

  fermentation-08-00213




fermentation-08-00213







Fermentation 2022, 8(5), 213; doi:10.3390/fermentation8050213




Article



The Use of Baikal Psychrophilic Actinobacteria for Synthesis of Biologically Active Natural Products from Sawdust Waste



Ekaterina V. Pereliaeva 1[image: Orcid], Maria E. Dmitrieva 1[image: Orcid], Maria M. Morgunova 1,2, Alexander Y. Belyshenko 1, Natalia A. Imidoeva 1, Alexander S. Ostyak 3 and Denis V. Axenov-Gribanov 1,4,*[image: Orcid]





1



Laboratory of Experimental Neurophysiology, Department of Research and Development, Biological Faculty, Irkutsk State University, 664003 Irkutsk, Russia






2



School of High Technologies, Irkutsk National Research Technical University, 664074 Irkutsk, Russia






3



Department of Research and Development, Irkutsk Antiplague Research Institute of Siberia and Far East of the Federal Service for Surveillance in the Sphere of Consumers’ Rights Protection and Human Welfare, 664047 Irkutsk, Russia






4



Laboratory of Pharmaceutical Biotechnology, GreenTechBaikal, LLC, 664007 Irkutsk, Russia









*



Correspondence: denis.axengri@gmail.com; Tel.: +7-950-065-84-55







Academic Editor: Mohammad Taherzadeh



Received: 11 April 2022 / Accepted: 4 May 2022 / Published: 6 May 2022



Abstract

:

One of the relevant areas in microbiology and biotechnology is the study of microorganisms that induce the destruction of different materials, buildings, and machines and lead to negative effects. At the same time, the positive ecological effects of degradation can be explained by the detoxication of industrial and agricultural wastes, chemical substances, petroleum products, xenobiotics, pesticides, and other chemical pollutants. Many of these industrial wastes include hard-to-degrade components, such as lignocellulose or plastics. The biosynthesis of natural products based on the transformation of lignocellulosic wastes is of particular interest. One of the world’s unique ecosystems is presented by Lake Baikal. This ecosystem is characterized by the highest level of biodiversity, low temperatures, and a high purity of the water. Here, we studied the ability of several psychrophilic representatives of Baikal Actinobacteria to grow on sawdust wastes and transform them into bioactive natural products. Different strains of both widely spread genus of Actinobacteria and rare genera of Actinobacteria were tested. We used the LC-MS methods to show that Actinobacteria living in sawmill wastes can produce both known and novel natural products with antibiotic activity. We demonstrated that the type of sawmill wastes and their concentration influence the Actinobacteria biosynthetic potential. We have shown for the first time that the use of Baikal psychrophilic microorganisms as a factory for biodegradation is applicable for the transformation of lignocellulosic wastes. Thus, the development of techniques for screening novel natural products leads to an elaboration on the active ingredients for novel drugs.
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1. Introduction


One of the main challenges of the 21st century is the destruction of technogenic waste accumulated by humans due to the unsustainable exploitation of the ecosystem [1]. Sawdust and lignocellulose are types of technological and agricultural wastes. Technologies using sawdust as briquettes for biofuel and bioethanol are well-known, as well as the production of alcohols and gases from sawdust [2]. However, due to various economic reasons, many logging industry companies do not utilize sawdust and plant-originated wastes [3]. According to the agricultural experience in New Zealand, sawdust and lignocellulose wastes are used to treat nitrogen and fecal bacteria in winter stand-off pads on dairy farms [4]. In the study by Zorpas A.A. and Loizidou, it was demonstrated that sawdust and natural zeolite can be effective bulking agents to improve the quality of a composting product from anaerobically stabilized sewage sludge [5]. Moreover, several recent reviews related to biomass conversion into high-value chemicals were published [6,7].



Despite their useful properties and applications, sawdust and lignocellulose wastes can be hazardous and have a negative impact on ecosystems where logging takes place [8]. These particular risks and negative impacts can be detrimental for ancient ecosystems with high rates of endemics and sustainable communities of living organisms. For example, this is true for Lake Baikal in the Irkutsk Region, Russia. The region is in the center of taiga forests and the leader for wood exports. Moreover, from 1966 to 2013, the activity of the Baikalsk pulp and paper mill led to an accumulation of approx. eight mln. cubic meters of sludge lignin and wood-derived wastes. These wastes are stored close to the lake’s shoreline and its inhabitants [9]. Strong anthropogenic impacts, water level regulation, and high seismic activity in the region cause the need for taking measures aimed at ecological clearance, detoxication, and waste processing.



Microorganisms inhabit all environmental niches and participate in biodegradation and destruction processes. Actinobacteria and microscopic fungi transform hard degradable wastes [10]. Fungi can implement the degradation process quickly and efficiently [11]. However, the advantages of Actinobacteria include its high-level conversion of substrates and its great biotechnological and biosynthetic potential due to well-studied and well-applied methods of genetic engineering [12]. The ability of microorganisms to grow on hard degradable polymers, such as plastic or plant materials, can be explained by their ability to degrade these substrates and consume organic matter obtained in the processes of oxidation or hydrolysis [13,14]. It has been shown that Actinobacteria immobilized on sawdust can be used as an effective biocatalyst for the transformation and degradation of hydrocarbons [15,16].



The growth and development of microorganisms on the above substrates can lead to the synthesis of natural products with biological (in particular, antibiotic) activity. The increasing interest in developing new pharmaceuticals, biologicals, and drugs produced by microorganisms leads to the regular screening of new natural products [17]. The synergetic effects of using agricultural and technological wastes in biotechnological industry can solve at least three of humankind’s problems: the discovery of new molecules with biological activity (1), the destruction and detoxication of industrial and technological wastes (2), and the optimization of microbial cultivation parameters with a cheap and economically available source of carbohydrates (3).



Here, we tested the possibility of developing a technology of recycling sawdust/sawmill waste to produce new active ingredients of pharmaceuticals on the basis of microbial-induced degradation and biotransformation. We studied Actinobacteria as microorganisms that are suitable and convenient “microscopic cellular factories” for the production of bioactive biotechnological products.



The biosynthetic potential of Actinobacteria, which evolved in cold-water, ancient, and clean ecosystems, is of interest, both for fundamental science and for industry to develop technologies for the sustainable management of natural resources.



Actinobacterial natural products are important for the treatment of multiple infectious diseases [18]. For example, about 23,000 antibiotics have been found in various bacteria. Actinobacteria synthesize about 10,000 of them [19]. The genus Streptomyces is a classic and widespread source of natural products with biological activity. It is one of numerous genera in the soil microbial world. This genus is presented by more than 670 species and 1080 strains [20]. Other, rarer Actinobacteria genera are presented by Rhodococcus sp., Micrococcus sp., Actinomadura sp., Frankia sp., etc. Often, these rare genera are well-adapted to extreme environmental conditions [21]. As a rule, these microorganisms need a specific source of carbohydrates. Unusual mechanisms of survival, various biosynthetic mechanisms encoding the important metabolic pathways, and the synthesis of new natural products explain the uniqueness of rare genera of Actinobacteria and their little-studied biosynthetic potential [22]. The biosynthetic potential of Actinobacteria is well-described and presented by bioactive metabolites, such as antibiotics; different volatiles; siderophores; antioxidants; antitumor, antimalaria, and anti-inflammatory agents; and industrial enzymes [23]. Thus, Actinobacteria are an important source of different molecules with biological activity. However, their use for the biosynthesis of natural products from different industrial wastes is poorly understood.




2. Materials and Methods


2.1. Sampling and Isolation of Actinobacteria


Strains of Actinobacteria were isolated on solid MS media (soy flour—20 g/L, D-mannitol—20 g/L, agar—20 g/L), Czapek-Dox media (sucrose—30 g/L, KH2PO4—1 g/L, MgSO4 × 7H2O—0.5 g/L, KCl—0.5 g/L, FeSO4—0.01 g/L, NaNO3—2 g/L, agar—20 g/L), and Hutchinson nutrient media (cellulose—10 g/L, KH2PO4—1 g/L, MgSO4 × 7H2O—0.3 g/L, NaCl—0.07 g/L, CaCl2—0.007 g/L, FeCl3 × 6H2O—0.007 g/L, NaNO3—2.5 g/L, agar—20 g/L). Actinobacteria were isolated from the gastrointestinal tract of Baikal phytophagous amphipods that belong to species Acanthogammarus lappaceus longispinus [24].



Pure strains of Actinobacteria were deposited in the collection of microorganisms of Irkutsk State University (Irkutsk), and in the Russian Collection of Agricultural Microorganisms (RCAM, WDCM 966) of the Federal State All-Russian Research Institute of Agricultural Microbiology, St. Petersburg, Russia. The strains were deposited in the National Institute of Industrial Property (Act 001167 2021100641 at 13 January 2021) to obtain the national patent “Method for obtaining biologically active natural compounds”. Strains of three different genera were used to study the biotechnological potential of Actinobacteria to produce natural products when cultivated on sawdust wastes. These are the species related to genera Streptomyces sp., Rhodococcus sp., and Microbacterium sp.




2.2. Identification


First, the isolated strains were identified using the mass spectrometry system for microorganism identification MALDI BIOTYPER (Bruker Daltonik GmbH, Bremen, Germany) in the Irkutsk Antiplague Research Institute of Siberia and Far East of the Federal Service for Surveillance in the Sphere of Consumers’ Rights Protection and Human Welfare. For identification, we used the method of direct application according to the Bruker recommendation [25,26]. The identification was considered successful when the identified strain was assigned to the color-scale green area.



Moreover, to verify the identification of microorganisms, we used 16S rRNA gene sequencing with basic phylogenetic analysis. To isolate total DNA, strains were grown in 10 mL of TSB (Merck, Darmstadt, Germany) nutrient medium at 8 °C for 30 days at 180 rpm. The total DNA was isolated using the QIAamp DNA Kit (Qiagen, Hilden, Germany). To identify the isolates, gene 16S rRNA was amplified by PCR with Actinobacteria-specific and universal primers. The Actinobacteria-specific primers were F-Act-235 (CGC GGC CTA TCA GCT TGT TG) and R-Act-878 (CCG TAC TCC CCA GGC GGG G) [27]. Universal eubacterial primers included 8F (AGA GTT TGA TCC TGG CTC AG) and 1492R (TAC GGY TAC CTT GTT ACG ACT T) [28]. The PCR reaction was performed using the ScreenMix 5X PCR kit (Kat.PK041L, Evrogen, Moscow, Russia). PCR was performed in the TGradient Thermocycler (Biometra, Göttingen, Germany) at a volume of 25 uL. The PCR parameters were as follows: initial denaturation at 95 °C for 5 min, followed by 25 cycles of 95 °C for 40 s, 49–52 °C for 25 s, and 72 °C for 110 s, and final elongation at 72 °C for 5 min. The PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and sequenced using Actinobacteria-specific or universal primers in Evrogen LLC (Moscow, Russia). Forward and reverse sequences were assembled using the Bioedit software (version 7.2.5). The obtained sequences were deposited to the GenBank with numbers OL739263-OL739265 and aligned with the bacterial 16S rRNA gene sequences using BLAST (NCBI, Bethesda, MD, USA).



Evolutionary history was inferred using the Neighbor-Joining method [29]. The nucleotide sequences obtained in the experiment were aligned with the sequences from the NCBI database that showed the greatest similarity. The percentages of replicate trees, in which the associated taxa clustered together in the bootstrap test (1000 replicates), are shown next to the branches [30]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Evolutionary distances were computed using the Tamura–Nei method [31] and given in the units of the number of base substitutions per site. This analysis involved 33 nucleotide sequences of Streptomyces sp., 37 nucleotide sequences of Rhodococcus sp., and 49 nucleotide sequences of Microbacterium sp. All ambiguous positions were removed for each sequence pair (pairwise deletion option). In total, the final dataset includes 608 positions for Streptomyces sp., 599 positions for Rhodococcus sp., and 553 positions for Microbacterium sp. The evolutionary analysis was conducted using MEGA X [32].




2.3. Cultivation


The isolated strains were cultivated on solid minimal media (MM) (media composition: L-asparagine—0.5 g/L, K2HPO4—0.5 g/L, MgSO4 × 7H2O—0.2 g/L, FeSO4 × 7H2O—0.01 g/L, glucose—10 g/L, agar—20 g/L). Sawdust presented by pine and birch were added to MM in concentrations of 30 g/L (relatively high content) and 10 g/L (relatively low content). The size of the sawdust ranged 0.7–1.2 mm. Sawdust was added in a gradient manner (from 0 g/L to 30 g/L of sawdust). Cultivation was carried out in 20 × 20 cm square Petri dishes. We prepared three types of MM: original MM, MM with pine sawdust, and MM with birch sawdust. To prepare the gradient nutrient media, we used two sterile removable plexiglass partitions to divide the Petri dishes into three equal zones. The first zone was for MM nutrient medium with sawdust in a concentration of 30 g/L. The second zone was for MM nutrient medium with sawdust in a concentration of 10 g/L. The third zone was for original MM nutrient medium without sawdust. The first and third zones were simultaneously filled and polymerized, while the second remained empty. Then, the plexiglass partitions were removed, and the second zone was formed.



The Petri dish was conventionally divided into three equal sectors (along the gradient). The strains were inoculated in a row on the first and second sectors of the Petri dish. Only one strain was inoculated on each Petry dish. The third sector was empty and served as a control. The Petri dishes were incubated at 8 °C for 30 days. Then, the Petri dishes were divided into nine equal parts (3 × 3) using the neck of a 50 mL Falcon tube. The upper disk of each column meant that the MM media did not contain sawdust, the medium disk had a low content of sawdust in MM media (10 g/L), and the lower disk had a high level of sawdust in MM media (30 g/L).




2.4. Extraction of Natural Products


Agar disks were homogenized in 15 mL of isobutyl alcohol and sonicated for 30 min. The sample was centrifuged at 3000 rpm, transferred to new tubes, and evaporated in the needle nitrogen evaporator at 45 °C. The extracts in concentration of 0.1 mg/mL were dissolved in 1:1 mixture of methanol and DMSO (Merck, Germany) [33,34]. The dissolved samples were stored for 5–7 days at −20 °C for sedimentation and aggregation of soluble polymeric molecules. Then, the samples were centrifuged for 1 min at 16,000 rpm at +6 °C before the analysis described in Section 2.5 and Section 2.6. [34]




2.5. Assay of Antibiotic Activity of Extracts from Isolated Strains


Two bacterial cultures were chosen to test the extracts’ antibiotic activity. Test cultures were presented by model strains of Bacillus subtilis ATCC 6633 and Pseudomonas putida KT 2440.



The qualitative test for antimicrobial activity was performed using the disk diffusion method [35]. In short, 12-h bacterial cultures were inoculated on agarized LB media in a volume of 100 µL. Then, Petri dishes with test cultures were dried for 30 min. In parallel, an extract in a volume of 30 µL was used for antibiotics activity assay. Extracts were loaded on 5 mm diameter paper disks. Then, the paper disks were dried in natural conditions and placed on prepared LB media with the inoculated test culture. Petri dishes were incubated for 24 h at 37 °C until the appearance of growth inhibition zones [36]. Paper disks loaded with the methanol and DMSO mixture were used as negative control.




2.6. Estimation of Biotechnological Potential Using the LC-MS Approach


Approaches of ultra-performance liquid chromatography were used to estimate biotechnological potential. We used the Thermo Fisher Scientific Ultimate 3000 (Dionex, Waltham, MA, USA) chromatography system with ultra-high-resolution mass spectrometric detector Q-TOF maXis Impact II (Bruker Daltonik GmbH, Bremen, Germany). Crude extracts were separated in a linear gradient of acetonitrile from 5 to 95% against a 0.1% ammonium formate solution in water at 0.5 mL/min flow rate for 20 min using the Acquity UPLC BEH C18 UHPLC column (Waters, Eschborn, Germany; with the column parameters: 130 Å, 1.7 µm, 2.1 mm × 100 mm) [37,38]. Masses of natural products were detected in positive mode, with the detection range of 160–2500 m/z. Data were collected and analyzed using the Bruker Compass Data Analysis software, version 4.1 (Bruker Daltonik GmbH, Bremen, Germany). Natural products were dereplicated using the Dictionary of Natural Products (DNP) database (CRC Press, Boca Raton, FL, USA) with the following search parameters: accurate molecular mass, absorption spectra, and biological source of molecules isolation. Natural products were considered to be identified when the difference between accurate mass was approximately m/z 0.001, 10 ppm, and the biological source matched the materials deposited in the DNP database. The masses of molecules were calculated using the standard adduct protocols ([M + H], [M + Na], [M + NH4], etc.) [39]. Analysis of each sample was carried out three times.





3. Results


3.1. Identification of Isolated Strains and Their Ability to Grow on Sawdust


During the study, representatives of three genera of Actinobacteria were investigated: Streptomyces sp. (Streptomyces sp. LPB2019K190-4), Microbacterium sp. (Microbacterium sp. LPB2019K198-2), and Rhodococcus sp. (Rhodococcus sp. LPB2019K201-3). The isolated strains revealed similarity with other known species of microorganisms. According to data from the MALDI mass spectrometric identification, the Microbacterium sp. LPB2019K198-2 showed similarity with species M. liquefaciens. At the same time, the isolated Rhodococcus sp. LPB2019K201-3 was similar to species R. fascians. However, according to phylogenetic data, the isolated strain of Microbacterium sp. was closely similar to M. hydrothermale, M. proteolyticum, M. testaceum, M. zeae, and M. hominis. The Baikal strain forms another clade of the phylogenetic tree (Figure 1).



By contrast, the strain of Baikal Rhodococcus sp. formed a strict clade with such genera as R. erythropolis, R. zopfii, and R. coprophilus. It does not form a separate clade (Figure 2). The strain of Baikal Streptomyces sp. formed strict clades with S. griseolus, S. flavovirens, S. argenteolus, S. badius, and S. lunaelactis (Figure 3).



At the first stage of our study, we tested the ability of Actinobacteria to grow on nutrient media with the sawdust wastes of hardwood and softwood sawdust. The results demonstrated that Streptomyces sp. LPB2019K190-4 is capable of growing on two types of MM media. The addition of both pine and birch sawdust led to active growth of the strain.



Rare strains of Actinobacteria showed their ability to grow on MM modified by birch sawdust. The addition of pine sawdust in MM media suppressed the growth of rare genus Rhodococcus sp. and Microbacterium sp. Table 1 presents the summary characterizing the presence of strain growth.




3.2. Antibiotic Activity of Isolated Strains


Table 2 presents the antibiotic activity of the strains cultivated on gradient nutrient media. The cultivation of Streptomyces sp. LPB2019K190-4 on solid nutrient media with pine sawdust induced the synthesis of natural products with antimicrobial activity. Crude extracts inhibited the growth of Gram-positive bacteria B. subtilis. We found that Streptomyces sp. LPB2019K190-4 cultivated on MM media inhibited the growth of B. subtilis, just like when cultivated on MM media with pine sawdust. The cultivation of Streptomyces sp. LPB2019K190-4 on MM media with birch sawdust did not lead to growth inhibition in tested B. subtilis and P. putida.



Among the rare strains, we detected the antimicrobial activity of Microbacterium sp. LPB2019K198-2 cultivated on birch sawdust and did not detect any antimicrobial activity of Rhodococcus sp. LPB2019K201-3. Microbacterium sp. LPB2019K198-2 was characterized by the absence of antimicrobial activity of crude extracts when grown on MM nutrient media. However, adding birch sawdust to the nutrient media induced the occurrence of antimicrobial activity against Gram-negative bacteria P. putida. The size of the growth inhibition zones ranged from 9 mm to 12 mm (incl. 5 mm paper disk).




3.3. Mass Spectrometric Estimation of Biotechnological Potential


To estimate the biotechnological potential and determine the preliminary composition of low-molecular-weight natural products of Actinobacteria cultivated on sawdust, we analyzed the extracts using UPLC-MS. In total, we found at least 80 molecules synthesized by the studied strains under the experimental conditions. Out of the 80 natural products, 67 could not be identified using the Dictionary of Natural Products database (Figure 4). We demonstrated that adding sawdust in different amounts led to both activation and suppression of natural product synthesis. We did not find strong effects of the type of sawdust on the number of natural products synthesized by Streptomyces sp. representatives. Here, we observed that the studied strain produced from five to nine natural products under the experimental conditions. Representatives of rare strains produced from seven to fifteen natural products in the case of Rhodococcus sp., and from five to nineteen natural products in the case of Microbacterium sp. Thus, for the studied Microbacterium sp., we found that adding birch sawdust to nutrient media resulted in a fourfold increase in the number of produced molecules.



The analysis of the synthetic potential of Streptomyces sp. LPB2019K190-4 during cultivation on MM with pine sawdust revealed the induced synthesis of at least 12 natural products. Figure 5 shows the comparative mass chromatograms of molecules extracted from MM with pine sawdust added (left column, control parameters), and from MM where we cultivated Streptomyces sp. LPB2019K190-4 (right column, experimental parameters). Three pre-identified metabolites were found in the crude extracts. These natural products were Glaciapyrrol B ([M + H] 317.1989 Da, retention time (RT) 5.2 min, Δ0.0001 Da, 0.3 ppm) and N2-[5-(4-Aminophenyl)-2,4-pentadienoyl] glutamine ([M + H] 317.1408, RT 2.6 min, Δ0.003 Da, 10.2 ppm), produced by Streptomyces sp. LPB2019K190-4 at a relatively low content of pine sawdust on MM (Figure 6, Table 3). Moreover, the cultivation of Streptomyces sp. LPB2019K190-4 on nutrient media with a relatively high content of pine sawdust caused the synthesis of molecule NFAT 133 ([M + H] 276.1717 Da, RT 6.5 min, Δ0.0008 Da, 3.1 ppm) (Figure 7, Table 3).



The analysis of the biosynthetic potential of Streptomyces sp. LPB2019K190-4 during cultivation on MM with birch sawdust revealed the induced synthesis of at least 22 natural products (Figure 8).



The cultivation of Rhodococcus sp. LPB2019K201-3 on birch wastes induced the synthesis of 25 natural products (Figure 9, Table 3). The presence of a natural product known as octahydro-7α-methyl-1-(1-methyl-2-isopropyl)-5-oxo-1H-indene-4-propanoic acid ([M + H] 294.1801 Da, RT 14.4 min, Δ0.003 Da, 10.2 ppm) was preliminarily identified in crude extract (Figure 10, Table 3). Rhodococcus sp. LPB2019K201-3 produced this molecule in a relatively low amount of birch sawdust in MM media. The strain did not produce the above natural product when cultivated with a high content of birch sawdust.



The presence of birch sawdust in nutrient media induced the synthesis of at least 30 natural products in Microbacterium sp. LPB2019K198-2 (Figure 11). However, all these molecules cannot be identified at this stage of our study.





4. Discussion


One of the current topics in biotechnology is the study of the ability of microorganisms to degrade organic matter of natural and anthropogenic origin [45,46]. The total annual scope of sawmill waste is measured in millions of cubic meters that are not used. These wastes occupy vast territories and pollute the environment. Simultaneously, sawdust and lignocellulosic wastes can be used as biosorbents [47,48,49], but for the unique and ancient ecosystem of Lake Baikal, this is not suitable. Among the number of existing technologies for the detoxication of materials and agricultural wastes, one of the crucial ecological technologies is the utilization of sawmill waste using microorganisms involved with biological destruction [50].



Lake Baikal is one of the freshwater ecosystems characterized by a great number of endemic organisms, low positive temperature, and a high level of biodiversity. Many studies describing the diversity of its microbial communities were performed in the Baikal region [51,52,53]. Our study is one of the first devoted to the synthesis of natural products by the cultivation of Baikal Actinobacteria on plant-derived polymers and sawmill waste. As destructors, Actinobacteria can simultaneously consume complex degraded plant polymers and produce valuable natural products.



In our study, we used three wild strains of Baikal psychrophilic Actinobacteria to demonstrate the possibility of using sawmill waste as a component of the nutrient medium required for the synthesis of natural products. During the experiments, we showed that Streptomyces sp. LPB2019K190-4 grew on both pine and birch sawdust, whereas rare strains presented by Rhodococcus sp. LPB2019K201-3 and Microbacterium sp. LPB2019K198-2 could only grow on nutrient media with birch sawdust. Based on this, we suppose that Streptomyces sp. LPB2019K190-4 has a specific adaptation that helps this strain (genus) to grow on nutrient medium containing pine resin. The resin contains natural products with multiple antimicrobial activities. This singularity of the Streptomyces genus is also reported in other studies [54,55,56]. For example, Actinobacteria of the Streptomyces genus were found on the surface of black pine roots [57]. Representatives of this genus of Actinobacteria are a part of the microbial community in the soils in pine forests [58].



The analysis of published data shows that Actinobacteria of rare genera, such as Rhodococcus sp. and Microbacterium sp., can also be endophytes of pine species. This has been shown for at least four pine species growing in the forests of South Korea, where representatives of these rare genera have been found [59]. As we have shown, the Baikal rare genera of Actinobacteria are not capable of growing on nutrient media containing pine sawdust. This can be explained by the high selective sensitivity of the strains to natural products of resins and the limited adaptations that allow them to be resistant to pine resin.



Moreover, this research has found that Streptomyces sp. LPB2019K190-4 cultivated on nutrient media with sawdust is characterized by antimicrobial activity. We observed the strain’s antimicrobial activity under all tested conditions: cultivation on MM and MM modified by pine sawdust. Furthermore, the absence of antimicrobial activity in the crude extracts obtained from samples of the control nutrient medium (with sawdust, but without strain growth on the surface of the Petri Dish) and, simultaneously, the presence of antimicrobial activity in the experiment indicates the diffusion of resins and their penetration to the MM sector on experimental plates where the strain was grown. Thus, in the case of Streptomyces sp., we detected the chemical induction of the synthesis of natural products. Thus, there is a high probability that it is the molecules from pine resins that induce the synthesis of bacterial natural products.



The cultivation of Streptomyces sp. LPB2019K190-4 on MM media with pine sawdust promoted the synthesis of Glaciapyrrol B. This probably resulted in the growth inhibition of Gram-positive bacteria B. subtilis. Literature analysis showed that Glaciapyrrol B is a pyrrole sesquiterpenoid and has antibiotic activity against Micrococcus luteus and B. subtilis [41]. Moreover, in the extracts of Streptomyces sp. LPB2019K190-4 cultivated on nutrient media with sawdust added, we found a natural product that can be identified as NFAT 133. NFAT 133 is a trisubstituted aromatic molecule with antidiabetic potential due to its inhibiting NFAT-dependent transcription [43,60].



The cultivation of a rare genus of Actinobacteria on the minimal nutrient medium with sawdust caused both the activation and the inhibition of the synthesis of natural products. The strain of Microbacterium sp. revealed a strong positive effect and demonstrated the fourfold induction of the synthesis of molecules when cultivated in the presence of sawdust. Thus, the use of sawdust as a nutrient medium component led to a species-specific exhibition of biosynthetic potential.



Moreover, natural products produced by rare Actinobacteria within the experiment are not reported in the largest database titled Dictionary of Natural Products. Thus, there is a high probability of revealing new chemical molecules obtained due to the synthesis of natural products by Actinobacteria.



The singularity of rare genera can be explained by the relatively low level of knowledge about them and the new experimental design used in this research. Studies of the adaptation mechanisms and metabolic pathways of Actinobacteria cultivated on nutrient media with sawmill waste may have great biotechnological potential for both biomedical and bioremediation processes. Here, we demonstrated a preliminary estimation of the biotechnological potential of Baikal psychrophilic Actinobacteria for the production of natural products when cultivated on nutrient media containing sawmill waste. At the same time, a thorough understanding of the role of microorganisms and their impact on anthropogenic waste can be helpful for developing a technology for transforming anthropogenic waste into valuable biopharmaceutical products.



The analysis of problems of bioethanol production, as described in [61,62], leads to the necessity for testing Actinobacteria as biological agents for the detoxication of toxic compounds from bioethanol precursors. The use of Actinobacteria in intermediate processes in the technological scheme of bioethanol synthesis may lead to the development of safe and environmentally friendly technologies for the deep conversion of plant materials. Thus, the performed study and recently published reviews [6,7] can open a new era of using microorganisms in the industry and contribute to the sustainable development of the planet.
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Figure 1. Evolutionary relationships of the Baikal strain of Microbacterium sp. The phylogenetic tree was constructed using the Neighbor-Joining method. The Baikal strain is marked with the “o” symbol. 
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Figure 2. Evolutionary relationships of the Baikal strain of Rhodocuccus sp. The phylogenetic tree was constructed using the Neighbor-Joining method. The Baikal strain is marked with the “o” symbol. 
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Figure 3. Evolutionary relationships of the Baikal strain of Streptomyces sp. The phylogenetic tree was constructed using the Neighbor-Joining method. The Baikal strain is marked with the “o” symbol. 
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Figure 4. Number of natural products produced by the studied Actinobacteria when cultivated on nutrient media with sawdust. 
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Figure 5. Chromatograms of natural products extracted from MM with pine sawdust added (left column, control parameters) and MM (left column, experimental parameters) where Streptomyces sp. LPB2019K190-4 was cultivated: (A) MM media without sawdust (control); (B) Streptomyces sp. LPB2019K190-4 cultivated on MM media without sawdust (control); (C) MM media with a relatively low content of pine sawdust (control); (D) Streptomyces sp. LPB2019K190-4 cultivated on MM media with a relatively low content of pine sawdust; (E) MM media with a relatively high content of pine sawdust (control); (F) Streptomyces sp. LPB2019K190-4 cultivated on MM media with a relatively high content of pine sawdust. *-asterisks indicate the differences (new peaks) between MS-spectrums of control and experimental samples. 
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Figure 6. Mass chromatograms of natural products subjected to bacterial destruction: (A) MS-chromatogram and MS-spectrum of N2-[5-(4-Aminophenyl)-2,4-pentadienoyl] glutamine; (B) MS-chromatogram and MS-spectrum of Glaciapyrrol B. *-asterisks indicate peaks of natural products. 
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Figure 7. Mass chromatograms of NFAT 133: (A) Mass chromatogram of NFAT 133; (B) UV and mass profile of the peak identified as NFAT 133. *-asterisk indicates peak of natural product. 
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Figure 8. Chromatograms of natural products extracted from MM media with birch sawdust added (left column, control parameters) and MM (left column, experimental parameters) where Streptomyces sp. LPB2019K190-4 was cultivated: (A) MM media without sawdust (control); (B) Streptomyces sp. LPB2019K190-4 cultivated on MM media without sawdust (control); (C) MM media with a relatively low content of birch sawdust (control); (D) Streptomyces sp. LPB2019K190-4 cultivated on MM media with a relatively low content of birch sawdust (E) MM media with a relatively high content of birch sawdust (control); (F) Streptomyces sp. LPB2019K190-4 cultivated on MM media with a relatively high content of birch sawdust. *-asterisks indicate the differences (new peaks) between MS-spectrums of control and experimental samples. 
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Figure 9. Chromatograms of natural products extracted from MM with birch sawdust added (left column, control parameters) and MM (left column, experimental parameters) where Rhodococcus sp. LPB2019K201-3 was cultivated: (A) MM media without sawdust (control); (B) Rhodococcus sp. LPB2019K201-3 cultivated on MM media without sawdust (control); (C) MM media with a relatively low content of birch sawdust (control); (D) Rhodococcus sp. LPB2019K201-3 cultivated on MM media with a relatively low content of birch sawdust; (E) MM media with a relatively high content of birch sawdust (control); (F) Rhodococcus sp. LPB2019K201-3 cultivated on MM media with a relatively high content of birch sawdust. *-asterisks indicate the differences (new peaks) between MS-spectrums of control and experimental samples. 
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Figure 10. Mass chromatogram of the natural product identified as Octahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indein-4-propionic acid: (A) Chromatogram of Octahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indein-4-propionic acid; (B) UV and mass profile of the peak identified as otahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indein-4-propionic acid. *-asterisk indicates peak of natural product. 






Figure 10. Mass chromatogram of the natural product identified as Octahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indein-4-propionic acid: (A) Chromatogram of Octahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indein-4-propionic acid; (B) UV and mass profile of the peak identified as otahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indein-4-propionic acid. *-asterisk indicates peak of natural product.



[image: Fermentation 08 00213 g010]







[image: Fermentation 08 00213 g011 550] 





Figure 11. Chromatograms of natural products extracted from MM with birch sawdust added (left column, control parameters) and MM (left column, experimental parameters) where Microbacterium sp. LPB2019K198-2 was cultivated: (A) MM media without sawdust (control); (B) Microbacterium sp. LPB2019K198-2 cultivated on MM media without sawdust (control); (C) MM media with a relatively low content of birch sawdust (control); (D) Microbacterium sp. LPB2019K198-2 cultivated on MM media with a relatively low content birch sawdust; (E) MM media with a relatively high content of birch sawdust (control); (F) Microbacterium sp. LPB2019K198-2 cultivated on MM media with a relatively high content of birch sawdust. *-asterisks indicate the differences (new peaks) between MS-spectrums of control and experiment. 
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Table 1. Ability of isolated strains to grow on sawdust waste.
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	Strain
	MM + Pine Sawdust
	MM + Birch Sawdust





	Streptomyces sp. LPB2019K190-4
	+
	+



	Rhodococcus sp. LPB2019K201-3
	−
	+



	Microbacterium sp. LPB2019K198-2
	−
	+
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Table 2. Antibacterial activity of studied strains cultivated on gradient nutrient media with sawdust waste.
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Strain

	
Nutrient Media

	
Experiment

	
Control




	
B. subtilis

	
P. putida

	
B. subtilis

	
P. putida






	
Streptomyces sp. LPB2019K190-4

	
MM

	
+

	
−

	
−

	
−




	
MM + low content of pine sawdust

	
+

	
−

	
−

	
−




	
MM + high content of pine sawdust

	
+

	
−

	
−

	
−




	
MM

	
−

	
−

	
−

	
−




	
MM + low content of birch sawdust

	
−

	
−

	
−

	
−




	
MM + high content of birch sawdust

	
−

	
−

	
−

	
−




	
Rhodococcus sp. LPB2019K201-3

	
MM

	
−

	
−

	
−

	
−




	
MM + low content of birch sawdust

	
−

	
−

	
−

	
−




	
MM + high content of birch sawdust

	
−

	
−

	
−

	
−




	
Microbacterium sp. LPB2019K198-2

	
MM

	
−

	
−

	
−

	
−




	
MM + low content of birch sawdust

	
−

	
+

	
−

	
−




	
MM + high content of birch sawdust

	
−

	
+

	
−

	
−
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Table 3. Pre-identified natural products of Streptomyces sp. LPB2019K190-4 and Rhodococcus sp. LPB2019K201-3 cultivated on nutrient medium with sawdust added.






Table 3. Pre-identified natural products of Streptomyces sp. LPB2019K190-4 and Rhodococcus sp. LPB2019K201-3 cultivated on nutrient medium with sawdust added.





	№
	Retention Time

(min)
	Mass. [M + H] m/z = [M] −1.0079
	Adducts
	CRC-Code
	Natural Product Name
	Synonym of Natural Product
	Mass
	Δ[M]
	ppm
	Importance
	Known

Biological Source
	References





	1
	2.6
	318.149
	[M + Na]
	NRR69-H
	N2-[5-(4-Aminophenyl)-2,4-pentadienoyl] glutamine
	−
	317.138
	0.0032
	10.2
	−
	Streptomyces sp. Tu 3946
	[40]



	2
	5.2
	318.207
	[M + Na]
	OOJ07-P
	Glaciapyrrol B
	−
	317.199
	0.0001
	0.3
	Antibacterial activity
	Streptomyces sp. NPS008187, isolated from sea water
	[41]



	3
	6.5
	277.18
	[M + Na]
	NNX36-X
	NFAT 133
	4-hydroxy-5-[2-(3-hydroxy-1-propenyl)-4-methylphenyl]-3-methyl-2-hexanone
	276.73
	0.0008
	3.1
	Blocks NFAT-dependent transcription and shows immunosuppressant props.; exhibits antidiabetic props.
	Streptomyces karnatakensis
	[42,43,44]



	4
	14.4
	295.188
	[M + NH4]
	GNH63-C
	Octahydro-7α-methyl-1-(1-methyl-2-oxopropyl)-5-oxo-1H-indene-4-propanoic acid
	3-[7a-Methyl-5-oxo-1-(1-methyl-2-oxopropyl)-3aH-hexahydroindan-4-yl] propionic acid
	294.18
	0.0030
	10.2
	Antifungal properties
	Rhodococcus sp.
	[40]
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