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Abstract

:

Technical ceramics are being widely employed in the electric power, medical and engineering industries because of their thermal and mechanical properties, as well as their high resistance qualities. The manufacture of technical ceramic components involves complex processes, including milling and stirring of raw materials in aqueous solutions, spray drying and dry pressing. In general, the spray-dried powders exhibit an important degree of variability in their performance when subjected to dry-pressing, which affects the efficiency of the manufacturing process. Commercial additives, such as deflocculants, biocides, antifoam agents, binders, lubricants and plasticizers are thus applied to ceramic slips. Several bacterial and fungal species naturally occurring in ceramic raw materials, such as Sphingomonas, Aspergillus and Aureobasidium, are known to produce exopolysaccharides. These extracellular polymeric substances (EPS) may confer unique and potentially interesting properties on ceramic slips, including viscosity control, gelation, and flocculation. In this study, the microbial communities present in clay raw materials were identified by both culture methods and DNA-based analyses to select potential EPS producers based on the scientific literature for further assays based on the use of EPS for enhancing the performance of technical ceramics. Potential exopolysaccharide producers were identified in all samples, such as Sphingomonas sp., Pseudomonas xanthomarina, P. stutzeri, P. koreensis, Acinetobacter lwoffi, Bacillus altitudinis and Micrococcus luteus, among bacteria. Five fungi (Penicillium citrinum, Aspergillus niger, Fusarium oxysporum, Acremonium persicinum and Rhodotorula mucilaginosa) were also identified as potential EPS producers.
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1. Introduction


The ceramic industry represents an important sector of economic activity in the European countries. Technical ceramics in particular, also called high-performance ceramics, are being widely employed in the electric power, medical and engineering industries due to their thermal, mechanical properties and high resistance qualities. Technical ceramic components can be manufactured by different processes, such as unidirectional dry pressing, extrusion, isostatic pressing and injection molding [1]. Considering the unidirectional dry pressing, this method involves the milling and stirring of the raw materials in aqueous suspensions (slips), followed by spray-drying of the slip to remove the water excess, and obtain a fine powder that is further subjected to unidirectional dry pressing (conformation). In general, the resulting spray-dried powders exhibit an important degree of variability in their performance, specifically during conformation, due to the adhesion of the conformed part to the mold, and the different mechanical strength of the conformed ceramic product. This variability affects the efficiency of the manufacturing process. To overcome this drawback, several commercially available organic additives are employed. Deflocculants, biocides, antifoam agents, binders, lubricants and plasticizers are added into ceramic slips to achieve homogeneous and uniform pastes, modelling the rheological properties of the ceramic slips. Nevertheless, some of the employed additives are toxic for human health, and their application also represents an increase in the cost of the manufacturing process. Thus, scientific knowledge in this area plays a fundamental role in defining new strategies and new sustainable and cost-effective procedures to improve the efficiency of industrial ceramic production.



Several microorganisms are known for their ability to synthetize and excrete exopolysaccharides or extracellular polymeric substances (EPS) for surviving and adhering to solid surfaces [2]. Because of their physical and rheological properties, these polymers confer potentially interesting applications to the industrial sector [3,4]. Many EPS, such as xanthan, alginate, dextran, pullulan and glucan, have a wide range of applications in food, pharmaceutical, biomedical, petroleum, and other industries [5,6,7]. Some properties of EPS should be considered of high interest for the technical ceramics industry to improve the rheological properties of the slips and to decrease the difficulties observed during the unidirectional dry pressing process. In addition, the application of EPS may reduce production costs and the environmental impact caused by some commercial additives. Ceramic raw materials, such as talc and bentonite, naturally contain bacteria and fungi. It is thus of upmost interest to characterize the microbial diversity present in such materials to further assess their EPS production capacity with useful properties for the industrial ceramic sector.



This work is focused on the identification of microbial communities associated with ceramic raw materials and slips used at the technical ceramic producer, Rauschert Portuguesa S.A., Portugal (hereinafter Rauschert Portuguesa) in order to highlight EPS producers that may have industrial and/or commercial potential based on the literature.




2. Materials and Methods


2.1. Sampling


Samples were collected at Rauschert Portuguesa, a leading manufacturer of technical ceramics in Portugal. Samples were collected during the manufacturing process of one of the main types of ceramic produced in the plant by unidirectional dry pressing. The ceramic formulation was a steatite, and it was chosen due to its importance in commercial terms to the manufacturing plant. This formulation is mainly composed of different raw materials, comprising talcs, clay, bentonite and barium carbonate, as confirmed by FTIR analysis (see Section 3.1). Samples of raw materials and ceramic suspensions (Table 1) were collected aseptically from individual transportation bags into 50 mL sterile containers (Figure 1A,B). Three replicates were collected from each ceramic raw material and slips (Figure 1C). At the laboratory, approximately 20 g of each replicate were combined and homogenized under aseptic conditions and further used for culture-dependent techniques and molecular biology analyses. Subsamples for culture methods were immediately processed, and those intended for molecular biology analysis were kept at −80 °C until processing.




2.2. Mineralogical Characterization by FTIR


Ceramic raw materials collected at Rauschert Portuguesa were characterized by Fourier-transform infrared spectroscopy (FTIR). FTIR spectra were recorded with a Perkin Elmer Spectrum 65 spectrometer (PerkinElmer, Waltham, MA, USA) for samples dried at 70 °C to eliminate the effect of water molecules. Powdered samples were dispersed in KBr pellets and IR spectra were recorded for the 4000 cm−1 to 400 cm−1 region. A total of 128 scans were recorded, with a resolution of 4 cm−1.




2.3. Identification of Microorganisms by Culture Methods


Culture-dependent techniques were carried out for the isolation and identification of potential EPS producers. Therefore, 5 g of each sample was eluted in 25 mL of sterile water. Subsequently, 100 μL of each sample suspension was inoculated on R2A (Reasoner’s 2A agar), 10× dilute R2A, NA (Nutrient Agar) and 10× dilute NA culture media, and plates were incubated at 25 °C for 12 days. Bacteria were isolated on the same culture media, based on their morphology. Fungi were isolated on Sabouraud Dextrose Agar (SDA) culture medium and incubated at 22 °C until fungal growth was obtained. For the identification of fungi, colony characteristics in the culture plate were first assessed, followed by light microscopy examination of the fungal structures stained with lactophenol blue solution (Fluka, France).



Bacterial isolates were identified by DNA-based analyses. DNA from bacterial isolates was extracted with GenoLyse kit (Bruker), according to the manufacturer’s instructions. PCR amplification of bacterial 16S rRNA gene was performed using the primer pair 27F (5′AGAGTTTGATYMTGGCTCAG–3′) [8] and 907R (5′CCCCGTCAATTCATTTGAGTTT–3′) [9] with the following PCR conditions: a 2 min denaturation step at 94 °C, followed by 30 cycles of denaturation (15 s at 94 °C), annealing (15 s at 55 °C) and elongation (2 min at 72 °C), with a terminal elongation step of 10 min at 72 °C. PCR products were analyzed in 1% (w/v) agarose gels. The DNA fragments with positive signal were sequenced by Macrogen Europe Sequencing Services (Amsterdam, The Netherlands) using the universal bacterial primer 27F.



The sequences of isolated microorganisms obtained in this study were deposited in GenBank under accession numbers LR536330–LR536365.




2.4. Identification of Microorganisms by Molecular Biology Techniques


2.4.1. DNA Extraction and PCR Amplification


DNA from a composite sample of each ceramic raw material (~500 mg) was extracted using the FastDNA Spin Kit for Soil (MP Biomedicals), according to the manufacturer’s instructions, and quantified using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA). PCR amplification of bacterial 16S rRNA gene was performed using the primer pair 27F and 907R, as described in Section 2.2. PCR amplification of the fungal ITS regions was performed using the primer pair ITS5 (5′-GAAGTAAAAGTCGTAACAAGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [10] with the following PCR conditions: a 2 min denaturation step at 94 °C, followed by 35 cycles of denaturation (15 s at 94 °C), annealing (1 min at 50 °C) and elongation (1 min at 72 °C), followed by a final step of elongation of 5 min at 72 °C. The PCR reaction mixture (1 mL) consisted of 775 μL of sterile ultrapure water, 200 μL of PCR buffer (MyTaqTM DNA Polymerase, BIOLINE), 5 μL of Taq polymerase buffer (MyTaqTM DNA Polymerase, BIOLINE) and 10 μL of each primer (50 mM). PCR reactions were performed in 0.2 mL PCR tubes containing 25 or 50 μL of reaction mixture and from 0.5 to 2 μL of DNA template (pure or diluted to 2 ng/μL). All PCR products were inspected in 1% (w/v) agarose gels.




2.4.2. Clone Library Construction


In order to obtain 16S rDNA and ITS sequence information of the major bacterial and fungal members comprising the ceramic samples from Rauschert Portuguesa, clone libraries were constructed by cloning PCR products amplified with 27F-907R and ITS5-ITS4 primer pairs. Before cloning, PCR products were purified using the JetQuick PCR Purification Spin Kit (Genomed, Löhne, Germany) according to the manufacturer’s protocol, in order to remove primers, dNTPs and enzyme.



DNA clone libraries were constructed using the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA, USA). The amplified DNA fragments were ligated into the plasmid vector pCR®4-TOPO. The ligation products were subsequently transformed into One Shot TOP10 chemically competent Escherichia coli cells (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Transformants were randomly picked after incubation overnight at 37 °C and transferred to multi-well plates containing Luria–Bertani (LB) medium supplemented with 100 μg·mL−1 ampicillin. Afterwards the plates were incubated overnight at the same temperature. Amplification of plasmids for confirming the presence of inserts was carried out using the primer pair M13/T7 (5′-CAGCAAACAGCTATGAC-3′/5′-TAATACGACTCACTATAGGG-3′). On average 100 clones from each library was sequenced by Macrogen Europe Sequencing Services (Amsterdam, The Netherlands) using the primers 27F for bacteria and ITS5 for fungi.



The clone sequences obtained in this study were deposited in GenBank under accession numbers LR216298–LR216639.




2.4.3. Sequence Comparisons and Phylogenetic Analysis


Bioinformatic tools were used to infer taxonomic classification. Sequences were aligned and checked for chimera by chimera.slayer implemented in the software package mothur [11]. Putative chimeric sequences were excluded from further analysis. Aligned sequences were clustered into operational taxonomic units (OTUs) using mothur, with a 97% sequence identity cutoff, and to generate the respective rarefaction curves at evolutionary distances of 3%, 5% and 20%. One clone for each OTU defined at 3% of distance (a rough approximation to species level) was chosen as representative and its sequence was submitted to GenBank. Taxonomic classification of each OTU and isolated bacterial strains was done by comparing the sequences to the non-redundant database of sequences at the National Center for Biotechnology Information (NCBI), using BLASTN (basic local alignment search tool) algorithm [12], and EzBiocloud database [13].






3. Results


3.1. Mineralogical Composition of Ceramic Raw Materials


The spectra obtained from samples 2B, 3C and 7G (Figure 2) are characterized by several peaks, with different intensity and sharp features: in the O–H stretching region a sharp peak at ~3675 cm−1 which were assigned to the O–H stretching vibration of Mg3OH group of talc minerals. A broad hump at ~3400 cm−1 was assumed to be due to adsorbed atmospheric water. All the three spectra show sharper peaks around 1020, 677 and 470 cm−1. The vibrational bands at 470 and 1020 cm−1 are ascribed to S–O–Si stretching vibrational bands, whereas the band at 677 cm−1 reflects the Si–O–Mg bond [14].



Sample 4D is manly composed of kaolinite, with minor quantities of quartz (Figure 2). Quartz was identified by Si–O asymmetrical stretching vibration at 1087 cm−1, Si–O symmetrical stretching vibration between 800–780 cm−1, Si–O symmetrical bending vibration at 696 cm−1 and Si–O asymmetrical bending vibration at 470 cm−1. Kaolinite shows bands at 3695 and 3622 cm−1 ascribed to vibrations of the external and to the inner hydroxyl groups. In the 1000 cm−1 and 500 cm−1 region, the main functional groups are Si–O and Al–OH. The Al–OH absorption peak was identified at 891–915 cm−1. The band at 914 cm−1 corresponds to Al–OH bending vibrations of kaolinite, and the doublet at 780–798 cm−1 is related to Si–O–Si inter tetrahedral bridging bonds [15].



Sample 5E of bentonite shows absorption bands, with different intensities, at 3430, 2926, 2852, 1632, 1450, 1100, 1032, 918, 879, 782, 693, 530, 472, 430 cm−1 (Figure 2). A broad band at 3430 cm−1 is assigned to O–H stretching of structural hydroxyl groups and water present in the mineral. A very sharp and intense band observed at 1630 cm−1 is due to the asymmetric O–H stretch (deformation mode) of water and is a structural part of the mineral. Characteristic absorption of montmorillonite clay can be observed in the region between 1113 and 1032 cm−1, characteristic of the Si–O bond, and between 918 and 782 cm−1, corresponding to theoc tahedral layers of the aluminosilicate. The bands at 472 cm−1 and 430 cm−1 are attributed to the Si–O–Si deformation band [16].



The FTIR spectra of Sample 6F (Figure 2) confirmed the composition of this raw material, i.e., barium carbonate. A broad peak at 3427 cm−1 is observed and was assumed to be due to adsorbed atmospheric water. A strong peak at 1433 cm−1 is associated with asymmetric stretching vibrations of C–O bond at CO3−2. The absorption bands at 6923 cm−1 and 856 cm−1 are assigned to the bending out-of-plane vibrations and in-plane vibrations of O–C–O at CO3−2 [17].




3.2. Composition of Microbial Communities Associated with Ceramic Raw Materials


Bacterial 16S rRNA gene fragments were amplified from samples 1A, 2B, 4D, 6F, 7G and 8H, whereas fungal ITS gene fragments were solely amplified from sample 7G. Therefore, 16S rRNA gene fragment clone libraries were built for samples 1A, 2B, 4D, 6F, 7G and 8H, and a fungal ITS gene fragment clone library was built for sample 7G (hereinafter sample 7G–F) to identify the bacterial and fungal communities associated with ceramic raw materials used at Rauschert Portuguesa.



Analysis of the obtained 16S rRNA gene fragment sequences showed an abundance of bacteria from the phyla Proteobacteria and Actinobacteria in all samples (Figure 3), mainly represented by bacteria belonging to the orders Rhizobiales, Propionibacteriales, Pseudomonadales, Pseudonocardiales and Burkholderiales (Figure 3 and Tables S1–S6). Samples 1A (mill), 4D (clay), 7G (talc) and 8H (mixing tank) showed the highest bacterial diversity, with 28 genera identified in 7G, 23 genera in 8H and 20 genera in samples 1A and 4D (Figure 4 and Tables S1, S3, S5, S6).



Sample 1A was mainly dominated by the genera Acinetobacter, Stenotrophomonas and Pseudomonas (26%, 15% and 14%, respectively). Sample 4D was mainly represented by Pseudonocardia (21%), followed by Amycolatopsis (17%), Nocardioides (17%) and Phyllobacterium (10%) (Figure 4). In sample 7G, the most predominant genera were Phyllobacterium (34%), Gaiella (8%) and Streptomyces (8%), with a high number of genera represented by only one bacterium (27%). In sample 8H, the most prevalent genera were Schlegelella (19%), Ralstonia and Phyllobacterium (14% each). Samples 2B (Talc 1) and 6F (Barium carbonate) showed lower diversity of bacteria, with 9 and 13 genera identified, respectively. Sample 2B was almost completely dominated by bacteria belonging to the genus Phyllobacterium (80%). In Sample 6F, most of the identified bacteria were also represented by the same genus (70%) with a small representation of other genera such as Pseudomonas (8%) and Nocardia (6%).



The phylogenetic affiliations of the sequenced clones of samples 1A, 2B, 4D, 6F, 7G and 8H were also related to uncultured bacteria from a wide variety of isolation sources (Tables S1–S6), mainly from natural ambiences, such as marine environments, mines, ground waters, lakes, sediments from rivers and deep sea, air from a cave, lava tubes, rainwater, desert, periglacial environments, etc. The most frequent isolation sources of the closest matches were different types of soil (acid soils, contaminated soils, forest soil, alkaline saline soils, soil from a prairie, agricultural soil, grassland soil, soil of a glacier, permafrost soil, rice paddy soil, karst cave soil, etc.) and environments associated with roots of plants (rhizospheres) that are present in all samples. Interestingly, a substantial number of bacteria were isolated from biofilms from different materials: mineral substrates, waste ores, microplastics, concrete, limestone, basalt bedrock, rock of Etruscan tombs, polymetallic nodules and moonmilk speleothems (Tables S1–S6).



Analysis of the ITS gene fragment sequences, obtained from sample 7G–F, revealed 26 different genera from 9 orders (Figure 5 and Table S7). The great majority of sequences belong to the phylum Ascomycota (77% of total sequences), being Penicillium the most detected genus (19%) followed by Hypocreales and Talaromyces (17% both). Other fungi were also identified with smaller prevalence, belonging to the phyla Basidiomycota, represented by the genus Scleroderma (7%), and Muromycota, represented by Mortierella (7%).



In addition, the clone sequences obtained from sample 7G–F were analyzed taking into account the isolation sources of their closest relatives (Table S7). A high percentage of clones showed similarity to fungal clones isolated from root environments (rhizosphere soil, root mycobionts, washed and surface-sterilized roots, plant roots and mycorrhiza) being the most frequent isolation sources in this sample. Other isolation sources included extremely acidic soils, soil from an ancient tomb, alpine plants, living leaves and bryophyte crust, among others (Table S7). Interestingly, one DNA sequence obtained from sample 7G–F was phylogenetically affiliated to Doratomyces sp., which was isolated from a plasticized polyvinyl chloride (pPVC) (Table S7).



Rarefaction curves showed that species richness for bacterial communities failed to reach a saturation phase at 3% and 5% of evolutionary distance in samples 1A, 2B, 4D, 7G and 8H (Figure S1). This suggests that further sequencing effort is required to detect additional phylotypes. However, enough clones were studied to reliably characterize the major microorganisms present in the ceramic raw materials and slip. Only the rarefaction curve for the bacterial communities of sample 6H trended towards a plateau at genera level (Figure S1). For the fungal community in sample 7G–F, the rarefaction curve followed the same pattern as bacteria, even at 20% of evolutionary distance (data not shown).




3.3. Isolated Microorganisms


Bacteria and fungi were isolated from samples 1A, 2B, 3C, 4D, 7G and 8H collected at Rauschert Portuguesa. For samples 1A, 4D and 8H, 10-fold and 100-fold dilutions were performed to obtain isolated colonies.



Analysis of the 16S rRNA gene sequences of the isolated strains showed lower bacterial diversity (Table S8), in comparison with the biodiversity found by DNA-based analyses of the environmental samples (Tables S1–S6). In general, high percentages of similarity (between 99% and 100%) with the closest cultured relatives were found (Table S8). The majority of bacteria belong to the phyla Proteobacteria and Actinobacteria (Table S8), similarly to what was observed in the molecular biology approach. Samples 1A and 8H showed the greatest diversity, with 6 and 8 different genera identified, respectively. The most represented genus in sample 1A was Hydrogenophaga (45.5%), whereas Microbacterium (32%), Pseudomonas (21%) and Acidovorax (18%) were the dominant genera identified in sample 8H (Table S8). Samples 2B, 3C, 4D and 7G showed considerably less biodiversity. From sample 2B, bacterial strains belonging to four different genera were isolated, being Glutamicibacter (40%) the most prevalent (Table S8). Bacteria isolated from sample 3C belong to the genera Bacillus (67%) and Arthrobacter (33%). Notably, this was the only sample which was not dominated by Proteobacteria or Actinobacteria, being Firmicutes the most represented phylum (Table S8). From sample 4D, only three different genera were isolated: Pseudomonas (47%), Arthrobacter (43%), and Microbacterium (10%). In sample 7G, Nocardioides (67%) and Herbaspirillum (33%) were the identified genera.



The isolation sources of the closest relatives collected from the NCBI database (Table S8), showed the same trend as that observed for the microbial communities detected in the clone libraries. Natural environments, such as sediments, rhizosphere, contaminated soils and sandy soil, were the most frequent sources, as stated previously.



A total of 46 fungi were isolated from samples 1A, 2B, 3C and 7G (Table S9). Almost all the isolated fungi, identified by light microscopy, belong to the phylum Ascomycota (Figure 6, Table S9). As observed for the isolated bacteria, the diversity of fungi obtained by culture methods was lower than by molecular biology techniques. However, fungi were isolated from four samples (1A, 2B, 3C and 7G), instead of only one sample (7G). From sample 1A, only one strain of Cladosporium was isolated (Table S9). Eight different genera were isolated from samples 2B, 3C and 7G, being Penicillium (34%), Monilia (25%) and Aspergillus (13%) the most representative (Figure 6). Five different genera were isolated from sample 2B, being Penicillium (50%) and Monilia (20%) the most abundant. Sample 3C was represented by four different genera, being Aspergillus (40%) and Rhizopus (30%) the dominant genera identified. Finally, five different genera were isolated from sample 7G, mainly represented by Penicillium (40%) and Rhizopus (30%).





4. Discussion


The DNA-based analyses performed in this work for characterizing the microbial communities associated with ceramic raw materials and slips from Rauschert Portuguesa revealed that the prokaryotic community structure consisted mainly of phylotypes affiliated to Actinobacteria and Proteobacteria.



The significant abundance of bacteria from the phylum Proteobacteria might be associated with the chemical and mineralogical composition of the raw materials (clays and talcs), as both Alphaproteobacteria and Gammaproteobacteria have been frequently identified in soils rich in clay minerals, independently of their geographical location [18,19,20]. Alphaproteobacteria is a diverse class of Proteobacteria typically found in soils and marine environments, with many important biological roles. For instance, members of the genus Sphingomonas (reported in samples 1A and 8H) have been used for a wide range of biotechnological applications due to their biosynthetic capabilities [21]. They are able to produce the extracellular polymer gellan, which is a heteropolysaccharide composed of a unit of α-L-rhamnose, two β-D-glucoses and a β-D-glucuronate. This polymer easily forms stable gels at very low concentration, but the process is extremely dependent on certain properties such as pH, temperature and presence/type and concentration of gel promoting cations [21]. These gelation properties are extremely useful, especially in the food and pharmaceutical industries, where gellan gum is widely used as gelling agent [22]. The Gammaproteobacteria are a class of bacteria usually reported in polluted underground environments due to their great adaptability to changing environmental conditions [23,24]. These environments have been previously reported as an important source of exopolysaccharide-producing bacteria [25]. In fact, Gammaproteobacteria has been described as the most dominant group in wastewater-irrigated soils [26]. It is important to highlight that all of the samples studied in the present work are related to soil minerals. For example, talc is a type of clay mineral composed of hydrated magnesium silicate, and bentonite is an aluminum phyllosilicate composed mostly of montmorillonite. This is in agreement with the most common isolation sources of the closest recognized relatives listed in Tables S1–S6.



Other isolation sources of the closest uncultured clones and isolated microorganisms were roots and rhizosphere. A great number of bacteria dwelling in these environments are EPS producers and play an important role in influencing soil structure and physicochemical properties [27]. EPS also promote stabilization of soil aggregates and water regulation through plant roots, due to their unique water-retaining properties, enhancing plant growth [28,29].



Several clone sequences showed low similarity with their cultured closest relatives (Tables S1–S6) and could not be placed into an already described taxon. This suggests that affiliation to species-level could be questionable in some cases and that some of these sequences could represent novel species of bacteria. The generally accepted 16S similarity cutoff to identify and recognize new species is 98.7% [30], higher than the previous cutoff of 97.5% [31]. This means that a pairwise sequence similarity less than 98.7% does not guarantee a good identification to the species level. Thus, although 16S rRNA sequences can be used routinely to distinguish and establish relationships between genera and species, very recently diverged species may not be recognizable. Regarding our samples, several clones exhibited less than 98% or 97% sequence identity which suggests the existence of undescribed species, with no closely related sequences in current databases. It is also important to note that studies of microbial diversity based on conventional molecular biology techniques (PCR, cloning and Sanger sequencing) usually fail to cover all of the communities present in the samples and a deeper covering of them is frequently out of reach [32]. Hence, future research directions on the microbiome of ceramic raw materials should comprise next generation sequencing technologies to yield a near-complete coverage of the microbial communities naturally occurring in such materials and shed light on the mechanisms for EPS production.



Potential exopolysaccharide producers were identified in the studied samples. The alphaproteobacteria Sphingomonas sp., the gammaproteobacteria Pseudomonas xanthomarina, Pseudomonas stutzeri, Pseudomonas koreensis and Acinetobacter lwoffi, and the Firmicutes bacterium Bacillus altitudinis, detected in the clone libraries of sample 1A, are potential EPS producers, when the appropriate growth conditions are settled. Pseudomonas xanthomarina is highly related to Pseudomonas kunmingensis and both have been studied for their exopolysaccharide-producing activity [33]. Pseudomonas stutzeri is a marine bacterium capable of producing EPS which could be used as functional-food components, together with their derivatives [34,35]. Pseudomonas koreensis is a biosurfactant-producing bacterium [36,37,38] with other interesting properties, such as solubilization of heavy metals [39] and lipase activity [40]. Members of the Acinetobacter genus have been extensively studied due to their production of bioemulsifiers and biosurfactants with tremendous applications in the petroleum, medicine and chemical industries, among others [41]. Specifically, Acinetobacter lwoffi shows great potential as bioemulsifier. In a study carried out by reference [42], who tested six Acinetobacter sp. isolated from human skin, the Acinetobacter lwoffi strain showed the maximum emulsification activity in the initial screening experiment and later exhibited the maximum bioemulsifier production. Bacillus altitudinis synthetizes a heteropolysaccharide with antitumor, antioxidant and antimicrobial activities [43].



Two sequences from the clone library of sample 1A showed similarity with the genus Micrococcus sp. which is capable of synthetizing exopolysaccharides [44] but, to our knowledge, no study has focused on its EPS production yet.



In the clone library from sample 4D, two clones reached 95–98% of similarity with the sulfur oxidizing betaproteobacterium Thiobacillus thioparus. This bacterium usually appears in close contact with metal surfaces in industrial environments and its EPS composition varies according to growth conditions [45]. In the clone library from sample 6F, only the detected betaproteobacterium Aquabacterium commune has been related to biofilm formation, frequently detected on drinking water distribution systems [46]. Finally, two clones from sample 8H showed similarity with the bacteria Streptococcus sanguinis (98%) and Acidovorax soli (99%), both species known by their capability to form biofilms in different environments [47,48].



Among the isolated bacteria, several strains are potential EPS producers. Four strains isolated from samples 1A and 8H showed affiliation with Pseudomonas stutzeri [34,35] and one strain from sample 2B with Kocuria rosea. This latter is a halophilic bacterium able to produce a polysaccharide designated as Kocuran [49]. Recent publications claims that certain strains of Kocuria rosea have great potential to be exploited as a source of EPSs utilized in industry, as well as in the biotreatment of hypersaline environments [50]. In addition, the genus Brachybacterium was detected in the isolates of sample 1A with a 100% rate of similarity, represented by the species Brachybacterium rhamnosum. These microorganisms are known for producing EPS such as levan [25]. Levan is a β-(2,6)-linked fructose polymer with a remarkably low intrinsic viscosity, offering a broader spectrum of biotechnological applications. In fact, this polymer can be produced extracellularly by numerous bacteria, including the genera Acetobacter, Bacillus, Erwinia, Gluconobacter, Halomonas, Microbacterium, Pseudomonas, Streptococcus and Zymomonas [51]. Levan as a biofilm component of soil bacterial species contributes to shield bacterial cells from desiccation, to glue cells and to protect the community from predatory organisms. It also serves as an extracellular nutrient reservoir that can be used as an energy source by bacteria under starvation conditions [51]. Many applications for levan have been reported in the literature, which are particularly related to its capacity to form thin films for medical uses or for bio-based food packaging films [52]. Levan-based films are clear, flexible and good oxygen barriers when mixed with the clay montmorillonite [53].



In samples 1A and 3C, two isolates had the bacterium Bacillus aryabhattai as their closest match to known isolates (100% and 99% of similarity, respectively), whose capacity of producing EPS has been tested previously in a study carried out by reference [54]. These authors recorded the highest EPS dry weight for this species respect to other halotolerant strains. Moreover, in sample 4D one isolated bacteria was affiliated to the species Arthrobacter sulfonivorans (98%), an actinobacteria whose capacity of producing EPS has been previously reported [55]. Finally, two alphaproteobacteria with the capacity of synthetizing EPS were isolated exclusively from sample 8H: Brevundimonas diminuta [56] and Rhizobium radiobacter [57].



No potential EPS producing fungi were isolated from the samples collected in Rauschert Portuguesa. However, four fungi potentially able to produce EPS were identified in the clone libraries from sample 7G–F: Penicillium citrinum, which synthetize a malonylated polysaccharide called malonogalactan [58], Fusarium oxysporum [59], Acremonium persicinum [60], which is also used for β-glucanases production [61], and the yeast Rhodotorula mucilaginosa [62]. The exopolysaccharide produced by the latter possesses antimicrobial and antibiofilm properties and therefore could have potential applications to inhibit microbial colonization in medical and industrial settlings [63]. Several fungal orders were also detected in sample 7G–F which have been previously reported as EPS synthesizers, such as Hypocreales [64] and Diaporthales [65]. The most common fungal exopolysaccharide used in the industry is pullulan. This is a linear glucosic homopolysaccharide, excreted by the non-toxic and non-pathogen fungus Aureobasidium pullulans [66]. As an odorless and non-toxic white colored powder, pullulan is easily soluble in water providing clear and viscous solutions due to its structural flexibility. This polymer also has high adhesion, sticking, lubrication and film forming abilities [67]. These properties are of upmost interest for the industrial ceramic to improve the rheological properties of the slips and to decrease the difficulties observed during the dry pressing process. In Figure 7, we summarize the potential effect of the application of EPS to the ceramic materials and its impact on the ceramic rheological properties. Based in the literature, it is hypothesized that EPS, such as pullulan, gellan or xanthan gum, may improve the viscosity of the slips and the performance of in terms of adhesion and flexural strength of the conformed bodies.




5. Conclusions


The colonization pattern from all the samples revealed the presence of microorganisms that are usually present in natural environments, particularly in clay soils. Hence, the identified bacteria and fungi in all samples are in fair agreement with the nature of the raw materials used in the preparation of the ceramic slips (clays and talcs).



The approach used allowed us to obtain a general view of the microbial community composition of the ceramic raw materials and slips and revealed consistent results among culture-dependent and -independent techniques. Both methods can be used in a complementary way, although culture techniques may be less sensitive than molecular biology.



The analysis of the microbial communities present in the raw materials and ceramic suspensions from the industrial process at Rauschert Portuguesa allowed us to detect some potential EPS producers, both bacteria and fungi, in these samples. The most interesting microorganisms detected were Sphingomonas sp., Pseudomonas xanthomarina, Pseudomonas stutzeri, Pseudomonas koreensis, Acinetobacter lwoffi, Penicillium citrinum, Fusarium oxysporum, Acremonium persicinum and Rhodotorula mucilaginosa, all of them with the ability of synthetize exopolysaccharides when the appropriate conditions are settled.



The EPS producers found among the identified microorganisms open the door to future studies focused on EPS production and application to the ceramic production process for improving the rheological properties of the final ceramic components. In addition, microbial biopolymers represent eco-friendly and cost-effective alternatives to the conventional synthetic additives currently used in the ceramic industry.
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Figure 1. Sampling at Rauschert Portuguesa of ceramic raw materials and slips: (A) sampling of talc into sterile containers; (B) clay minerals collection from transportation bag; (C) replicates collected from each raw material; (D) ceramic slip from the mixing tank was collected directly into sterile containers. 
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Figure 2. Fourier Transform Infrared spectra of the ceramic raw materials (Table 1) used by Rauschert Portuguesa. 






Figure 2. Fourier Transform Infrared spectra of the ceramic raw materials (Table 1) used by Rauschert Portuguesa.



[image: Minerals 09 00316 g002]







[image: Minerals 09 00316 g003 550]





Figure 3. Distribution of bacterial phyla retrieved from samples 1A (mill ceramic suspension), 2B (talc 1), 4D (clay), 6F (barium carbonate), 7G (talc 3) and 8H (tank ceramic slip). 
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Figure 4. Distribution of bacterial genera retrieved from samples 1A (mill ceramic suspension), 2B (talc 1), 4D (clay), 6F (barium carbonate), 7G (talc 3) and 8H (tank ceramic slip). 
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Figure 5. Phylogenetic affiliations (order level) of the ITS sequences obtained from sample 7G–F (talc 3). 
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Figure 6. Identification of fungal strains isolated from samples 1A, 2B, 3C and 7G. 
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Figure 7. Conceptual model of the effect of adding EPS to ceramic materials and their potential impact on the rheological properties. 
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Table 1. Description and characteristics of studied samples.
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	Sample ID
	Sample Description
	Source





	1A
	Ceramic suspension collected from the mill used to mix and mill all the raw materials with water
	Rauschert Portuguesa SA.



	2B
	Talc 1 collected from individual packing bag *
	Rauschert Portuguesa SA.



	3C
	Talc 2 collected from individual packing bag *
	Rauschert Portuguesa SA.



	4D
	Clay collected from individual packing bag *
	Rauschert Portuguesa SA.



	5E
	Bentonite collected from individual packing bag *
	Rauschert Portuguesa SA.



	6F
	Barium carbonate collected from individual packing bag *
	Rauschert Portuguesa SA.



	7G
	Talc 3 collected from individual packing bag *
	Rauschert Portuguesa SA.



	8H
	Ceramic suspension collected from a mixing tank used to prepare the ceramic slip for further spray-drying
	Rauschert Portuguesa SA.







* Due to intellectual property protection, the suppliers of the ceramic raw materials are not mentioned.
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