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Abstract

:

StrR-like pathway-specific transcriptional regulators (PSRs) function as activators in the biosynthesis of various antibiotics, including glycopeptides (GPAs), aminoglycosides, aminocoumarins, and ramoplanin-like lipodepsipeptides (LDPs). In particular, the roles of StrR-like PSRs have been previously investigated in the biosynthesis of streptomycin, novobiocin, GPAs like balhimycin, teicoplanin, and A40926, as well as LDP enduracidin. In the current study, we focused on StrR-like PSRs from the ramoplanin biosynthetic gene cluster (BGC) in Actinoplanes ramoplaninifer ATCC 33076 (Ramo5) and the chersinamycin BGC in Micromonospora chersina DSM 44151 (Chers28). Through the analysis of the amino acid sequences of Ramo5 and Chers28, we discovered that these proteins are phylogenetically distant from other experimentally investigated StrR PSRs, although all StrR-like PSRs found in BGCs for different antibiotics share a conserved secondary structure. To investigate whether Ramo5 and Chers28, given their phylogenetic positions, might influence the biosynthesis of other antibiotic pathways governed by StrR-like PSRs, the corresponding genes (ramo5 and chers28) were heterologously expressed in Actinoplanes teichomyceticus NRRL B-16726 and Nonomuraea gerenzanensis ATCC 39727, which produce the clinically-relevant GPAs teicoplanin and A40926, respectively. Recombinant strains of NRRL B-16726 and ATCC 39727 expressing chers28 exhibited improved antibiotic production, although the expression of ramo5 did not yield the same effect. These results demonstrate that some StrR-like PSRs can “cross-talk” between distant biosynthetic pathways and might be utilized as tools for the activation of silent BGCs regulated by StrR-like PSRs.
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1. Introduction


Filamentous actinobacteria, also known as actinomycetes, represent one of the most abundant natural sources of antibiotics [1]. Soil-dwelling, Gram-positive actinobacteria possess large genomes (of up to 13 Mbp [2]) rich in GC content. These genomes harbor numerous biosynthetic gene clusters (BGCs), which consist of structural and regulatory genes governing the synthesis of antibiotics and other specialized metabolites [3]. It is noteworthy that, within a single genome, only a few BGCs are active, while others remain “silent” under typical laboratory conditions [4]. Various families of pathway-specific transcriptional regulators (PSRs), encoded by cluster-situated regulatory genes (CSRGs), play a crucial role in regulating the expression of antibiotic BGCs [5]. Among these regulators are Streptomyces antibiotic regulatory proteins (SARPs), which, as classic examples of PSRs, control the biosynthesis of diverse antibiotics [6]. SARPs have been extensively studied and leveraged as powerful tools to activate silent BGCs in Streptomyces spp. [7,8,9]. Another known group of PSRs involved in the regulation of antibiotic biosynthesis is the LuxR family transcriptional regulators [10]. LuxR family proteins were reported to control the biosynthesis of polyene antifungals, such as nystatin, natamycin, amphotericin, and others [11,12,13]. The third relevant group of PSRs, known as StrR-like transcriptional regulators, have received less attention in terms of systematic in silico analyses and structural studies than SARPs and LuxR family PSRs. The founding member of this group is the eponymous StrR, a PSR associated with the streptomycin and hydroxystreptomycin BGCs in Streptomyces griseus ssp. griseus NBRC 13350 and Streptomyces glaucescens GLA.0 [14,15]. Subsequently, another StrR-like PSR, NovG, was demonstrated to activate the production of the aminocoumarin antibiotic novobiocin [16]. StrR-like PSRs were then investigated as regulators of glycopeptide antibiotic (GPA) biosynthesis [17]. Initially, StrR was predicted to carry a helix-turn-helix (HTH) DNA-binding domain in the central region [15], but more recent annotations noted the presence of a ParB-like nuclease domain (characteristic of the Spo0J superfamily of chromosome segregation proteins [18]) at the N-terminus [19]. To date, further investigations are needed to better define the structure of StrR-like regulatory proteins, their mode of DNA-binding, the role of the ParB-like nuclease domain, as well as their phylogeny and evolution.



GPAs represent a clinically successful class of cell wall biosynthesis inhibitors (via binding the lipid II) produced by actinomycetes [20,21]. The first-generation GPAs, vancomycin and teicoplanin, are naturally produced by various strains of Amycolatopsis orientalis and Actinoplanes teichomyceticus NRRL B-16726, respectively [22,23]. In contrast, the semisynthetic second-generation GPAs telavancin, oritavancin, and dalbavancin are chemically modified derivatives of the natural GPAs vancomycin, chloroeremomycin (a vancomycin-like GPA produced by Kibdelosporangium aridum A82846 [24]), and A40926 (a teicoplanin-like GPA produced by Nonomuraea gerenzanensis ATCC 39727 [25]), respectively. Many other natural and semisynthetic GPAs are known but they are not clinically used [20,26]. Although every known GPA BGC carries a gene for an StrR-like PSR [27], the most studied are bbr (from the balhimycin BGC in Amycolatopsis balhimycina DSM 5908) [28,29,30], tei15* from the teicoplanin BGC (tei) [31,32,33], and dbv4 from the A40926 BGC (dbv) [30,34,35]. All these genes appear to encode key activators of GPA biosynthesis, and their knocking out resulted in the complete abolishment of antibiotic production [32,35]. This feature has allowed the use of bbr, tei15*, and dbv4 as powerful tools to engineer GPA-overproducing strains, either in their native or in heterologous hosts, or to activate silent biosynthetic pathways for GPAs [19,29,32,36].



GPAs appear to share a genetic relationship with another significant group of lipid II binders known as ramoplanin-like lipodepsipeptides (LDPs) [37]. LDPs include ramoplanin (produced by Actinoplanes ramoplaninifer ATCC 33076 [38,39]), enduracidin (produced by Streptomyces fungicidicus B 4477 [40,41]), and the recently described chersinamycin (produced in Micromonospora chersina DSM 44151 [42]). Among the three, the most advanced in clinical trials is ramoplanin due to its potent bactericidal activity against aerobic and anaerobic Gram-positive bacteria, including methicillin-resistant enterococci (MRE), vancomycin-resistant enterococci (VRE), and Clostridiodes difficile [43,44]. Ramoplanin has progressed to phase III clinical trials for the specific treatment of gastrointestinal infections caused by VRE and C. difficile strains [45,46,47]. GPA and LDP BGCs share similar genes, as those involved in the biosynthesis of nonproteinogenic amino acids 3,5-dihydroxyphenylglycine and 4-hydroxyphenylglycine [37], exporter genes [46], and CSRGs coding for StrR-like PSRs. These genes, identified in the ramoplanin (ramo), chersinamycin (chers), and enduracidin (end) BGCs, are named ramo5 [47], chers28 [42], and end22 [41], respectively. The roles of ramo5 and chers28 have not been experimentally investigated yet, while end22 was demonstrated to activate enduracidin production [48]. Indeed, the knockout of end22 abolished enduracidin production, while its overexpression led to a several-fold increase in enduracidin titers [48].



This motivated our interest to investigate in this study the phylogenetic position of LDP StrR-like PSRs and their structural features in silico, assessing their relationships with better-studied regulators of GPA biosynthesis. Furthermore, we studied the properties of ramo5 from A. ramoplaninifer ATCC 33076 and its ortholog chers28 from M. chersina DSM 44151, heterologously expressing them in the producers of the clinically valuable GPAs teicoplanin and A40926 (A. teichomyceticus NRRL B-16726 and A40926 N. gerenzanensis ATCC 39727, respectively). After investigating the GPA production dynamics in the recombinant strains, we demonstrated that chers28 enhances teicoplanin and A40926 production under specific expression conditions. Our results indicate that StrR-like PSRs of the GPA and LDP pathways are conserved enough to “cross-talk”, expanding the genetic toolkit for creating GPA-overproducing strains.




2. Results


2.1. Phylogenetic Relationships between StrR-like Regulators Coded within Antibiotic BGCs


Considering the presence of similar genes for StrR-like PSRs in LDP and GPA BGCs, we decided to investigate the phylogenetic relationships between these PSRs and collocate them in the broader context of the phylogeny of StrR-like PSRs coded within available antibiotic BGCs. To establish a set of proteins for phylogenetic reconstruction, we initially analyzed eight publicly available LDP BGCs [39,41,42] in search of Ramo5 homologs (Table S1A). Surprisingly, we found that end from S. fungicidicus ATCC 21013 as well as BGCs for putative LDPs from Streptomyces sp. SLBN-134, Am. orientalis DSM 40040 and B-37, and Am. balhimycina DSM 44591 carried two genes for StrR-like PSRs (Table S1A). Although end22 (ABD65942) was experimentally investigated [48], the gene for the second StrR-like PSR—end24 (ABD65944)—was probably missed before.



In the next step, we analyzed all the antibiotic BGCs from Actinomycetota available in the MIBiG database [49] at the time of the manuscript preparation (November 2023), searching for CSRGs for StrR-like PSRs (Table S1B). In addition to the 12 StrR-like PSRs found in LDP BGCs and Ramo5, we identified 52 StrR-like PSRs encoded in BGCs for different types of natural compounds including GPAs, aminoglycosides, polyketides, aminocoumarins, terpenes, etc. (Table S1B). Finally, we added to our phylogenetic reconstruction sequences of 19 StrR-like PSRs found in some well-known GPA BGCs, which were absent in MIBiG (Table S2). In the end, our set of sequences consisted of 83 StrR-like proteins (Tables S1A,B and S2).



The maximum likelihood phylogeny of StrR-like PSRs appeared to be quite puzzling (Figure 1). StrR-like PSRs of LDP BGCs formed three distinct clades within the tree. The first clade was formed by End24 orthologs and resided inside StrR-like PSRs coded within GPA BGCs (Figure 1). End22 orthologs were located in a separate clade (Figure 1). This evidence indicates that end22 and end24 did not coexist within the end BGC as a result of a gene duplication event, but they were likely acquired independently. The same conclusion seems true for the other pairs of StrR-like regulators coded within the putative LDP BGCs from Am. orientalis B-37 and DSM 40040, Am. balhimycina DSM 44591, and Streptomyces sp. SLBN-134.



Ramo5 and Chers28 formed yet another clade, grouping together with the two StrR-like PSRs coded within the putative GPA BGC from the environmental isolate CA37 (Figure 1). The Ramo5–Chers28–CA37 clade indeed appeared to be distant from the clade grouping most of the GPA StrR-like PSRs.



Additional well-supported clades of the tree were observed for StrR-like PSRs of nenestatin and lomaiviticin BGCs, enedyine BGCs, aminocoumarin BGCs, ilamycin and rufomycin BGCs, and C-nucleoside BGCs (Figure 1).



We further decided to compare the amino acid (aa) sequences of the StrR-like PSRs coded in LDP BGCs with the founding member of StrR-like regulators—the StrR from S. griseus ssp. griseus NBRC 13350. StrR was initially described as a DNA-binding protein, carrying an HTH DNA-binding domain (in the middle section of the protein) [15]. Further experiments indicated a non-identified C-terminal domain, which is dispensable for DNA-binding in vitro but important for in vivo functioning [51]. We used in silico tools for the prediction of conserved domains, as well as the secondary and 3D structures of StrR, to characterize it better and use it as a prototype for the analysis of StrR-like regulators coded in GPA and LDP BGCs.



First, we analyzed the amino acid sequence of StrR using the conserved domain identification tool CD-Search [52]. This yielded specific hits for two domains: a ParB-like nuclease domain (34–118 aa) and an AsnC-like HTH DNA-binding domain (197–230 aa) (Figure 2a). The latter overlapped with the position (207–227) of an HTH motif initially identified in StrR [51]. Subsequently, we predicted the secondary and 3D structures of StrR using AlphaFold v2 [53] with Chimera X (v. 1.4) [54,55]. Within StrR, 18 α-helices and 4 β-strands were identified (Figure 2a). Notably, α10-12 corresponded to the HTH DNA-binding domain as identified with CD-Search. The model of the 3D structure of StrR (Figure 2a) revealed that α10-12 (189–230 aa, predicted with very high confidence) form a DNA-binding domain, which could be classified as a simple tri-helical HTH (Figure 2b) [56]. The 3D structure also indicated an N-terminal ParB-like nuclease domain, which was modeled with high confidence (Figure 2b). The putative C-terminal domain, believed to be involved in RNA-polymerase recruitment [51], appeared to be a combination of several α-helices, which were predicted with low confidence (Figure 2b).



We applied the same approach to predict the secondary and 3D structures of Ramo5 and Chers28. CD-Search, however, was unable to predict the DNA-binding domains in these proteins, although the secondary and tertiary structure predictions yielded the same tri-helical HTH DNA-binding domains as in StrR (Figure 2a,b). Overall, the predicted secondary and tertiary structures of Ramo5 and Chers28 were similar to those of StrR (Figure 2), but in Ramo5, the ParB-like nuclease domain was predicted as being truncated with CD-Search (Figure 2a). Finally, we compared the secondary and tertiary structures of StrR, Ramo5, and Chers28 with those of Bbr, Dbv4, Tei15*, FegB, StaQ, FocG, RufA, NovG, AAL06695, and Lom15 (representing other clades of the tree, as shown in Figure 1 and Figure S1). Strikingly, we found out that FocG (AVW82900), coded in the coformycin BGC of N. interforma ATCC 21072 (Table S1B), completely lacked a DNA-binding domain (Figure S1). As FocG belonged to the clade grouping StrR-like PSRs from C-nucleoside BGCs (Figure 1), we analyzed the structures of its counterparts, NbrR10 and QER91000 (coded in the brasilinolide BGC from N. terpenica IFM 0406 and the pyrazofurin BGC from S. candidus NRRL 3601, respectively, as shown in Table S1B), as well as the clades’ outgroup, DtpR2 (coded in the thiolutin BGC of Sac. algeriensis NRRL B-24137, as shown in Table S1A) (Figure 1). The HTH DNA-binding domain appeared to be lost in all members of the “C-nucleoside” clade, but it was present in the outgroup (Figure S1). Apart from FocG, NbrR10, and QER91000, all the other analyzed sequences demonstrated similar secondary and tertiary structures, including the conserved architecture of the N-terminal ParB-like nuclease domain. As another conserved feature, two short antiparallel β-strands were found at the N-terminal side of the HTH DNA-binding domain (corresponding to the β3 and β4 of StrR) (Figure S2). The putative C-terminal domains of all these proteins consisted of α-helices predicted with low confidence but shared aa sequence identity (Figure S2).




2.2. Expression of Cluster-Situated Regulatory Genes ramo5 and chers28 in N. gerenzanensis ATCC 39727


According to our phylogenetic reconstruction, Ramo5 and Chers28 belonged to a clade different from the native StrR-like PSRs coded in dbv and tei, although the corresponding LDP and GPA BGCs were previously found to be related [37]. To investigate whether StrR-like PSRs involved in the regulation of LDP biosynthesis could impact GPA biosynthetic pathways, we expressed ramo5 and chers28 in N. gerenzanensis ATCC 39727 using two platforms—pSET152A [33] and pTES plasmids [57]—where the expression was driven by aac(3)IV and ermE promoters, respectively. Both promoters were previously shown to function in N. gerenzanensis, with aac(3)IVp proving to be significantly more active in driving gene expression [36]. Recombinant vectors, namely, pSARA5, pTERA5, pSACH28, and pTECH28 (see Section 4), were transferred to N. gerenzanensis ATCC 39727, generating N. gerenzanensis (pSARA5), (pTERA5), (pSACH28), and (pTECH28). Subsequently, we assessed A40926 production using HPLC in all the recombinant strains grown in the industrial production medium FM2, as previously described [58] (Figure 3).



The expression of ramo5 did not yield a positive effect on A40926 production in the recombinant strains (Figure 3a–c). We observed that N. gerenzanensis (pSARA5) and (pTERA5) accumulated less biomass than the parental strain (N. gerenzanensis ATCC 39727). While N. gerenzanensis (pTERA5) produced A40926 at the level of the parental strain, (pSARA5) seemed to display reduced A40926 production (Figure 3b). Conversely, the expression of chers28 under the control of aac(3)IVp demonstrated a positive impact on A40926 production. Despite N. gerenzanensis (pSACH28) accumulating less biomass than the parental strain, it exhibited a peak production of ca. 400 mg/L of A40926 after 120 h of cultivation (Figure 3d). In comparison, the parental strain produced ca. 100 mg/L of the antibiotic after the same cultivation time, reaching a production peak of ca. 200 mg/L after 168 h of growing (Figure 3a). Unexpectedly, N. gerenzanensis (pTECH28) showed very scarce growth, wherein the pH of the cultural suspension dropped to pH 5.0, and the strain did not produce any detectable amounts of the antibiotic.




2.3. Expression of ramo5 and chers28 in A. teichomyceticus NRRL B-16726


To investigate the influence of ramo5 and chers28 on teicoplanin biosynthesis, aforementioned recombinant plasmids, namely, pSARA5, pTERA5, pSACH28, and pTECH28, were introduced into A. teichomyceticus NRRL B-16726. Both aac(3)IVp and ermEp were previously employed for robust gene expression in A. teichomyceticus NRRL B-16726, with aac(3)IVp being the best-performing one [33]. All the recombinant strains were cultivated in parallel with the parental A. teichomyceticus NRRL B-16726 in the industrial production medium TM1 previously described in [59], and teicoplanin production levels were assessed (Figure 4).



Similar to what was observed in N. gerenzanensis ATCC 39727, the expression of ramo5 did not positively impact teicoplanin production. A. teichomyceticus (pSARA5) exhibited reduced biomass accumulation (Figure 4a,b), whereas A. teichomyceticus (pTERA5) showed increased biomass accumulation compared with the parental strain (Figure 4a,c).



In both the recombinants, teicoplanin production remained at the level of the parental strain (Figure 4a–c). On the other hand, as in N. gerenzanensis ATCC 39727, the expression of chers28 had a positive effect on teicoplanin production, albeit dependent on the used expression platform. A. teichomyceticus (pSACH28) and (pTECH28) both demonstrated reduced biomass accumulation compared with the parental strain (Figure 4d,e), but only A. teichomyceticus (pSACH28) produced a higher amount of teicoplanin. A. teichomyceticus (pSACH28) achieved a peak in teicoplanin production after 144 h of cultivation, yielding almost 400 mg/L of the antibiotic, whereas the parental strain produced ca. 110 mg/L of teicoplanin after the same cultivation time (Figure 4d).





3. Discussion


StrR-like PSRs were experimentally demonstrated to play a crucial role in activating gene expression in streptomycin BGCs [15], aminocoumarin BGCs [16,60], as well as GPA BGCs [28,32,35]. Our results indicate that StrR-like PSRs are broadly encoded within BGCs for many other classes of antibiotics, where they likely control their biosynthesis (Table S1). Comparative amino acid sequence analysis supported the assumption that all these transcriptional regulators are conserved and share a number of structural features (Figure S2). These features include a conserved N-terminal domain resembling the ParB-like nuclease domain, a tri-helical HTH DNA-binding domain, and a putative C-terminal domain composed of several α-helices (Figure S2). However, certain StrR-like proteins, including FocG, NbrR10, and QER91000 found within C-nucleoside antibiotic BGCs, seem to have lost their HTH DNA-binding domain. As a result, they are likely incapable of binding to DNA. Therefore, conducting experimental investigations on these proteins is important to ascertain whether they play any functional role in the biosynthesis of their respective antibiotics. Although the roles of both N-terminal and C-terminal domains in the function of StrR-like proteins remain poorly investigated, both seem to be important for proper protein functioning in vivo: the N-terminal domain might be involved in dimerization [19], while the C-terminal domain may play a role in RNA-polymerase recruitment [51].



Even if the phylogeny of StrR-like PSRs (Figure 1) lacked resolution (likely due to the rather small sampling), it nevertheless showed that StrR-like PSRs of LDP BGCs appear to be polyphyletic. Additionally, the well-studied enduracidin BGC, end [41], was found to carry an additional gene for StrR-like PSR, end24. While the known End22 serves as the activator of enduracidin biosynthesis [48], the role of the additional End24 in enduracidin biosynthesis remains unclear. The putative LDP BGCs of Am. balhimycina DSM 44591, Am. orientalis B-37, and DSM 40040 [42] also carry two genes for StrR-like PSRs (the end22 and end24 orthologs). Given that these strains are known producers of GPAs [42], and that the corresponding GPA BGCs also carry genes for StrR-like PSRs, this creates a paradox of three related StrR-like BGCs coexisting within a single strain. Thus, the distribution and phylogeny of StrR-like PSRs merit further investigation, especially considering that corresponding genes might serve as probes in the search for BGCs of novel compounds. Such analysis is currently underway in our laboratories.



As StrR-like regulators of ramoplanin and chersinamycin BGCs formed a separate clade on the phylogenetic tree (Figure 1), not closely related to other LDP or known GPA StrR-like PSRs, we focused on Ramo5 and Chers28 to investigate whether the heterologous expression of the corresponding genes might influence the production of the clinically relevant GPAs teicoplanin and A40926. Our results demonstrate that the heterologous expression of ramo5 had no significant impact on either teicoplanin or A40926 production, while chers28 improved the production of both these antibiotics when cloned under the aac(3)IV promoter. Notably, the impact of chers28 overexpression varied depending on the expression platform used: the application of aac(3)IVp (in pSACH28) to drive gene expression resulted in an increased production of teicoplanin and A40926, while using ermEp (in pTECH28) did not give the same effect. These findings align with earlier research on promoter activity strengths in A. teichomyceticus NRRL B-16726 and N. gerenzanensis ATCC 39727 [33,36]. Furthermore, chers28 expression positively influenced A40926 production, comparable to the expression of the native A40926 CSRG, dbv4 [36]. Conversely, chers28 expression had a less marked impact on teicoplanin biosynthesis compared with the expression of the native CSRG, tei15* [32].



The different effect of chers28 and ramo5 expression on GPA production is surprising since Ramo5 and Chers28 share 70% of the aa sequence identity. Notably, the “recognition” helices (the C-terminal helices of the HTH DNA-binding domains), responsible for precise protein–DNA interactions, were found to be identical in Ramo5 and Chers28 (Figure S2). However, other parts of the HTH DNA-binding domains, as well as the overall C- and N-terminal domains of Ramo5 and Chers28, were shown to be more divergent. The distinct properties observed in Ramo5 and Chers28 might also be attributed to the structural differences and amino acid sequence variations in their ParB-nuclease-like domains. Therefore, it cannot be excluded that any of these differences lead to more promiscuous DNA-binding properties in Chers28 than in Ramo5. However, further experimental evidence is necessary to clearly define the roles of the various domains within StrR-like PSRs. Whatever the real cause of the different properties of Ramo5 and Chers28 is, our results demonstrate that at least some StrR-like PSRs are conserved enough to activate antibiotic biosynthetic pathways governed by their distant homologs. The putative promiscuity of Chers28 suggests to consider this StrR-like PSR as a potential tool for the high-throughput activation of silent BGCs, following some available pioneering steps in this direction [7].




4. Materials and Methods


4.1. Bacterial Strains and Cultivation Conditions


All strains and plasmids utilized in this study are listed in Table 1. Genomic DNA extraction from A. ramoplaninifer ATCC 33076 and M. chersina DSM 44151 involved cultivation in Erlenmeyer flasks with 10 glass beads (∅5 mm) and 50 mL of ISP2 [61] liquid medium [61] for 72 h. A. teichomyceticus NRRL B-16726, N. gerenzanensis ATCC 39727, and their recombinant strains were routinely cultivated on ISP3 agar medium [61], supplemented with 50 µg/mL of apramycin sulfate when necessary, and incubated at 30 °C. Before DNA extraction, recombinant strains of A. teichomyceticus NRRL B-16726 and N. gerenzanensis ATCC 39727 were cultivated in 50 mL of ISP2 [61] liquid medium for 72 h.



For antibiotic production, all strains were cultivated in baffled Erlenmeyer flasks in an orbital shaker at 30 °C and 220 rpm. For teicoplanin production, A. teichomyceticus NRRL B-16726 and recombinant strains were initially cultivated in 50 mL of E25 preculture vegetative medium [59] for 72 h. Subsequently, 10% (v/v) of the preculture was inoculated into 100 mL of TM1 teicoplanin production medium [59]. N. gerenzanensis ATCC 39727 and its recombinant strains were cultivated in 50 mL of E26 vegetative medium [58] for 72 h. Then, 10% (v/v) of the preculture was inoculated into 100 mL of FM2 A40926 production medium [58]. Culture samples were collected at regular cultivation time intervals and analyzed to estimate biomass accumulation (fresh weight), glucose consumption (glucose concentration in culture broths was measured using Diastix sticks; Bayer AG, Leverkusen, Germany), and teicoplanin and A40926 production.



E. coli DH5α served as a general cloning host, while E. coli ET12567 (pUZ8002) [62] was used as a donor for conjugations with actinomycetes. E. coli strains were cultivated in lysogeny broth (LB) or in lysogeny broth agar (LA) containing 100 mg/mL of apramycin sulfate, 50 mg/mL of kanamycin sulfate, and 25 mg/mL of chloramphenicol when required. Antibiotics were obtained from Sigma-Aldrich (Merck Group, Darmstadt, Germany).




4.2. Extraction of the Genomic DNA


Genomic DNA extraction from A. ramoplaninifer ATCC 33076 and M. chersina NRRL B-24756 was carried out using the commercial NucleoSpin® Microbial DNA Kit (Macherey-Nagel). For genomic DNA extraction from the recombinant strains of A. teichomyceticus NRRL B-16726 and N. gerenzanensis ATCC 39727, the salting-out procedure described in [63] was followed with some modifications. Mycelium was collected in 2 mL tubes and centrifuged for 1 min at 15,000× g. The supernatant was discarded, and the remaining wet biomass was resuspended in 450 µL of buffer (containing 25 mM of EDTA (pH 8.0) and 25 mM of Tris-HCl (pH 7.5), added with 4 mg of lysozyme) and incubated for 30 min at 37 °C. After incubation, 50 µL of 5M NaCl and 120 µL of SDS (10% (w/v)) were added, and the suspension was vigorously vortexed. The mixture was then incubated for 40 min at 65 °C and cooled to room temperature. Next, 240 µL of 5M CH3COOK was added, and the mixture was incubated at −20 °C for 15 min and centrifuged for 15 min at 15,000× g. The supernatant was transferred to a new 2 mL tube containing 750 µL of 100% (v/v) isopropanol. The mixture was vigorously vortexed, and the DNA was spooled onto a sealed Pasteur pipette and transferred to a new 1.5 mL tube containing 500 µL of 70% (v/v) ethanol. The DNA was rinsed, dried at 37 °C, and dissolved in sterile deionized water.




4.3. Generation of the Recombinant Plasmids


All plasmids used in this study are listed in Table 1. For the generation of recombinant plasmids, DNA fragments containing ORFs of ramo5 and chers28 were amplified from genomic DNA of A. ramoplaninifer ATCC 33076 and M. chersina NRRL B-24756, respectively, using Q5 High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA). The ramo5_F/R primer pair (Table 2) was employed for the amplification of ramo5, while chers28 was amplified using the Mche_strR_F/R primer pair (Table 2).



To generate pSARA5, the 1054 bp fragment carrying the ramo5 ORF was digested with the EcoRV restriction endonuclease and ligated with pSET152A, which was also digested with the same restriction endonuclease. Among the obtained recombinant plasmids, the one in which ramo5 had the same direction as aac(3)IVp was selected using endonuclease restriction mapping. To generate pSACH28, the 1030 bp fragment carrying chers28 ORF was digested with EcoRI/EcoRV restriction endonucleases and cloned via the same sites into the pSET152A, resulting in pSACH28. The plasmids pTERA5 and pTECH28 were generated in the same fashion, using the pTES plasmid as a base backbone. The obtained plasmids were verified with restriction mapping and sequencing.




4.4. Conjugal Transfer of Plasmids and Strain Verification


All plasmids listed in Table 1 were conjugally transferred to either N. gerenzanensis ATCC 39727 or A. teichomyceticus NRRL B-16726 using a previously described procedure [35,64,65]. Each constructed plasmid was individually transferred into the non-methylating E. coli ET12567 (pUZ8002) strain. The resulting derivatives were used as donor strains for intergeneric conjugation, with spores of A. teichomyceticus NRRL B-16726 or the mycelium of N. gerenzanensis ATCC 39727 serving as acceptors.



To obtain spore suspensions, A. teichomyceticus NRRL B-16726 lawns were grown on ISP3 agar for up to 168 h at 30 °C. Each lawn was flooded with deionized water, and the sporangia were scraped off the surface with a spatula. The collected mixture was vortexed and incubated in an orbital shaker at 30 °C for 1 h until the spores were released from the sporangia. Then, the obtained suspension was filtered through sterile cotton wool to remove vegetative mycelial fragments. Spores were concentrated by centrifugation (3220× g for 15 min) and resuspended in 1 mL of 15% (v/v) glycerol and stored at −80 °C. Approximately 106 spores were mixed with 107 of an overnight culture of donor cells and plated on ISP3 agar supplemented with MgCl2 (20 mM). After 12–16 h of incubation at 30 °C, each plate was overlaid with 1 mL of sterile deionized water containing 1.25 mg of apramycin sulfate and 750 µg of nalidixic acid. Transconjugants were selected as resistant to 50 µg/mL of apramycin sulfate.



To generate a fresh vegetative mycelium of N. gerenzanensis ATCC 39727 for conjugal transfer, one vial of WCB was inoculated into 50 mL of VSP medium (in a 250 mL Erlenmeyer flask with 10 glass beads of ∅5 mm) and cultured for 48 h in the orbital shaker at 30 °C and 220 rpm. After collecting and centrifuging (10 min, 3220× g) the mycelium, it was washed twice with sterile 20% (v/v) glycerol, resuspended in the same solution to a final volume of 20 mL, and kept at −80 °C. Then, 1 mL of the prepared mycelium suspension was mixed with approximately 109 of an overnight culture of donor cells. The mixtures were plated on VM0.1 agar plates supplemented with 20 mM MgCl2. The plate overlaying and selection of transconjugants were performed as described previously for A. teichomyceticus NRRL B-16726.



Plasmid integration was verified by PCR using pAm_seq_F/R and pTES_ver_F/R primer pairs for pSET152A- and pTES-based plasmids, respectively.




4.5. Analysis and Quantification of A40926 and Teicoplanin Production


The extractions of teicoplanin and A40926 were performed as previously described in [58,59]. The antibiotics were extracted by mixing 1 volume of broth with 1 volume of borate buffer at pH 12.0. The samples from A. teichomyceticus strains fermentation were shaken on a rotary shaker at 200 rpm and 37 °C for 45 min, centrifuged for 15 min at 15,000× g, and the supernatants were used for quantitative analysis. The samples from N. gerenzanensis strains fermentation were centrifuged for 15 min at 15,000× g, and the supernatants were incubated for 1 h at 50 °C before analysis.



Quantitative analysis was performed by using the VWR Hitachi diode array L-2455 HPLC system, adhering to the methodology outlined in [65]. For teicoplanin, the detection was set at 236 nm, and for A40926, at 254 nm. 50 µL of each sample were injected into a 5 µm particle size Hypersil GOLD (Thermo Fisher Scientific, Waltham, MA, USA) column (4.6 by 250 mm). A40926 and teicoplanin were separated with a flow rate of 1 mL/min and a linear gradient of mobile phase B increasing from 15% to 64% over 30 min. Phase A was 32 mM HCOONH4 (pH 7.0)—CH3CN (90:10 (v/v))—and phase B was 32 mM HCOONH4 (pH 7.0)—CH3CN (30:70 (v/v)). 50 µL of teicoplanin (100 µg/mL) and A40926 (200 µg/mL) solutions from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) were used as standards. Since both A40926 and teicoplanin are produced as a complex of slightly different congeners [59,66], for A40926, the two main peaks (factors B0 + B1) were considered, whereas for teicoplanin, only the main peak (factor A2-2) was measured as previously reported [65].




4.6. Tools for In Silico Analysis


The MIBiG database was used as a source of antibiotic BGCs for the search for StrR-like PSRs [49]. Geneious 4.8.5 was employed for the routine analysis of amino acid and nucleic acid sequences [67]. Clustal Omega was used for multiple aa sequence alignments [68]. Phylogeny reconstruction was carried out using Mega11 (v.11.0.13) [69]. CD-Search was employed to detect conserved domain regions [70]. Chimera X (v.1.6.1) was used for AlphaFold-based prediction and visualization of the secondary and 3D structures of proteins [53,55,71].
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Figure 1. Unrooted maximum-likelihood phylogenetic tree of 83 StrR-like PSRs coded within GPA, LDP (highlighted in blue), and other antibiotic BGCs. Branch lengths were ignored (the tree is represented as a cladogram), and numbers at the nodes show bootstrap support (inferred from 500 bootstraps) of the clade (only those of >40% are shown). Phylogenetic reconstruction was performed using Mega 11 (v. 11.0.13) [50]. 
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Figure 2. Domain architectures and secondary structures of StrR, Ramo5, and Chers28 (a) as well as models of their tertiary structures (tri-helical HTH DNA-binding domains are highlighted in (b), as predicted with CD-Search [52] and AlphaFold (visualized using Chimera X) [53,55]. 
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Figure 3. Production time courses of A40926 (factors B0 + B1) along with key growth parameters such as biomass accumulation, pH, and glucose consumption for N. gerenzanensis ATCC 39727 (a), as well as recombinant strains expressing ramo5 and chers28: N. gerenzanensis (pSARA5) (b), (pTERA5) (c), and (pSACH28) (d). Comparison with ATCC 39727 wild type is shown since N. gerenzanensis (pSET152A) and (pTES) had the same production and cultivation parameters as the parental strain. The results are presented as mean values from three independent experiments with error bars representing ±2SD. 
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Figure 4. Time courses of teicoplanin (factor A2-2) production along with key growth parameters such as biomass accumulation, pH, and glucose consumption for A. teichomyceticus NRRL B-16726 (a), as well as recombinant strains expressing ramo5 and chers28: A. teichomyceticus (pSARA5) (b), (pTERA5) (c), (pSACH28) (d), and (pTECH) (e). Comparison with NRRL B-16726 wild type is shown since A. teichomyceticus (pSET152A) and (pTES) had the same production and cultivation parameters as the parental strain. The results are presented as mean values from three independent experiments with error bars representing ±2SD. 
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Table 1. Bacterial strains used in this work.
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	Plasmid
	Description
	Source or

Reference





	pSET152A
	φC31-based integrative plasmid, pSET152 derivative carrying aac(3)IVp from pIJ773, AmR
	[33]



	pTES
	φC31-based integrative plasmid, pSET152 derivative carrying ermEp flanked by tfd terminator sequences, AmR
	[57]



	pSARA5
	pSET152A derivative carrying ramo5 from ramoplanin BGC under the control of aac(3)IVp, AmR
	This work



	pSACH28
	pSET152A derivative carrying chers28 from chersinamycin BGC under the control of aac(3)IVp, AmR
	This work



	pTERA5
	pTES derivative carrying ramo5 under the control of ermEp, AmR
	This work



	pTEHC28
	pTES derivative carrying chers28 under the control of ermEp, AmR
	This work



	Bacterial Strain
	
	



	A. ramoplaninifer
	Wild type, ramoplanin producer
	ATCC 33076



	M. chersina
	Wild type, dynemicin and chersinamycin producer
	NRRL B-24756



	A. teichomyceticus
	Wild type, teicoplanin producer
	NRRL B-16726



	A. teichomyceticus (pSET152A)
	Wild type derivative carrying pSET152A
	[32]



	A. teichomyceticus (pSARA5)
	Wild type derivative carrying pSARA5
	This work



	A. teichomyceticus (pSACH28)
	Wild type derivative carrying pSACH28
	This work



	A. teichomyceticus (pTES)
	Wild type derivative carrying pTES
	This work



	A. teichomyceticus (pTERA5)
	Wild type derivative carrying pTERA5
	This work



	A. teichomyceticus (pTECH28)
	Wild type derivative carrying pTECH28
	This work



	N. gerenzanensis ATCC 39727
	Wild type, A40926 producer
	ATCC 39727



	N. gerenzanensis (pSET152A)
	Wild type derivative carrying pSET152A
	[36]



	N. gerenzanensis (pSARA5)
	Wild type derivative carrying pSARA5
	This work



	N. gerenzanensis (pSACH28)
	Wild type derivative carrying pSACH28
	This work



	N. gerenzanensis (pTES)
	Wild type derivative carrying pTES
	This work



	N. gerenzanensis (pTERA5)
	Wild type derivative carrying pTERA5
	This work



	N. gerenzanensis (pTECH28)
	Wild type derivative carrying pTECH28
	This work



	E. coli DH5α
	General cloning host
	MBI Fermentas, USA



	E. coli ET12567 (pUZ8002)
	(dam-13::Tn9 dcm-6), pUZ8002 (ΔoriT), used for conjugative transfer of DNA into actinomycetes
	[62]










 





Table 2. Oligonucleotide used in this work. Restriction endonuclease recognition sites are underlined.
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	Name
	Nucleotide Sequence (5′-3′)
	Purpose





	ramo5_F

ramo5_R
	TTTGATATCGGAGGGTTGGTATGGAGTCATTGCACATCG

TTTGATATCGCCGCATTCGCTGTTCA
	Amplification of ramo5



	Mche_StrR_F

Mche_StrR_R
	TTTGATATCGGAGGGATCGAATGAAGGCGGAGC

TTTGAATTCTGTCCGGCTCAGGCGCTGC
	Amplification of orf28



	pAm_seq_F

pAm_seq_R
	GATGTCATCAGCGGTGGAG

TGAGCGGATAACAATTTCA
	Verification of genes cloned into pSET152A



	pTES_ver_F

pTES_ver_R
	CGCGTGTTCGTCGGGCTCTT

GACCGAGCGCAGCGAGTCAG
	Verification of genes cloned into pTES
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
(a)

StrR 0 34 i]é% 188 197 230 350
I\W_t ParB-like nuclease ) ! l HTH ! 1-C
—EHH—— - — — - — - L -
al plo2 o3 P2 o4 oS a6 a7 ol a9 (3P4 al0 all al2 ol3 al4alSal6 al7 al8
RamoS 0 62 114 88 229 336
N-1 E: ParB-like nuclease) | HTH ! !—C
—I — - — - —iHH HEHEE————— - — ]
Chers28 o 13 101 175 216 331

ﬂ

N u ParB-like nuclease ) HTH | C
3 — s = - - — B _ S— Tl - -

Ramo5 Chers28

Models’ confidence: |l pLDDT>90 | 90 >pLDDT > 70 70 > pLDDT > 50 pLDDT < 50





nav.xhtml


  antibiotics-13-00115


  
    		
      antibiotics-13-00115
    


  




  





media/file2.png
89 —AIE77054 ristocetin Am. lurida NRRL 2430

QXV59348 ristocetin Amycolatopsis sp. TNS106

AIG79246 ristocetin Am. japonica MG417-CF17

KFZ77397 ristocetin Amycolatopsis sp. MJM2582

00C02329 azureomycin Am. azurea DSM 43854

ANN20081 norvancomycin Am. orientalis B-37

EMES52993 decaplanin Am. decaplanina DSM 44594

VitrR (AEI58862) vancomycin Am. orientalis HCCB10007
RSN30133 dimethylvancomycin Amycolatopsis sp. WAC 04169
RSN28334 GP01416 Amycolatopsis sp. WAC 01416

OKA09420 decaplanin Am. regifaucium GY080

OLZ52648 avoparcin Am. coloradensis DSM 44225

ADU56085 CA878

100 —OLZ50883 nogabecin Am. keratiniphila ssp. nogabecina FH 1893

L-AYA22339 keratinimicin Am. keratiniphila NRRL B-24117

Bbr (CAG25754) balhimycin Am. balhimycina DSM 5908
ACJ60984 TEG

70|_ERSM88020 chloroeremomycin K. aridum A82846
98L-ACJ60943 VEG

AGF91741 pekiskomycin Streptomyces sp. WAC1420
100—Dbv4 (CAD91199) A40926 N. gerenzanensis ATCC 39727

L_NocRII (QYC40303) A50926 N. coxensis DSM 45129
AQZ71349 kistamicin Nonomuraea sp. ATCC 55076

100 ANN21820 LDP Am. orientalis B-37
99 WP _ 235783490 LDP Am. orientalis DSM 40040

LDPs —» 100 LDP Am. balhimycina FH 1894

100—End24 (ABD65944) enduracidin S. fungicidicus ATCC 21013
TQL19429 LDP Streptomyces sp. SLBN-134

Teil5* (CAE53369) teicoplanin A. teichomyceticus ATCC 31121
Auk26 (AGS77330) UK-68,597 Actinoplanes sp. ATCC 53533

ADU56064 CA37

AGS49770 esnapd15

ADU56159 CA915

FegB (ALK27899) feglymycin Streptomyces sp. DSM 11171
AAKB81822 complestatin S. lavendulae SANK 60477

StaQ (AAMB0553) A47934 S. toyocaensis NRRL 15009
MCC5036781 misaugamycin Streptomyces sp. WAC 00631
OFA57931 miasugamycin S. fradiae Olg4R

AZM51136 GP6738 Streptomyces sp. WAC 06738
RSO11558 rimomycin Streptomyces sp. WAC 06783
KEF19256 rimomycin S. rimosus R6-500MV9-R8
IiEsmTl (AFB35624) esmeraldin S. antibioticus Tti 2706

DtpR2 (A]J144174 ) thiolutin Sac. algeriensis NRRL B-24137
NbrR10 (AJO72769) brasilinolide N. terpenica IFM 0406
C-nucleosides

QER91000 pyrazofurin S. candidus NRRL 3601
97L_FocG (AVW82900) coformycin N. interforma ATCC 21072
—ALJ99870 fluostatin M. rosaria SCSIO N160

L-ARM20266 aurachin Streptomyces sp. NA04227
SpcR (AAB66654 ) spectinomycin S. netropsis JCM 4063
CCA54200 chloramphenicol S. venezuelae ATCC 10712

Saql (ACP19349) saquayamycin Micromonospora sp. Tii 6368
LDP 100—Ramob A. ramoplaninifer ATCC 33076

S Chers28 (WP_091305478) chersinamycin M. chersina DSM 44151
85| —ADU56075 CA37

GPAs—5il_ADUS6074 CA37
ApoR3 (AEP40926) apoptolidin Nocardiopsis sp. FU 40
BAD20753 kanamycin S. kanamyceticus ATCC 12853
Cyclic NRPs— AS5X95224 ilamycin S. atratus SCSIO ZH16

48[ [ 100—RufA (BBA20948) rufomycin S. atratus SCSIO ZH16
NovG (AAF67500) novobiocin S. niveus NCIMB 9219

Aminocoumarines—’lo CloG (AAN65222) clorobiocin S. roseochromogenus DS 12.976

94 _CouG (AAG29778) coumermycin S. rishiriensis DSM 40489
100— ANN21819 LDP Am. orientalis B-37
100 WP 235783491 LDP Am. orientalis DSM 40040

LDPSs —» LDP Am. balhimycina FH 1894

67 End22 (ABD65942) S. fungicidicus ATCC 21013
100— TQL19431 LDP Streptomyces sp. SLBN-134

100—StrR (CAA07385) hydroxystreptomycin S. glaucescens GLA.O
StrR (BAG22760) streptomycin S. griseus NBRC 13350
AMP46602 nucleocidin S. calvus ATCC 13382
MdpR1 (ABY65997) maduropeptin Ac. madurae ATCC 39144
AAM78007 neocarzinostatin S. carzinostaticus ATCC 15944
ANY94466 C-1027 Streptomyces sp. CB02366
10 AAL06695 C-1027 S. globisporus C-1027
100—ALU98457 C-1027 S. globisporus C-1027
— WP_159393028 fluostatins S. albus DSM 41398

L_StnT2 (AFW04588) streptonigrin S. flocculus CGMCC 4.1223
EWM63064 diazepinomicin Micromonospora sp. M42

Lom15 (AHZ61849) lomaiviticin Sal. pacifica DP] 0016
BGC0000241 lomaiviticin ABP54638 Sal tropica CNB 440

—— TtmQ (ABW96549) tautomycin S. spiroverticillatus CGMCC 4.1749

ARD?70863 nenestatin M. echinospora SCSIO 04089
107

L— ABC42540 hygromycin S. hygroscopicus NRRL 2388





media/file5.jpg
@ N.gerenzanensis ATCC 39727

&

N. gerenzanensis (pSARAS)

s s

H

40926 (BB, production (mg/l)
Ad40926 (BB, production (mg/l)

] eekull

Time () Time (h)

B
P B
0 o
Time (h) Time (h)
© N gorenzanensis (TERAS) @ N grenzanensis (PSACH2S)
3w g«
3
£ £
i i
H o
& K
RN .
TE R R R e G e W THEE W e W e W
ime (hy - Time () -
‘ -
o .
1 W e G,
te
Lt
. o o o
T T I T TR TN T T

Time (h) Time (h)





media/file3.jpg
@

P ke muclease - c
T e pem—;
RamoS " ikl " %
pm EEEEE
G|

e ———————
0}






media/file9.png





media/file1.jpg
s~ AIE77054 sistoccin A, urida NRRL 2030
QXVS9348 ristocetin Amyeatopsissp. TNSI06

AIGT9246 isocetin A japonica MCH17-CF17

KPZ77397 ristocein Amycolatosi sp, MIN2582

00C02329 azureomycin An. azirca DSV 43854

ANNZO081 norvancomycin A oienalis B-37

EMES2993 decaplanin A decaplanina DSV 44594

VirR (AEIS8862) vancomycin Am.arentatis HCCBI0007

RSNAO133 dimethyvancomycin Amevlatopis sp. WAC 04169

RSN2S334 GPO1A16 Aryeiitopss sp. WAC 01416

OKA09420 decaplanin Am.regfatcium GY0S0

OLZ52648 avoparcin Am. coloradensis DSVE 4225

ADUS6085 CASTS

OLZ50883 nogabecin Am. keratniphilassp.ogabecina FH 1593

AYAZ2339 keratinimicin A, kerainiphila NRRL B-24117

Blr (CAG25754) balhimycin An. ballimycina DSM 5908

ACI09BI TEG

RSVI88020 chloroeremomyvcin K. aridum AS28H6

ACI0943 VEG

AGR91741 pekiskomycin Streptomices sp. WAC1420

Db (CADIT199) Ad0926 N.gerenzanensis ATCC 39727

GRAscd NockIl (QYCHI3) AS0926 N, corensis DSV 45129

AQZ71349 istamicin Noramiraes sp. ATCC 55076

ANIN21520 LDI A, oricals 137

WP 235763400 LDP A, oreutalis DSV 40040

LOP A bulimeina FI1 1894

Eind24 (ABDGS944) enduracidin . fungicidicus ATCC 21013

TQLI929 LDP St sp. SLIN-134

Tei1s" (CAES33%9) teicoplanin A. echomyecticus ATCC 31121

Auka6 (AGS77330) UK-68,597 Actinoplaes sp. ATCC 53533

ADUS6064 CAST

AGS39770 esnapd1s

ADUS6159 CATS

FegB (ALK27899) feglymycin Streptomycessp. DSM 11171

ARKS1822 complestatin . Inerdulac SANK 60477

51aQ (AAMBO53) A47934 . toyocacrsis NRRL 15009

NMCCS036781 misaugamycin Streptomyces sp. WAC 00631

OFA57931 minsugamycin S, fadiae OlgiR

AZMS1136 GPO738 Sreplomieessp. WAC 06738

RSOU1S58 rimomycin Sreplomyces sp. WAC 06783

KEF19256 rimomycin 5. rimosus R6-S00MV9-RS

(——EsmT1 (AFB35621) esmeraldin . antbioticus T4 2706

DIPR2 (AJI4174) thiolutin Sac. alerenss NRRL B-24137
NbRIO (AJO72769) rasinalide N.trperica M 0406
nucleosides—

QER91000 pyrazofurin 5. condidus NRRL 3601
- FocG (AVW82900) coformycin N. inerforms ATCC 21072
ALJ9970 fluostatin M. rosaria SCSIO 160
ARM20266 aurachin Strplumyessp. NAO227
SpeR (AAB66654 ) spectinomycin S netrpsis JCM 4063
[ CCABI200 chloramphenicol 3. venezuelae ATCC 10712
al (ACP19349) saquayamcin Micromonospora sp. T4 6368
- Ramod A ramoplaiifer ATCC 33076
LDPs <319 Chreas (WP 091305478)chersimamycin M, chesina DSM 44151
5| —~ADUS6075 CAY7

GPAs—="5{" Abuseo7s Ca37
“ApoR3 (AEP40926) apoptolidin Nocardiosissp. FU 40
BAD20753 kanamycin 5. aramyceticus ATCC 12853
PR ASX95224 ilamycin 5. atrts SCSIO ZH16

T Rut (JBAZ0S) rfomycin . amtis SCHO 71116
) NowG (AAFT0 novabodin . st NCIN 8219
Aminocoumarines— k1o (AANGS222 dorobioc S rscioniagris DS 1276
Couc (ANGES778)coumermycin 5 i DM 40489
KNS LD o s 037
WP 3578340 LDP A reia DSM 40040
o L0 A, bl 1 164
T Enda2 (ARDGS912) . ingidins ATCC 21013
T TQLIAS DD S p SLIN134
1SR (CAAQ73859) hydronyseptomycin 5. s GLAD
SR (BAGZ276)srepromycn . rseus NERC 13350
AMPAGAD2 uccocin . calns ATCC 12382
ARl (ABY6599) maduropeptn Ac i ATCC 9144
"ARNITS00 neoca oot 5
o ANVaA466 C.1027 Stptomes
ANLOGS ¢
T ALUIAS? C.1027 S Jobigoras C1027
WP 155393028 fuostain . s DS 41398
T2 (AFWOLSS9) Srepionin sl COMCC 41223
[ EWNIS2064 diasepinomic Miromoors sp Mi2
ARDIO) nencatain N cinogord SCLI0 01089
LIS

Lom1 (AHZ61849) lomaiviticin Sal. pacifica DP) 0016
'BGCO000241 lomaiviticin ABP34638 Sa tropica CNB 40

TimQ (ABWO6549) tautomycin . spirorertcillties CGMCC 41749
ABCi2540 hygromycin S. hygroseopicus NRRL 2388





media/file7.jpg
ibamcticns GTERAS

©

A teidomyeins GSARAS)

NRLBIs  ©

A eyt

s
© A ticomyetios (pTECH2S)

st
[

bt (pSACHES)

TI TR
by






media/file0.png





media/file8.png
Biomass accumulation
O (fresh weight, g/L)
o o (o]

Biomass accumulation
O (fresh weight, g/L)

o o o o o o (]
o Te} (e} [Te} c [a=) o Lo o Lo o o
A IS\ I3 — — 0 ) A I3\ I3 — = T S o
T T T T T T T . : : : . M T T T T T T T . : : i : M
[ e
@ “ e X “ <
A O P .rﬂ N O - —— .-ﬂ
> s Tt f 1 ,
[Sa) o O o
= N o (R N - —— T+
o[ [~ & [~
- —_— .8).(D\1 —_ 8)
=t .ﬁ 8= te< @t T_1 3 <| 8 <
2 £ £ .8 £ £
S | + 3 IFE | T FE | 3 =
3 2 P 1_1 S o
m - - _un .m I [~ = -u
S Q
W L |6 i B 16
- _.H 3 e = m > g
<1 o \ < { ]e
c o o o =) 2 o o o o0 . O . < ) ~ il o c o o o [ o [ e o ) o0 ) O ) i ) ~ i o
T 8 8 & & =2 =2 = - (1/3)9soonH @ HA m F 8 8 & & = = F - (1/3) asoonH @ Hd m
_ T —_— T . .
O  (1/3w) uononpoid (*'y) uruedoora, : : w  (71/8w) uononpoid (*y) uruerdodray, Biomass accumulation
~ Biomass accumulation ~ ] (fresh weight, /L)
O (fresh weight, g/L) weight, &
o o o o [} o o o o o
] Ts} o n c o o Lo o s} o o
D IS I — — TS oo D a I3 — — st =)
T T T T T T T 1 L 1 1 ! M T T T T ! 1 1 =l : ﬁ44
I .T | S i k _ | 2
) “ © ®© _ « ©
A L —a (| L —— =
i .._m |2 T | _ 2
o' I ! O _ o~
S o b s = M. e 18
4t Il =S5t —— 5 .
N . & # .
2 | [ Je=t —22 5 | — B tee
..f.mm ) ) w ) )
! T 22| EY-R ] R EX]l /L Ex
= ~ e g ~ —
s [ E - £ S \ -
- — B u =) — - .-..U_.
m \O [ kw No)
= Im -GN © S .|_|A - “ °
- - C./ t - .|9
A .
: < £
B I~ F O~
— B (1/3) @soon|H Hd m — ) (1/3)esoonH e HAm
) (7/3w) vononpouid (“*y) uruerdooray, B lati =) (7/3ux) uononpoid (“Uy) uruerdodray,
~ iomass accumulation ~
U (fresh weight, g/L)
S R S B S o
« N N N i 0 <2
T T T T T T i Y ol
\O o
N No)
5 TR T