAO1/Burkholderia pseudomalii

K96243

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201
Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PA14

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PA14/Burkholderia glumae

BGR1
Pseudomonas aeruginosa

PAO1

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
EMSH

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PG201

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
BSFD5

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PAO1

Burkholderia glumae

PAO1
Pseudomonas aeruginosa
PAO1
Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa
PAO1
Pseudomonas aeruginosa
PAO1
Pseudomonas aeruginosa
PAO1

Pseudomonas aeruginosa SQ6

Pseudomonas aeruginosa

PG1/Pseudomonas aeruginosa

Max. titers References

(g/L)

n. d.

4.90

0.12

0.18

0.64

<0.001

<0.02

<0.02

0.05

0.12

<0.001

0.24

0.25

<0.02

<0.02

<0.02

<0.02
0.60
0.22

2.20
1.68

0.88
n.:d.
14.90
3.20
~0.01
6.00
0.83
1.20
0.90
n:ig.
330
0.01

0.08

1.30

1.50

2.40

1.50

~0.74

1.61

n. d.

Dulcey et al., 2019

Horlamus et al., 2018

Han et al., 2014

Wang et al., 2007

Jafari et al., 2014

Duet al., 2017

Duetal., 2017

QOchsner et al., 1994

Ochsner et al., 1995

Ochsner et al., 1995
Cabrera-Valladares
et al., 2006
Kryachko et al., 2013
Cabrera-Valladares
et al., 2006

Ochsner et al., 1994

Dulcey et al., 2019

Solaiman et al., 2015

Ochsner et al., 1995

Ochsner et al., 1995
Ochsner et al., 1995
Ochsner et al., 1995
Cha et al., 2008

Ochsner et al., 1995
Ochsner et al., 1995
Wittgens et al., 2011

Tiso et al., 2016
Cao et al., 2012

Wittgens, 2013
Behrens et al., 2016
Beuker et al., 2016a,b
Tiso et al., 2016, 2020
Wigneswaran et al.,
2016

Anic et al., 2017, 2018
Arnold et al., 2019
Noll et al., 2019

Bator et al., 2020a,b
Behrens et al., 2016

Tiso et al., 2017

Wittgens et al., 2017

Wittgens et al., 2018

Tiso et al., 2020

Tiso et al., 2020

Tiso et al., 2016

Wittgens et al., 2011

Tiso et al., 2017

Zhao et al., 2015

Bahia et al., 2018
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Medium Cc—source Cuies Inoculum ¢ (t=240h) Yp/s(t=240h) ccpw (t=240h) cgucose (t =240 h) CErythritol
composition gL " oL " pH oL~ " [g-g7"1 [g-L7"] oL " (t=240h) [g-L"]
PCM Glucose: 50 0.6 6.7 0.0+0.0 0.00 43402 1.8+0.0 143 +0.5
PCM Glucose: 50 0.6 4 0.0+0.0 0.00 51+04 1.4+0.0 42+04
PCM (lla) Glucose: 50 0.6 25 51+0.3 0.10 46+03 0.4+0.0 47+0.3
PCM (Ill) Glucose: 100 0.6 25 48+1.2 0.05 5.6+0.2 242 +0.5 202 +£0.4
PCM (llb) Glucose: 100 1.2 2.5 2.1£0.2 0.02 75+03 1.9+£0.0 21.6+£0.9
PCM () Glucose: 50 1.2 25 <05 <0.01 5.4+0.0 1.1+ 0.1 09+0.3
PCM Fructose: 50 0.6 25 6.1 £0.1 0.12 44401 0.0+ 0.0 0.3+0.0
PCM Sucrose: 50 0.6 2.5 6.6 +0.2 0.13 43+03 0.4+0.0 3.1+0.3
PCM + FeSO4 Glucose: 50 0.6 25 1.4 +£0.1 0.03 46+02 1.4+ 0.1 6.7 +£0.5
PCM without trace Glucose: 50 0.6 25 0.0+0.0 0.00 23+05 25.0+0.5 42404
element solution

(PCM-TE)

PCM without trace Glucose: 50 0.6 2.5 0.0+0.0 0.00 35+02 20.0 +£0.3 32402
element

solution + FeSO4

(PCM-TE + FeSOy)

PCM without vitamin Glucose: 50 0.6 25 3806 0.08 44403 0.4+0.0 48+0.2
solution (PCM-Vit)

PCM without vitamin Glucose: 50 0.6 25 1.5 & 0.1 0.03 45+04 1.6+03 6.4+0.5

solution + FeSO4
(PCM-Vit + FeSOy)
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U. maydis Description Accession Gene Homolog in Description Gene Similarity Identity
521 No sequence S. scitamineum sequence (AA) (AA)
length (bp) (Accesion-No) length (bp)
cyp1 Cytochrome P450 enzyme XP_011392749 1923 (rev) CDU25005.1 Related to 1794 (rev) 83% 77%
invovled in glycolipid cytochrome
production P450
cyp2 Cytochrome P450 XP_011392727 1608 (rev) CDS015612.1 Hypothetical 1602 (rev) 89% 83%
monooxygenase involved in protein
ustilagic acid production
ugti Ustilagic acid glycosy! XP_011392734 1737 (rev) CDU25009.1 um12340 1734 (rev) 80% 69%
transferase
uat1 Ustilagic acid XP_011392730 1542 (rev) CDU25004.1 Probable 1536 (rev) 80% 69%
acyltransferase ustilagic acid
acyltransferase
fas2 Fatty acid synthase FAS2 XP_011392728 11115 (rev) CDU25002.1 Probable fatty 11121 (rev) 85% 74%
acid synthase,
beta and alpha
chains
uhd1 Ustilagic acid hydroxylase XP_011392733 9083 (for) CDU25008.1 Probable 915 (for) 7% 63%
ustilagic acid
hydroxylase
ahd1 Alpha-hydroxylase AHD1 XP_011392763.1 1151 (for) CDU25010.1 Probale aplha- 1140 (for) 88% 77%
hydroxylase
AHD1
rual Ustilagic acid biosynthesis XP_011392726 2274 (for) CDU25000.1 Related to 2052 (for) 51% 39%
regulator rual regulator of
ustilagic acid
biosynthesis
atr ABC transporter XP_011392729 4149 (for) CDU250083.1 Probable ABC 4208 (for) 82% 73%
transporter
orfl Unknown XP_011392732 1149 (for) CDU25007.1 Uncharacterized 1164 (rev) 80% 64%
protein
uat2 Ustilagic acid XP_011392731 1290 (for) CDU25006.1 Uncharacterized 1302 (rev) 63% 49%
acyltransferase protein
orf2 Unknown XP_011392750 348 (rev) No significant

similarity found

Reyv, reverse orientation; for, forward orientation.
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LAB strains Maximum  Lowest surface CMC (g/L) Composition (%) Molecular References
yield (g/L)* tension (mN/m) Lipid: Sugar: Structure
Protein*
Weissella cibaria PN3 This study
Extracellular BS 1.46 31.3 1.6 48:31:10 Glycolipid
Cell-bound BS 1.99 32.6 3.2 50:39:2 Glycolipid
Pediococcus dextrinicus SHU1593 (Cell-bound BS) - 32.0 2.7 52:1:67 Lipoprotein Ghasemi et al.,
2019
Lactobacillus paracasei (Extracellular BS) - 25.0 1.4 25:8:21 Glycolipopeptide Ferreira et al., 2017
Lactobacillus agilis CCUG31450 (Cell-bound BS) 0.84 42.5 7.5 - Glycoprotein  Gudina et al., 2015
Enterococcus faecium MRTL9 (Cell-bound BS) s 40.2 23 - Glycolipid Sharma et al.,, 2015
Lactobacilllus helveticus MRTL 91 0.80 39.5 25 = Xylolipid Sharma et al., 2014
Lactobacillus pentosus CECT-4023 (Extracellular BS) 1.80 39.5 - - Surfactin Rodrigues et al.,
2006
Lactobacillus delbrueckii N2 (Extracellular BS) 3.03 41.9 - - - Mouafo et al., 2018

*The maximum yields and composition of biosurfactants were determined after biosurfactant purification by ultrafiltration. The maximum yields reported are from the 4th

production cycle.
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Oil types

Oil displacement (%)

Emulsion (%) after 1 days

Extracellular BS Cell-bound BS Mixed BS (1:1) SDHS Extracellular BS Cell-bound BS Mixed BS (1:1) SDHS
Petroleum oils
BKC crude oil 68.4 £4.9 59.8 +£2.9 446+48 322+38 0.0+ 0.0 0.0+0.0 33.3+0.0 0.0+ 0.0
ARL/AXL blend crude oil 38.0+29 451 £ 41 228427 167441 0.0+0.0 30.7+4.6 18.7+£23 0.0+ 0.0
Gasoline 0.0+0.0 0.0+ 0.0 0.0+£0.0 0.0£0.0 82.74+23 80.0 £4.0 86.7 £52 44.0+4.0
Diesel 0.0+0.0 0.0+ 0.0 0.0+0.0 0.0+0.0 78.7+£2.3 69.3 +£2.3 81.3+23 48.0+40
Hydrocarbons
Hexane 0.0+0.0 0.0+ 0.0 0.0+£0.0 0.0+£0.0 0.0+ 0.0 0.0+£0.0 00+00 340+£53
Octane 100.0 £ 0.0 36.1+4.8 89.9+4.7 100.0£0.0 0.0+ 0.0 0.0+0.0 00+00 360+28
Decane 84.0+4.4 25.6+2.6 441 +59 39.6+55 0.0+ 0.0 0.0+0.0 0.0+ 0.0 9.3+25
Hexadecane 88.3+4.2 19.6+2.6 431+42 66.7+4.8 0.0+ 0.0 0.0+0.0 0.0 +£0.0 0.0+ 0.0
Essential oils
Lavender 62.6+2.8 18.0+ 1.3 229+32 17.3+21 100.0 £ 0.0 100.0 £ 0.0 100.0 £0.0 100.0+0.0
Lemongrass 550432 16.4+24 271+£18 140+23 80.0+ 0.0 80.0 £0.0 80.0+0.0 733+23
Orange 0.0+0.0 0.0+ 0.0 0.0+£0.0 0.0 £0.0 0.0+ 0.0 0.0+0.0 0.0+ 0.0 0.0+ 0.0
Vegetable oils
Coconut 0.0+0.0 0.0+ 0.0 0.0+£0.0 0.0£0.0 747 +23 68.0 £4.0 5783445 620128
Palm 465+ 4.7 187 & 1.1 340+28 234426 0.0+ 0.0 0.0+0.0 40.0+0.0 64.0+57
Soybean 86.4 +£3.3 34.1+21 528+26 704+1.2 0.0+ 0.0 0.0+£0.0 40.0+0.0 52.0+£0.0

Data are presented as mean + standard deviation (n = 3).
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Microorganisms

Extracellular BS

Cell-bound BS

MIC MBC MIC MBC
Staphylococcus aureus  6.7x CMC 6.7x CMC 3.0x CMC 4.5x CMC
Escherichia coli 6.7x CMC  10.0x CMC 4.5x CMC 6.7x CMC
Candida albican 3.0xCMC  6.7x CMC 20xCMC  4.5x CMC
Aspergillus niger - - 10.0x CMC -





OPS/images/fbioe-08-00734/cross.jpg
3,

i





OPS/images/fbioe-08-00751/fbioe-08-00751-g003.jpg
>

Crude extracellular biosurfactant (g/L)

(@)

Number of cells (log CFU/mL) or

w

Production cycle 1

=
= Production cycle 2

2.0= — 2.0=-
S
a -
=
S 1.5
e o
5
E
< 1.0
=
c
=}
b=
b § 0.5—
£
<
=1
e
”l ~ 0.0
5% NaCl 10% NaCl 15% NaCl PBS 5%NaCl 10% NaCl  15% NaCl
D
12 - 12 =
B
a S
3 1] 3%
= = =
T L=
- B
5 6 < E
5 = E
2 T
= 47 EE
v o
of = o
T e E S
~ =
z
0 . A — T 1
5% NaCl 10% NaCl 15% NaCl 5% NaCl 10% NaCl 15% NaCl PBS






OPS/images/fbioe-08-00751/fbioe-08-00751-g004.jpg
at
nca<dl i e

Extracellular Cell-bound

Namber of cells (log CFU/

Suspended cells Tmmobilized cells

== Production cycle 1 == Production cycle2 == Production cycle 3

== Production cycle 4 =2 Production cycle 5 == Production cycle 6

== Production c

Je7 == Production cycle8 == Production cycle 9






OPS/images/fbioe-08-00751/fbioe-08-00751-g005.jpg





OPS/images/fbioe-08-00751/fbioe-08-00751-g006.jpg
2854
60 1462
s0 2924 CH; CHy 12 CH
40 c=0

3

1268
c=H

730
CcH

4000 3600 3200 2800 2400 2000 1600
Wavenumber (em)

1200

800 400

1632C=0

3204 0H

Transmittance (%)

388522388

/]

sMCH

4000 3600 3200 2800 2400 2000 1600
Wavenumber (eml)

1200

800 400





OPS/images/fbioe-08-555647/fbioe-08-555647-g005.jpg
A B — G50.U0.6.C/N83.8—— G100.U0.6.C/N167.2 C
—— G100.U1.2.C/N83.8—— G50.U1.2.C/N42.2
700 ~ 0,10 - 100 -

550 - 0,08 -

|
i
‘I
| .
O 06 = i
g .
‘
,
'
.

Mmax [N7']
DO[%]

l 0,04
0 250 -

200
150 -
100 -

0,02

A

aa

O - T I T I T I T I T I T I T I T I T I T ] 0,00 I T I T I T I T \|-| — | - "1“?‘» ' I r "J:‘:‘;‘;—; | T T J L 2 | . | . | . | i |
0 24 48 12 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240

t [h] t [h] t [h]





OPS/images/fbioe-08-555647/fbioe-08-555647-g004.jpg
A300 ) B . ——pH25——pH4——pHB.7 C 00

0,07 -
250 - |
. 0,06 LK m.,-.rWW
200 - '
L 0,05 -
b - i o
§ 180 = - =
- 5 0,04 - @)
v @ ’
2 ; 2
(O
m 0,03 -
100 -
0,02 - 25 -
50 |
0,01 -
0 — T - T 1 T 1 1T "~ T 1T T 1 0,00 — — -“, 0 —T1 . T I 1T * 1T T * T T T " 1T 1
0 24 48 T2 96 120 144 168 192 216 240 0 24 48 75 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240

t [h] t [h] t [h]





OPS/images/fbioe-08-555647/fbioe-08-555647-g003.jpg
250 ~

200 ~

00 -

|
o
(@)

[-] Japeosyoeqg

50

72

48

24

t [h]





OPS/images/fbioe-08-555647/fbioe-08-555647-g002.jpg
S. scitamineum

uat2qpf4
ruatcyp2 fas2 atr1 uat1cypt| |uhd1 ugt! ahd1
[TTTTTEETE T rrT [TTTTTTITT T[T Kb
0 10 20 30 40
U. maydis

YatZorty UGt g
ruatcyp2 fas2 atr1 uattcyp? | | uhd1 | ~ "ahd1

[TTTTTTTTTITTITTITTTIT [ ITTTITITTITTITTTTTTT 1T kb
0 10 20 30 40





OPS/images/fbioe-08-555647/fbioe-08-555647-g001.jpg





OPS/images/fbioe-08-555647/cross.jpg
3,

i





OPS/images/fbioe-08-00734/fbioe-08-00734-g008.jpg
DE (%)

40 60
Biosurfactant (%)






OPS/images/fbioe-08-572892/math_4.gif
Eopan v

Briomass(t)






OPS/images/fbioe-08-572892/math_3.gif





OPS/images/fbioe-08-572892/math_2.gif
STVauietade = “5—020 [go/Lb]

P escor — M, sector (0) + M, oumate

STYreactor = S

[ge/Lh]





OPS/images/fbioe-08-572892/math_1.gif
Yi/s, shake flask.

Yiys,reactor

mx () — my (o)

) [ex/es]
my () — mx(to) [P

iy (fo) — Mgy b
mp (t) — mp(to) lew/ex]
) —
mp — mplto)
s Goy — ms [ep/es]

mp — mp(to) [

ms (tg) + Ms feed — Ms





OPS/images/fbioe-08-00734/fbioe-08-00734-g004.jpg
Peptone addition (L")

B B} B 0 ]
() woysua) ez

Peptone addition (L")





OPS/images/fbioe-08-555647/fbioe-08-555647-g006.jpg
Backscatter [-]
N N w
s &8 8
| | |

150 - i

! 0,02 -

100 sl !

. / 0,01 -
0 1 - 1 1 1T T 1T *~ T * T 1 0,00

0 24 48 72 96 120 144 168 192 216 240 0

— Glucose Sucrose Fructose

t[h]

| | ' | ' | b I ' | ' | ' | ' | ' |
24 48 72 96 120 144 168 192 216 240
t [h]

DO [%]

100 ~

25 -

0

—
144

—
192

—
240





OPS/images/fbioe-08-00734/fbioe-08-00734-g005.jpg
o

3
: 2
m N
N £
s B
H
s = ® = ° sEa%ewe B
(ayNw) 1§ (mynw) 1S (yNw) 1§

2

10

pH





OPS/images/fbioe-08-00734/fbioe-08-00734-g006.jpg
) — Fh Liver]
) M* Fih Head
:
e
£
D
Wavcaumber )
; JJ_“
: L_JJ

S





OPS/images/fbioe-08-00734/fbioe-08-00734-g007.jpg





OPS/images/fbioe-08-00734/fbioe-08-00734-e003.jpg
_ (Absyig + Absszg) x 30 | (Absypo + Absago) x 30
- 3, 2

Area

“)





OPS/images/fbioe-08-00734/fbioe-08-00734-g001.jpg
Fish waste collection
Separate the head and liver wastes immediately. mince each
waste (i.e.. head and liver) twice at medium speed with a
blender, then wastes were stored at -20°C

Each waste: water 1:1 (/v)  (50g+50mL)
M
Enzyme inactivation
Heat at 95 °C in the water bath for 10min

Hydrolysis
Water bath at desired condition (Table 1)

Enzyme inactivation
Heat at 95 °C in the water bath for 10min

Centrifugation
6.000X g. 20 min

Supematants

Degree of hydrolysis
(DH)
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