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Identification of Antimicrobial Compounds in Two Streptomyces sp. Strains Isolated From Beehives
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The World Health Organization warns that the alarming increase in antibiotic resistant bacteria will lead to 2.7 million deaths annually due to the lack of effective antibiotic therapies. Clearly, there is an urgent need for short-term alternatives that help to alleviate these alarming figures. In this respect, the scientific community is exploring neglected ecological niches from which the prototypical antibiotic-producing bacteria Streptomycetes are expected to be present. Recent studies have reported that honeybees and their products carry Streptomyces species that possess strong antibacterial activity. In this study, we have investigated the antibiotic profile of two Streptomycetes strains that were isolated from beehives. One of the isolates is the strain Streptomyces albus AN1, which derives from pollen, and shows potent antimicrobial activity against Candida albicans. The other isolate is the strain Streptomyces griseoaurantiacus AD2, which was isolated from honey, and displays a broad range of antimicrobial activity against different Gram-positive bacteria, including pathogens such as Staphylococcus aureus and Enterococus faecalis. Cultures of S. griseoaurantiacus AD2 have the capacity to produce the antibacterial compounds undecylprodigiosin and manumycin, while those of S. albus AN1 accumulate antifungal compounds such as candicidins and antimycins. Furthermore, genome and dereplication analyses suggest that the number of putative bioactive metabolites produced by AD2 and AN1 is considerably high, including compounds with anti-microbial and anti-cancer properties. Our results postulate that beehives are a promising source for the discovery of novel bioactive compounds that might be of interest to the agri-food sector and healthcare pharmaceuticals.
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INTRODUCTION

Many of the antibiotics currently in use are naturally derived from actinomycetes (Janardhan et al., 2014), a group of Gram-positive, spore forming, filamentous bacteria commonly found in soil. For many decades, actinomycetes have been isolated and screened from soil samples, especially strains of the genus Streptomyces, a very prolific antibiotic producer (Watve et al., 2001). The first antibiotics to be discovered from Streptomyces were actinomycin and streptothricin in the early 1940s (Waksman and Woodruff, 1941, 1942), and after that year and until the 1970s, we experienced an unprecedented exponential increase in the number of novel antimicrobials produced by Streptomyces, including streptomycin, neomycin or tetracycline, among others (Watve et al., 2001). Since then, the discovery of new antibiotics has dramatically decreased, and even more concerning, it is the concomitant increase of antibiotic-resistant bacteria (Mojica et al., 2021). Therefore, scientists are starting to search for Streptomycetes in other areas rather than soil, including insects and pollinators such as honeybees (Khan et al., 2020). Honeybees live in very dense colonies in beehives, where the microbial diversity is affected by their foraging activities as well as other external factors such as the habitat (local plants, water, soil, wildlife, etc.) and environment (weather, air, pollutants, etc.) (Anderson et al., 2011). Only very recently, diverse Streptomyces strains have been isolated from different bee species (Promnuan et al., 2021) and various parts of beehives, in particular from pollen stores (Kim et al., 2019; Grubbs et al., 2021). Most of these strains have the ability to inhibit pathogens of plants and bees (Kim et al., 2019; Grubbs et al., 2021), which could be beneficial for the health of these organisms. Here, we have used liquid chromatography and mass spectrometry to analyze the antibiotic profile of two Streptomycetes that were isolated from beehives in South East England. These isolates include Streptomyces albus AN1 and Streptomyces griseoaurantiacus AD2, two strains that were present in pollen and honey, respectively. Our study shows that both strains produce antibiotics that are effective against bacteria and yeasts, and that beehives are a promising source for the identification of novel antibiotics.



MATERIALS AND METHODS


Growth Conditions and Isolation of Streptomycetes

We isolated the two Streptomyces strains from samples of honey and pollen that were collected from beehives located in South East England (Santorelli et al., 2021). Briefly, beekeepers helped us remove honeycomb frames from which 10 g of honey or pollen were directly collected using sterile swab tubes and/or containers. The collected fresh samples were immediately tightly sealed into plastic bags to prevent contamination and transported to our facilities at Surrey University, where 100 mg of the samples were diluted using 900 μL of a maximum recovery diluent (MRD) solution (Oxoid formula of peptone 1 g L–1; sodium chloride 8.5 g L–1; pH 7) with glycerol at 20% and stored in a −80°C freezer. Sample aliquots of 100 μL were then spread onto M3 agar plates, a selective and low nutrient media for the isolation of Streptomycetes (Zhang et al., 2008), and incubated at 30°C for 1–2 weeks. Colonies were visually identified as actinomycetes (or Streptomycetes) based on their morphology and transferred to Tryptic Soy Broth (TSB) with Nalidixic Acid at 25 μg mL–1 to minimize bacterial contamination (Santos-Beneit et al., 2014). TSB cultures were propagated at 30°C in an orbital shaker at 250 rpm for 3–4 days and the resulting mycelia spread on Mannitol Soya (MS) agar plates. MS agar plates were finally placed in a 30°C incubator for 7 days to generate spores, which were collected using a 20% glycerol MRD solution and stored at –80°C (Santos-Beneit, 2018). For growth of the Streptomyces isolates in liquid media the following broths were used: R5A (Fernández et al., 1998), Bennet (Mejia et al., 1998), and SM17 (EntreChem SL, personal communication).



DNA Extraction and 16S rRNA Sequencing

DNA extraction was carried out from TSB cultures using the EZNA bacterial DNA kit according to the manufacturer’s instructions (Omega Bio-Tek, Doraville, CA, United States). Samples were left for 30 min instead of the recommended 10 min for the first incubation with lysozyme at 37°C. The products were tested for high DNA quality using a spectrophotometer and sent to LGC Genomics GmbH for 16S rRNA sequencing. The 16S rRNA gene amplicon sequencing was performed on an Illumina MiSeq sequencer using universal 16S rRNA bacterial primers for V3–V4 regions. The 16S rRNA analysis determined that two of our isolates (AD2 and AN1) were Streptomyces, therefore, their corresponding species were identified using BLASTN with a match greater or equal to 98% sequence identity and 100% coverage of the query (Zhang et al., 2000).



Genome Sequencing and Analysis

DNA sequencing was performed by MicrobesNG (University of Birmingham, United Kingdom) using the Illumina MiSeq platform as previously described (Bravo et al., 2019; Stedman et al., 2020). Briefly, the library was prepared with the 250 Nextera™ XT Library Prep Kit Genome sequencing and the quality of the generated reads was trimmed with Trimmomatic (Bolger et al., 2014). The generated contigs were assembled from the paired-end reads using Shovill version 1.0.41 with SPAdes 3.13.0 (Bankevich et al., 2012) and the resulting genome assemblies were verified by N50 and L50 using Quast version 4.5 (Gurevich et al., 2013) and annotated with Prokka version 1.13 (Seemann, 2014). Further characterization was then carried out using several bioinformatics tools such as BLAST, Phylophlan (Segata et al., 2013) and StrainSeeker (Roosaare et al., 2017). The latter two allow for fast species identification through genome comparison with closely related bacterial strains. Sequencing reads, genome assemblies and metadata have been uploaded onto Genbank in BioProject PRJNA746445. Subsequent computer-aided database searching and comparative genome analyses were carried out with reference strains such as S. albus J1074 (Chater and Wilde, 1976) using the bioinformatic tool antiSMASH 6.0 (Medema et al., 2011; Blin et al., 2013, 2021) and the BLAST program (Altschul et al., 1997).



Growth Inhibition Bioassays

The two isolates were assessed for growth inhibition against different types of indicator microorganisms, including Micrococcus luteus ATCC 23262, Bacillus cereus ATCC 14579, Enterococus faecalis ATCC 33186, Staphylococcus aureus BAA-1747, Streptomyces coelicolor M145, Escherichia coli ESS, Pseudomonas aeruginosa ATCC 10145, Salmonella enterica subsp. enterica serovar Typhimurium ATCC14028, Candida albicans ATCC 32077, and Saccharomyces cerevisiae VL6-48. The bioactivity assays were performed in vivo (Streptomyces vs. indicator) and in vitro (organic extract from Streptomyces vs. indicator). For the in vivo assays we directly placed a small portion of an agar containing Streptomyces cells on top of agar plates (LB or TSA) inoculated with a lawn of the indicator microorganism (Figure 1A). The in vitro assays were conducted using cell extracts from cultures of the Streptomyces strains in different broths (see next section). These cell extracts were soaked in sterile disks that were deposited on agar plates seeded with the indicator microorganism (Figure 1B). Activity was examined as visible inhibition halos after incubation of the agar plates at 30°C for several days, depending on the indicator organism used in the assay. Inhibition was generally observed after 1 or 2 days of incubation and was stable for several weeks.
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FIGURE 1. Phenotypic and antibiotic activity characterization of Streptomyces albus AN1 and Streptomyces griseoaurantiacus AD2. The figure shows two bioassays in which live cells (A) and cell extracts (B) derived from both strains are tested against Micrococcus luteus or Staphylococcus aureus. Same results were observed using Bacillus cereus, Enterococus faecalis, and Streptomyces coelicolor.




Analysis of Metabolites by Ultra Performance Liquid Chromatography and Liquid Chromatography–Mass Spectrometry

Metabolites from cultures of the isolated strains were extracted using two different organic solvents (ethyl acetate or 1-butanol). The cultures were diluted with the organic solvents at a ratio of 1:1 and maintained in constant mixing at room temperature for 2 h. The organic phase was then separated from the aqueous phase by centrifugation and collected for further evaporation using a SpeedVac. The resulting extracts were reconstituted in methanol and analyzed by reversed phase chromatography using acetonitrile and water containing 0.1% trifluoroacetic acid (TFA) as solvents in an Acquity UPLC instrument fitted with a BEH C18 column (1.7 μm, 2.1 × 100 mm; Waters). Samples were eluted with 10% acetonitrile for 1 min, followed by a linear gradient from 10 to 100% acetonitrile over 7 min, at a flow rate of 0.5 mL min–1 and a column temperature of 35°C. For LC-MS analysis, we first used an Alliance chromatographic system coupled to a ZQ4000 mass spectrometer and a SunFire C18 column (3.5 μm, 2.1 × 150 mm; Waters). Solvents were the same as above and elution was performed with an initial isocratic hold with 10% acetonitrile for 4 min followed by a linear gradient from 10 to 88% acetonitrile over 26 min, at 0.25 mL min–1. MS was then carried out by electrospray ionization in the positive mode, with a capillary voltage of 3 kV and a cone voltage of 20 and 50 V. Detection and spectral characterization of the peaks obtained from UPLC and LC-MS were performed by photodiode array detection using an empower software (Waters) to extract bidimensional chromatograms at different wavelengths, normally within the range between 200 and 500 nm depending on the spectral characteristics of the desired compound.



Dereplication Studies (LC-DAD-HRMS)

Some organic extracts were subjected to dereplication using a combination of LC-DAD-HRMS analysis (Perez-Victoria et al., 2016) with an Agilent 1200 Rapid Resolution HPLC system coupled to an ESI mode Bruker maXis mass spectrometer. The selected samples included extracts obtained with 1-butanol from cultures of S. griseoaurantiacus AD2 and S. albus AN1 in R5A cultures as well as those extracted with ethyl acetate from cultures of S. albus AN1 in Bennet. Separation of compounds was then conducted using acetonitrile and water containing ammonium formate 13 mM and 0.01% TFA as solvents in a Zorbax SB-C8 column (3.5 μm, 2.1 × 30 mm). The resulting chromatographic runs were processed using a Bruker’s in-house component extraction algorithm to identify Total Ion Chromatogram (TIC) positive peaks at 210 nm. For molecular formula interpretation, we used retention time and exact mass as search criteria on the high-resolution mass spectrometry database of Medina Foundation (Granada, Spain). If a possible match was found, the molecule was labeled as a suggested compound, together with the producing organism and the wavelength spectrum. For those compounds with no matches in the above database, the search for the exact mass/molecular formula was performed using the Chapman and Hall’s Dictionary of Natural Products (DNP).




RESULTS

Samples collected from honey and pollen stores of beehives located in South East England were screened for the presence of Streptomycetes. Enrichment isolation for Streptomyces species resulted in the identification of three isolates (AD1, AD2, and AN1) from all sampled material (Santorelli et al., 2021, under review). AD1, isolated from honey, is also included under bioproject PRJNA746445. This isolate did not show any relevant antimicrobial activity using the experimental conditions described in this study and was not further studied (see Supplementary Table 1 and Supplementary Figure 1). 16S rRNA sequencing analysis informed that the three isolates were Streptomyces, with a match equal to 99% sequence identity and 100% coverage of the query. At species level, isolates AD1 and AD2 were clearly identified as Streptomyces drozdowiczii and Streptomyces griseoaurantiacus, respectively, and this was corroborated by genome BLAST. However, results for AN1 were inconclusive (Supplementary Table 1). This isolate was initially identified as Streptomyces sp. strain 632F, with a 100% sequence identity to S. sampsonii, but also 99% identical to S. albidoflavus, S. albus, S. champavatii, S. fungicidicus, S. griseus, and S. somaliensis. AN1 was finally confirmed to be S. albidoflavus using BLAST, Phylophlan and StrainSeeker, with a high phylogenetic similarity to S. albus J1074, which has recently been reclassified as S. albidoflavus (Labeda et al., 2014). Nevertheless, to facilitate comparison with strain J1074, AN1 has been temporarily referred to as S. albus. Following their identification, we proceeded to check whether our beehive isolates inhibit different microorganisms, in particular, yeasts and Gram-positive and Gram-negative bacteria.

The in vivo bioassays showed that S. griseoaurantiacus AD2 is able to inhibit the growth of several Gram-positive bacteria, including Micrococcus luteus, Bacillus cereus, Enterococus faecalis, Staphylococcus aureus, and Streptomyces coelicolor (Figure 1A). However, it was unable to inhibit the growth of either Gram-negative bacteria (Escherichia coli, Pseudomonas sp., or Salmonella sp.) or yeasts (Candida albicans or Saccharomyces cerevisiae). On the other hand, S. albus AN1 displayed antifungal activity but lacked any inhibitory effect against both Gram-positive and Gram-negative bacteria (Figure 1A and Supplementary Figure 1A). AN1 was capable of inhibiting Gram-positive bacteria only under certain growth conditions, for example using Bennet medium (Supplementary Figure 1B). Identical results were observed with the laboratory reference strain S. albus J1074 (Supplementary Figure 1). Additionally, the in vitro bioassays showed that the antimicrobial activity displayed by AD2 and AN1 depended on the broth media and extraction method (ethyl acetate or 1-butanol). As illustrated in Figures 2, 3 and Supplementary Figure 1, the best antibiotic profile was observed with 1-butanol and R5A, a broth that has been routinely used for the activation of distinct secondary metabolites, including the antifungal compounds candicidins and antimycins produced by S. albus J1074 (Olano et al., 2014). The metabolites present in the extracts were then analyzed by UPLC, LC-MS, and dereplication (LC-DAD-HRMS).
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FIGURE 2. Metabolic characterization by UPLC and LC-MS analyses of cell extracts from cultures of Streptomyces griseoaurantiacus AD2 (A) and Streptomyces albus AN1 (B) strains. (A) S. griseoaurantiacus AD2 extracts were generated from 96 h-cultures in R5A (green) or SM17 (orange), and assayed against M. luteus. The graphs below the UPLC chromatograms show the UV spectrum of the metabolites that might display antimicrobial activity (see peaks named as “u” and “m”). The corresponding molecular weights were calculated by LC-MS analyses (and also by dereplication analyses), resulting in the identification of the metabolites undecylprodigiosin and manumycin A. (B) S. albus AN1 extracts were generated from 96 h-cultures in R5A (green), SM17 (orange) and Bennet (red), and assayed against C. albicans. The peaks selected from the AN1 cultures possess an UV spectrum that match that of the candicidins and antimycins.
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FIGURE 3. Comparative UPLC chromatograms of cell extracts obtained with several solvents using cultures of S. albus AN1 (brown) and J1074 (blue) in different broths. The two strains were grown in R5A (A,B) or Bennet (C) broth for 96 h and their corresponding metabolites extracted with either 1-butanol (A) or ethyl acetate (B,C). Note that, when both strains are grown in R5A, the candicidins are hardly detected with the ethyl acetate extraction procedure. (D) UV spectra of differential peaks (a, b, y, and z) are shown. UV spectra of peaks a-b and those in between (not shown) were almost identical. These molecules were unable to be dereplicated and therefore no specific activity could be attributed to these putatively unknown molecules.


The UPLC analysis on the extracts obtained from the R5A cultures of S. griseoaurantiacus AD2 allowed us to identify two peaks with potential antimicrobial activity against M. luteus (Figure 2A). These two peaks (named as “u” and “m” in Figure 2A) were absent in extracts derived from AD2 cultures in SM17, a broth where no antibacterial activity was recorded. LC-MS analysis resulted in the identification of two metabolites with a mass of m/z 394.28 [M + H]+ and m/z 551.30 [M + H]+ (Figure 2A), which were further confirmed to be undecylprodigiosin (C25H35N3O) and manumycin A (C31H38N2O7) by dereplication. Undecylprodigiosin is a red antibiotic that confers a characteristic reddish coloration to the producer (Feitelson et al., 1985), the best-known example being the model streptomycete S. coelicolor. Manumycin A is known to exhibit antimicrobial activity against Gram-positive bacteria such as S. aureus, E. faecalis, and Bacillus subtilis (Kohno et al., 1996). Both metabolites are also produced by other S. griseoaurantiacus strains (Li et al., 2011; Chanadech et al., 2021). Additionally, traces of manumycin-related compounds were also detected with the dereplication studies, including manumycin D (C31H40N2O7), chinikomycin A (C31H39ClN2O7), and antibiotic TMC-1A (C28H36N2O7) (Supplementary Figure 2). Manumycin-type metabolites represent a group of several tens of structurally related small linear polyketides, which typically contain two short polyketide chains connected via a central mC7N cyclic unit derived from 3-amino-4-hydroxybenzoic acid (Zeeck et al., 1987a,b). No antimicrobial activity has been reported for most of these compounds, including the previously mentioned manumycin A derivatives (Kohno et al., 1996; Li et al., 2005).

Extracts from different cultures of S. albus AN1 exhibited a different antifungal spectrum, ranging from strong to moderate activity if obtained from R5A or SM17, respectively. Although extracts from Bennet displayed antibacterial activity, no antifungal activity was observed from this medium (Supplementary Figure 1). The UPLC analysis revealed that the Bennet extract lacks some peaks that were detected from the R5A and SM17 extracts after 4.5 min of retention (Figure 2B). These peaks corresponded to candicidins as previously reported based on their corresponding UV spectra (Olano et al., 2014; González et al., 2016; Hoz et al., 2017). In addition, we observed other peaks at 7.14 min, but only if extracts derive from R5A cultures, that were identified as antimycins by UV monitoring (Figure 2B). As expected, all the detected peaks correlated perfectly with the antifungal profile of AN1, which changed from zero activity in Bennet to moderate or high activity in SM17 or R5A (due to the production of only candicidins or both candicidins and antimycins, respectively). Furthermore, the UPLC chromatograms that we obtained from our strain AN1 were almost identical to those from the reference strain S. albus J1074; with only a few differential peaks observed from each of the cultures and extraction conditions tested (Figure 3). Candicidins and antimycins were detected in 1-butanol extracts from the two S. albus strains (Figure 3A). Antimycins were also recovered at the same level when the extraction was conducted with ethyl acetate. However, this solvent was less effective for the extraction of candicidins (Figure 3B). In fact, as expected, 1-butanol extracts from AN1 and J1074 were more active against C. albicans than those obtained with ethyl acetate, as illustrated in Supplementary Figure 1C. Curiously, ethyl acetate proved to be more efficient to extract metabolites with antimicrobial activity against M. luteus, especially if the extracts originate from Bennet cultures and our strain AN1 (see Supplementary Figure 1B). Whether this different antibacterial activity correlates or not with the observation of a unique differential peak in the extracts of both strains is an intriguing question that remains yet to be elucidated (see “y” in Figure 3C). Unfortunately, the LC-MS and dereplication analyses corresponding to this peak were uncertain, thus we could not interpret its enigmatic UV spectrum. Similar result was observed with other peaks that were differently produced by the two S. albus strains (see peaks “a,” “b,” and “z” in Figure 3C). On the other hand, the dereplication studies let us detect a plethora of several bioactive compounds from the extracts of S. albus cultures. These compounds differed amongst the distinct broth used (i.e., R5A or Bennet) and, in some cases, were similar to those detected from other S. albus(-like) strains (Table 1).


TABLE 1. Bioactive metabolites produced by our isolate S. albus AN1 by comparison with reference laboratory strain S. albus J1074 and other S. albus(-like) strains.

[image: Table 1]


DISCUSSION

In this study, we have identified and characterized two Streptomyces species that derive from beehives. The consensus is that only highly resistant spore forming bacteria, such as Clostridium and Bacillus can survive the high osmolarity and acidic environment of honeybee products (Olaitan et al., 2007). However, the presence of viable Streptomycetes is also possible under these adverse conditions, as we have proved with the isolation of S. griseoaurantiacus from honey, and S. albus from pollen. Many species of Streptomyces are able to produce spores and resist acidic, low moisture soils (Lee and Hwang, 2002). In this respect, it should be highlighted that, for the first time, S. griseoaurantiacus is isolated from honey. Only a few studies had already reported the isolation of this species, but from soil, marine sediment, and agricultural waste residues (Matsumoto et al., 1998; Li et al., 2011; Kumar, 2015). We have observed that S. griseoaurantiacus AD2 inhibits the growth of different Gram-positive bacteria, and that this antibacterial feature could be due to its capacity to produce the antibiotics undecylprodigiosin and manumycin A. At least three different types of antibiotics (undecylprodigiosin, manumycin A, and diperamycin) have been shown to be produced by distinct S. griseoaurantiacus strains (Matsumoto et al., 1998; Li et al., 2011). Diperamycin, a member of cyclic hexadepsipeptide antibiotics, shows potent inhibitory activity against methicillin-resistant Staphylococcus aureus (MRSA); a major killer in hospitals (Matsumoto et al., 1998). This compound was not detected in cultures of our AD2 strain using the methods described in this study. On the other hand, we have found different manumycin A-derived compounds, including manumycin D, chinikomycin A and antibiotic TMC-1A, and several distinct compounds (Supplementary Table 2 and Supplementary Figure 2). Manumycin-type metabolites were first reported as antibiotics (Ali et al., 1999), but later they have mostly been studied for their antitumor activity, with over 350 studies published on the topic so far (Gorniaková et al., 2021). These compounds specifically inhibit Ras-farnesyl transferase and induce the production of reactive oxygen species (ROS), leading to cell proliferation inhibition and apoptosis (Hara et al., 1993; She et al., 2006). Promising anticancer compounds have also been identified from the S. albus AN1 isolate, including nocardamine, deferoxamine, and surugamides (Table 1), as previously reported with the reference strain J1074 (Song et al., 1994; Zhao et al., 2006, 2010; Liu et al., 2009; Olano et al., 2014; González et al., 2016; Hoz et al., 2017). In particular, surugamides have been shown to exhibit not only good antitumor activity but also significant antifungal activity against some yeast such as S. cerevisiae (Xu et al., 2017). Additionally, we have also detected antifungal metabolites from cultures of AN1, including candicidins, antimycins, alteramides, and N-acetyltyramine. Our dereplication analyses suggest that the number of putative bioactive metabolites produced by AN1 could be even higher (Supplementary Table 2), with some of them being novel since no coincidences on the DNP (Dictionary of Natural Products) have been obtained. No fractionating of the extracts was performed in the AN1 strain but, for most of these compounds, it was previously performed in the reference strain J1074 under the same laboratory conditions of this study (Olano et al., 2014; González et al., 2016; Hoz et al., 2017). Actually, the metabolic wealth of our isolated AN1 strain is almost identical to that of the reference strain S. albus J1074 (Table 1).

Interestingly, the antifungal activity displayed by both S. albus AN1 and J1074 strains varied depending on the culture broth and the organic solvent used for the metabolic extraction. We have seen that candicidins were hardly extracted with ethyl acetate, whereas antimycins were recovered with either ethyl acetate or 1-butanol. On the other hand, we have noticed a strong nutritional regulation on the production of both candicidins and antimycins. In fact, we only found antimycins in one of the three broth media tested. This observation is not unexpected since it has been known for a long time that culture media, in particular the carbon, nitrogen and phosphate sources, influence significantly microbial growth and metabolism (Martín, 2004; Santos-Beneit, 2015; Pan et al., 2019). Furthermore, we have also recorded some interesting differences between the metabolic profiles of AN1 and J1074 strains. According to our dereplication studies, AN1 produces deferoxamine and germicidin G, two metabolites that have not been yet detected in J1074 (Table 1). Deferoxamine is a derivative of the antitumoral cyclic siderophore nocardamine and seems to be useful in the treatment of acute iron intoxication and for various ecological remediation strategies (Holden and Nair, 2019). Germicidin G is the first known autoregulative inhibitor of spore germination in Streptomyces (Aoki et al., 2011). Strikingly, these two compounds are produced by different S. sampsonii strains (RS68, RS77, and RS78; see Table 1) that are very similar to our isolated AN1 strain. These strains have recently been isolated from the beetle species Cerambyx welensii (Santamaría et al., 2020).

Some of the metabolic similarities described for S. albus AN1 and J1074 have been confirmed by genome analysis (Supplementary Figure 3). The only significant difference observed between the genomes of AN1 and J1074 is the type 2 polyketide synthetase cluster illustrated at the bottom of Supplementary Figure 3. This cluster is only present in AN1 and shares an 84% of identity with fredericamycin A (MIBiG access number BGC0000224). Fredericamycin A was originally isolated from a Streptomyces somaliensis strain that possesses strong antibacterial and antifungal activities (Zhang et al., 2015). Interestingly, the structural variant fredericamycin C2, which has been extracted from S. albus subsp. chlorinus, also displays strong cytotoxic activity (Rodríguez-Estévez et al., 2020). Therefore, the analogs that our AN1 strain produce could be further tested as promising anticancer drugs. However, it should be noted that, under our experimental conditions, the identified fredericamycin cluster must be cryptic as no derivatives have been detected following LC-MS and dereplication analyses. Nevertheless, according to all the results shown in this study, our S. albus AN1 isolate postulates as powerful biological tool to combat fungal infections in agriculture.

In summary, here we describe the association of antibiotic-producing Streptomycetes with products made by honeybees in beehives, and show that these bacteria display antifungal and antibacterial activities. Very recent publications have reported that Streptomyces species isolated from bees and honeybee products inhibit the growth of plant and bee pathogens (Kim et al., 2019; Grubbs et al., 2021), suggesting an important beneficial role of Streptomycetes in maintaining the health of the beehives. Our study provides more encouraging information, not only to reinforce this underexplored relationship, but also to expand the search for novel antibiotics toward complex microbial environments such as beehives.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/genbank/, BioProject PRJNA746445.



AUTHOR CONTRIBUTIONS

FS-B conceived the work, planned, performed the experiments, carried out data analysis, and wrote the manuscript. AC contributed to the antiSMASH and mass spectrometry analyses. AN conducted antimicrobial screening experiments and aided in bacterial isolation. JS contributed to the interpretation of the results. JG-M isolated the strains, planned, conceived the work, and edited the manuscript. All authors have read the final manuscript.



FUNDING

This work was supported by a European H2020-MSCA-IF-2016 Fellowship (UE-18-VANRESTREP-740080), the Regional Government of Castilla y León and the EU-FEDER (CLU 2017-09 and UIC 071), and University of Surrey start-up funds.



ACKNOWLEDGMENTS

We would like to express our gratitude to Francesco Rubino (Queen’s University Belfast) and Arnoud Van Vliet (University of Surrey) for helping us with the assembly and annotation of the genomes. We also thank Ian Wright, for his technical assistance, and Medina Foundation (Spain) for the dereplication analyses.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.742168/full#supplementary-material


FOOTNOTES

1https://github.com/tseemann/shovill


REFERENCES

Ali, B. R. S., Pal, A., Croft, S. L., Taylor, R. J. K., and Field, M. C. (1999). The farnesyltransferase inhibitor manumycin A is a novel trypanocide with a complex mode of action including major effects on mitochondria. Mol. Biochem. Parasitol. 104, 67–80. doi: 10.1016/S0166-6851(99)00131-0

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/nar/25.17.3389

Anderson, K., Sheehan, T., Eckholm, B., Mott, B., and DeGrandi-Hoffman, G. (2011). An emerging paradigm of colony health: microbial balance of the honey bee and hive (Apis mellifera). Insectes Soc. 58, 431–444.

Antoszczak, M., Maj, E., Napiórkowska, A., Stefańska, J., Augustynowicz-Kopeć, E., Wietrzyk, J., et al. (2014). Synthesis, anticancer and antibacterial activity of salinomycin N-benzyl amides. Molecules 19, 19435–19459. doi: 10.3390/molecules191219435

Aoki, Y., Matsumoto, D., Kawaide, H., and Natsume, M. (2011). Physiological role of germicidins in spore germination and hyphal elongation in Streptomyces coelicolor A3(2). J. Antibiot. 64, 607–611. doi: 10.1038/ja.2011.59

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

Blin, K., Medema, M. H., Kazempour, D., Fischbach, M. A., Breitling, R., Takano, E., et al. (2013). antiSMASH 2.0–a versatile platform for genome mining of secondary metabolite producers. Nucleic Acids Res. 41, W204–W212. doi: 10.1093/nar/gkt449

Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van Wezel, G. P., Medema, M. H., et al. (2021). antiSMASH 6.0: improving cluster detection and comparison capabilities. Nucleic Acids Res. 49, W29–W35. doi: 10.1093/nar/gkab335

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Bravo, M., Combes, T., Martinez, F. O., Cerrato, R., Rey, J., Garcia-Jimenez, W., et al. (2019). Lactobacilli isolated from wild boar (Sus scrofa) antagonize Mycobacterium bovis Bacille Calmette-Guerin (BCG) in a species-dependent manner. Front. Microbiol. 10:1663. doi: 10.3389/fmicb.2019.01663

Chanadech, S., Ruen-Ngam, D., Intaraudom, C., Pittayakhajonwut, P., Chongruchiroj, S., Pratuangdejkul, J., et al. (2021). Isolation of manumycin-type derivatives and genome characterization of a marine Streptomyces sp. C1-2. Res. Microbiol. 172:103812. doi: 10.1016/j.resmic.2021

Chater, K. F., and Wilde, L. C. (1976). Restriction of a bacteriophage of Streptomyces albus G involving endonuclease SalI. J. Bacteriol. 128, 644–650. doi: 10.1128/jb.128.2.644-650.1976

Feitelson, J. S., Malpartida, F., and Hopwood, D. A. (1985). Genetic and biochemical characterization of the red gene cluster of Streptomyces coelicolor A3(2). J. Gen. Microbiol. 131, 2431–2441. doi: 10.1099/00221287-131-9-2431

Fernández, E., Weissbach, U., Sánchez Reillo, C., Braña, A. F., Méndez, C., Rohr, J., et al. (1998). Identification of two genes from Streptomyces argillaceus encoding glycosyltransferases involved in transfer of a disaccharide during biosynthesis of the antitumor drug mithramycin. J. Bacteriol. 180, 4929–4937. doi: 10.1128/JB.180.18.4929-4937.1998

González, A., Rodríguez, M., Braña, A. F., Méndez, C., Salas, J. A., and Olano, C. (2016). New insights into paulomycin biosynthesis pathway in Streptomyces albus J1074 and generation of novel derivatives by combinatorial biosynthesis. Microb. Cell Fact. 15:56. doi: 10.1186/s12934-016-0452-4

Gorniaková, D., Petříček, M., Kahoun, D., Grabic, R., Zelenka, T., Chroňáková, A., et al. (2021). Activation of a cryptic manumycin-type biosynthetic gene cluster of Saccharothrix espanaensis DSM44229 by series of genetic manipulations. Microorganisms 9:559. doi: 10.3390/microorganisms9030559

Grubbs, K. J., May, D. S., Sardina, J. A., Dermenjian, R. K., Wyche, T. P., Pinto-Tomás, A. A., et al. (2021). Pollen Streptomyces produce antibiotic that inhibits the honey bee pathogen Paenibacillus larvae. Front. Microbiol. 12:632637. doi: 10.3389/fmicb.2021.632637

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality assessment tool for genome assemblies. Bioinformatics 29, 1072–1075. doi: 10.1093/bioinformatics/btt086

Hara, M., Akasaka, K., Akinaga, S., Okabe, M., Nakano, H., Gomez, R., et al. (1993). Identification of ras farnesyltransferase inhibitors by microbial screening. Proc. Natl. Acad. Sci. U.S.A. 90, 2281–2285. doi: 10.1073/pnas.90.6.2281

Holden, P., and Nair, L. S. (2019). Deferoxamine: an angiogenic and antioxidant molecule for tissue regeneration. Tissue Eng. Part B Rev. 25, 461–470. doi: 10.1089/ten.TEB.2019.0111

Hoz, J. F., Méndez, C., Salas, J. A., and Olano, C. (2017). Novel bioactive paulomycin derivatives produced by Streptomyces albus J1074. Molecules 22:1758. doi: 10.3390/molecules22101758

Janardhan, A., Kumar, A., Viswanath, B., Saigopal, D., and Narasimha, G. (2014). Production of bioactive compounds by actinomycetes and their antioxidant properties. Biotechnol. Res. Int. 2014:217030. doi: 10.1155/2014/217030

Khan, K. A., Al-Ghamdi, A. A., Ghramh, H. A., Ansari, M. J., Ali, H., Alamri, S. A., et al. (2021). Structural diversity and functional variability of gut microbial communities associated with honey bees. Microb. Pathog. 138:103793. doi: 10.1016/j.micpath.2019.103793

Kim, D. R., Cho, G., Jeon, C. W., Weller, D. M., Thomashow, L. S., Paulitz, T. C., et al. (2019). A mutualistic interaction between Streptomyces bacteria, strawberry plants and pollinating bees. Nat. Commun. 10:4802. doi: 10.1038/s41467-019-12785-3

Kohno, J., Nishio, M., Kawano, K., Nakanishi, N., Suzuki, S., Uchida, T., et al. (1996). TMC-1 A, B, C and D, new antibiotics of the manumycin group produced by Streptomyces sp. Taxonomy, production, isolation, physico-chemical properties, structure elucidation and biological properties. J. Antibiot. (Tokyo) 49, 1212–1220. doi: 10.7164/antibiotics.49.1212

Kumar, A. K. (2015). UV mutagenesis treatment for improved production of endoglucanase and β-glucosidase from newly isolated thermotolerant actinomycetes, Streptomyces griseoaurantiacus. Bioresour. Bioprocess. 2:22. doi: 10.1186/s40643-015-0052-x

Labeda, D. P., Doroghazi, J. R., Ju, K.-S., and Metcalf, W. W. (2014). Taxonomic evaluation of Streptomyces albus and related species using multilocus sequence analysis and proposals to emend the description of Streptomyces albus and describe Streptomyces pathocidini sp. nov. Int. J. Syst. Evol. Microbiol. 64, 894–900. doi: 10.1099/ijs.0.058107-0

Lee, J., and Hwang, B. (2002). Diversity of antifungal actinomycetes in various vegetative soils of Korea. Can. J. Microbiol. 48, 407–417. doi: 10.1139/w02-025

Li, F., Jiang, P., Zheng, H., Wang, S., Zhao, G., Qin, S., et al. (2011). Draft genome sequence of the marine bacterium Streptomyces griseoaurantiacus M045, which produces novel manumycin-type antibiotics with a pABA core component. J. Bacteriol. 193, 3417–3418. doi: 10.1128/JB.05053-11

Li, F., Maskey, R. P., Qin, S., Sattler, I., Fiebig, H. H., Maier, A., et al. (2005). Chinikomycins A and B: isolation, structure elucidation, and biological activity of novel antibiotics from a marine Streptomyces sp. isolate M045. J. Nat. Prod. 68, 349–353. doi: 10.1021/np030518r

Liu, N., Wang, H., Liu, M., Gu, Q., Zheng, W., and Huang, Y. (2009). Streptomyces alni sp. nov., a daidzein-producing endophyte isolated from a root of Alnus nepalensis D. Don. Int. J. Syst. Evol. Microbiol. 59, 254–258. doi: 10.1099/ijs.0.65769-0

Martín, J. F. (2004). Phosphate control of the biosynthesis of antibiotics and other secondary metabolites is mediated by the PhoR-PhoP system: an unfinished story. J. Bacteriol. 186, 5197–5201. doi: 10.1128/JB.186.16.5197-5201.2004

Matsumoto, N., Momose, I., Umekita, M., Kinoshita, N., Chino, M., Iinuma, H., et al. (1998). Diperamycin, a new antimicrobial antibiotic produced by Streptomyces griseoaurantiacus MK393-AF2. I. Taxonomy, fermentation, isolation, physico-chemical properties and biological activities. J. Antibiot. (Tokyo) 51, 1087–1092. doi: 10.7164/antibiotics.51.1087

Medema, M. H., Blin, K., Cimermancic, P., Jager de, V., Zakrzewski, P., Fischbach, M. A., et al. (2011). antiSMASH: rapid identification, annotation and analysis of secondary metabolite biosynthesis gene clusters in bacterial and fungal genome sequences. Nucleic Acids Res. 39, W339–W346. doi: 10.1093/nar/gkr466

Mejia, A., Barrios-Gonzalez, J., and Viniegra-Gonzalez, G. (1998). Overproduction of rifamycin B by Amycolatopsis mediterranei and its relationship with the toxic effect of barbital on growth. J. Antibiot. (Tokyo) 51, 58–63. doi: 10.7164/antibiotics.51.58

Mojica, M. F., Rossi, M. A., Vila, A. J., and Bonomo, R. A. (2021). The urgent need for metallo-β-lactamase inhibitors: an unattended global threat. Lancet Infect. Dis. 22, e28–e34. doi: 10.1016/S1473-3099(20)30868-9

Olaitan, P., Adeleke, O., and Iyabo, O. (2007). Honey: a reservoir for microorganisms and an inhibitory agent for microbes. Afr. Health Sci. 7, 159–165. doi: 10.5555/afhs.2007.7.3.159

Olano, C., García, I., González, A., Rodriguez, M., Rozas, D., Rubio, J., et al. (2014). Activation and identification of five clusters for secondary metabolites in Streptomyces albus J1074. Microb. Biotechnol. 7, 242–256. doi: 10.1111/1751-7915.12116

Pan, R., Bai, X., Chen, J., Zhang, H., and Wang, H. (2019). Exploring structural diversity of microbe secondary metabolites using OSMAC strategy: a literature review. Front. Microbiol. 10:294. doi: 10.3389/fmicb.2019.00294

Perez-Victoria, I., Martin, J., and Reyes, F. (2016). Combined LC/UV/MS and NMR strategies for the dereplication of marine natural products. Planta Med. 82, 857–871. doi: 10.1055/s-0042-101763

Promnuan, Y., Promsai, S., Pathom-Aree, W., and Meelai, S. (2021). Apis andreniformis associated Actinomycetes show antimicrobial activity against black rot pathogen (Xanthomonas campestris pv. campestris). PeerJ 9:e12097. doi: 10.7717/peerj.12097

Rodríguez-Estévez, M., Myronovskyi, M., Rosenkränzer, B., Paululat, T., Petzke, L., Ristau, J., et al. (2020). Novel fredericamycin variant overproduced by a streptomycin-resistant Streptomyces albus subsp. chlorinus strain. Mar. Drugs 18:284. doi: 10.3390/md18060284

Roosaare, M., Vaher, M., Kaplinski, L., Mols, M., Andreson, R., Lepamets, M., et al. (2017). StrainSeeker: fast identification of bacterial strains from raw sequencing reads using user-provided guide trees. PeerJ 5:e3353. doi: 10.7717/peerj.3353

Santamaría, R. I, Martínez-Carrasco, A., Sánchez de la Nieta, R., Torres-Vila, L. M., Bonal, R., Martín, J., et al. (2020). Characterization of actinomycetes strains isolated from the intestinal tract and feces of the larvae of the longhorn beetle Cerambyx welensii. Microorganisms 8:2013. doi: 10.3390/microorganisms8122013

Santorelli, L., Wilkinson, T., Abdulmalik, R., Rai, Y., Creevey, C. J., Huws, S., et al. (2021). Beehives possess their own distinct microbiomes. bioRxiv [Preprint]. doi: 10.1101/2021.08.25.457643

Santos-Beneit, F. (2015). The Pho regulon: a huge regulatory network in bacteria. Front. Microbiol. 6:402. doi: 10.3389/fmicb.2015.00402

Santos-Beneit, F. (2018). Genome sequencing analysis of Streptomyces coelicolor mutants that overcome the phosphate-depending vancomycin lethal effect. BMC Genomics 19:457. doi: 10.1186/s12864-018-4838-z

Santos-Beneit, F., Fernández-Martínez, L. T., Rodríguez-García, A., Martín-Martín, S., Ordóñez-Robles, M., Yagüe, P., et al. (2014). Transcriptional response to vancomycin in a highly vancomycin-resistant Streptomyces coelicolor mutant. Future Microbiol. 9, 603–622. doi: 10.2217/fmb.14.21

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinform. 30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Segata, N., Börnigen, D., Morgan, X. C., and Huttenhower, C. (2013). PhyloPhlAn is a new method for improved phylogenetic and taxonomic placement of microbes. Nat. Commun. 4:2304. doi: 10.1038/ncomms3304

She, M. R., Yang, H. L., Sun, L. L., and Yeung, S. C. J. (2006). Redox control of manumycin a-induced apoptosis in anaplastic thyroid cancer cells – Involvement of the xenobiotic apoptotic pathway. Cancer Biol. Ther. 5, 275–280. doi: 10.4161/cbt.5.3.2383

Song, K., Cho, S., Ko, K., Han, M., and Yoo, I. (1994). Secondary metabolites from the mycelial culture broth of Phellinus linteus. J. Korean Soc. Appl. Biol. Chem. 37, 100–104.

Stedman, A., van Vliet, A. H., Chambers, M., and Gutierrez-Merino, J. (2020). Gut commensal bacteria show beneficial properties as wildlife probiotics. Ann. N. Y. Acad. Sci. 1467, 112–132. doi: 10.1111/nyas.14302

Waksman, S. A., and Woodruff, H. B. (1941). Actinomyces antibioticus, a new soil organism antagonistic to pathogenic and non-pathogenic bacteria. J. Bacteriol. 42, 231–249. doi: 10.1128/jb.42.2.231-249.1941

Waksman, S. A., and Woodruff, H. B. (1942). Streptothricin, a new selective bacteriostatic and bactericidal agent particularly against Gram-negative bacteria. Proc. Soc. Exp. Biol. Med. 49, 207–209. doi: 10.3181/00379727-49-13515

Watve, M., Jog, M., Tickoo, R., and Bhole, B. (2001). How many antibiotics are produced by the genus Streptomyces? Arch. Microbiol. 176, 386–390. doi: 10.1007/s002030100345

Xu, F., Nazari, B., Moon, K., Bushin, L. B., and Seyedsayamdost, M. R. (2017). Discovery of a cryptic antifungal compound from Streptomyces albus J1074 using high-throughput elicitor screens. J. Am. Chem. Soc. 139, 9203–9212. doi: 10.1021/jacs.7b02716

Yurkovich, M. E., Tyrakis, P. A., Hong, H., Sun, Y., Samborskyy, M., Kamiya, K., et al. (2012). A late-stage intermediate in salinomycin biosynthesis is revealed by specific mutation in the biosynthetic gene cluster. Chembiochem 13, 66–71. doi: 10.1002/cbic.201100590

Zeeck, A., Frobel, K., Heusel, C., Schroder, K., and Thiericke, R. (1987a). The structure of manumycin. 2. Derivatives. J. Antibiot. 40, 1541–1548. doi: 10.7164/antibiotics.40.1541

Zeeck, A., Schroder, K., Frobel, K., Grote, R., and Thiericke, R. (1987b). The structure of manumycin. 1. Characterization, structure elucidation and biological-activity. J. Antibiot. 40, 1530–1540. doi: 10.7164/antibiotics.40.1530

Zhang, H., Zhang, W., Jin, Y., Jin, M., and Yu, X. (2008). A comparative study on the phylogenetic diversity of culturable actinobacteria isolated from five marine sponge species. Antonie Van Leeuwenhoek 93, 241–248. doi: 10.1007/s10482-007-9196-9

Zhang, Y., Huang, H., Xu, S., Wang, B., Ju, J., Tan, H., et al. (2015). Activation and enhancement of Fredericamycin A production in deepsea-derived Streptomyces somaliensis SCSIO ZH66 by using ribosome engineering and response surface methodology. Microb. Cell Fact. 14:64. doi: 10.1186/s12934-015-0244-2

Zhang, Z., Schwartz, S., Wagner, L., and Miller, W. (2000). A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 7, 203–214. doi: 10.1089/10665270050081478

Zhao, P. J., Li, G. H., and Shen, Y. M. (2006). New chemical constituents from the endophyte Streptomyces species LR4612 cultivated on Maytenus hookeri. Chem. Biodivers. 3, 337–342. doi: 10.1002/cbdv.200690036

Zhao, W. Y., Zhu, T. J., Fan, G. T., Liu, H. B., Fang, Y. C., Gu, Q. Q., et al. (2010). Three new dioxopiperazine metabolites from a marine-derived fungus Aspergillus fumigatus Fres. Nat. Prod. Res. 24, 953–957. doi: 10.1080/14786410902726134


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Santos-Beneit, Ceniceros, Nikolaou, Salas and Gutierrez-Merino. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Identification of Antimicrobial Compounds in Two Streptomyces sp. Strains Isolated From Beehives



		INTRODUCTION



		MATERIALS AND METHODS



		Growth Conditions and Isolation of Streptomycetes



		DNA Extraction and 16S rRNA Sequencing



		Genome Sequencing and Analysis



		Growth Inhibition Bioassays



		Analysis of Metabolites by Ultra Performance Liquid Chromatography and Liquid Chromatography–Mass Spectrometry



		Dereplication Studies (LC-DAD-HRMS)







		RESULTS



		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-13-742168-g003.jpg
- J1074
== AN1
. Butanol
\ R5A
\ \"
Minutes 130 2fo 3f0 lfo l Sfo , 63.0 l 7?0 ’
Candicidins Antimycins
B., |
240
12 - J1074
60 = AN1
- 140 '
<120
o z Ethyl acetate
060 R5A
040
0,20 |
0,00 ; ; ; : ; : .
Minutes 1,0 20 30 40 ‘ 50 l 6,0 ‘ 7.0 ,
Candicidins Antimycins
C.,
240
:.g - J1074
s = AN1
= 140 ‘
<120
1,00
om Ethyl acetate
0,40 Bennet
020 — _—
0,00 ; : : — ; : :
Minutes 1,0 20 30 40 l 5,0 ‘ 6,0 ‘ 70 J
Candicidins Antimycins
D 2,789 Extracted
0,80 1,60 2214
0,70
0,60
=050
0,40
0,30
0,20

0,10
0,00

300,00 400,00
nm





OPS/images/cover.jpg
, frontiers
in Microbiology










OPS/images/fmicb-13-742168-g001.jpg
R 4

A

S. griseoaurantiacus AD2 S. albus AN1
Honey Pollen

In vivo bioassay

S. griseoaurantiacus AD2 ek

: o LF e’
=33 \ A %
P S
& T
A a ~
3 Rl S
Wy ’
A o \7
» .
) A
* A W
AN . S ‘._.4.
oy \'.\’/
P N
.

M. luteus

f S aibus AN1 e S. aureus





OPS/images/fmicb-13-742168-g002.jpg
A 300
2,80 . .
260| S. griseoaurantiacus AD2 - (1)
2,40
-
1,80 = (2)
= 1,60
< 1,40
£ _
1,00
0,80
ou M.
0.20 . luteus
0,00 4 $ 4 :
Minutes 5 6 7 8
m
0,40 29
0,20
485 541
500
020
040
0,60
30000 40000 500,00 T a0 4000 50000
r — : nm
1,0x107 ‘ 394,28 551.30
8.0x10® - 200000
Zoox1eh - £ 600000
E 4,0x108 - 400000
2.0x108 - Undecylprodigiosin 200000 - Manumycin A
: m=393.28 Da | - m=550.30 Da J
20000 40000 60000 800.00 1000.00 1200,00 20000 000 €0000 800,00 100000 1200,00
w2 w2
B
240

§§ S. albus AN1 - (4)
- = (7)

= (5)

albicans 250,00 3.'%0 450,00 OB 400,00

40 0,15
020
Candida oﬁ‘ Candicidin L b Antimycins





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-13-742168-t001.jpg
Metabolites? Bioactivity S. albus AN1® S. albus RS68, RS77,

J1074° Rs784
Nocardamine Antitumor/ Yes (BEN) Yes Yes
Antibacterial
Deferoxamine Antitumor Yes (BEN) No Yes
Antimycin A Antifungal Yes (R5A) Yes No
Alteramide A Antifungal Yes (R5A) Yes Yes
Surugamides Antitumor/ Yes (R5A) Yes Yes
A/B/C/D/E Antifungal
Germicidin G Germicidin Yes (R5A) No Yes
N-acetyltyramine Antitumor/ Yes (R5A) Yes No
Antifungal
Candicidins Antifungal Yes* (RBA) Yes No
Paulomycins Antibacterial No Yes No
Salinomycin® Antibacterial No No No
Tirandamycin A Antiamoebic No No Yes
Fredericamycin A Antibacterial/ No** No No
Antifungal

aMetabolites were identified by dereplication using extracts derived from different
broths such as Bennet and R5A. Compounds for which the biosynthetic genes
have been chemically and genetically characterized in the reference laboratory
strain S. albus J1074 are highlighted with gray-shadowed boxes. Many derivatives
of Antimycin A were identified in S. albus ANT (i.e., Antimycin A3a/A3b/A7a/A7b,
AT11/A17/A2/A2a/A2b/A8a/A8b, A12/A13/A19/A1a/A1b).

bThis study.

CIn our laboratory, production of secondary metabolites by S. albus J1074 has
been routinely monitored using R5A as production medium. These metabolites
have been detected previously in Olano et al. (2014), Gonzalez et al. (2016), and
Hoz et al. (2017).

dSantamaria et al. (2020). The three strains (RS68, RS77, and RS78) were isolated
from the larvae of the xylophagous coleopteran Cerambyx welensii and, similarly
to our AN1 strain, were identified initially as Streptomyces sampsonii by 16S rDNA
analyses.

©The cluster responsible for salinomycin production has been characterized from
S. albus DSM 41398 (Yurkovich et al., 2012). Salinomycin and its derivatives exhibit
high antimicrobial activity against Gram-positive bacteria, including methicillin-
resistant Staphylococcus aureus, methicillin-resistant Staphylococcus epidermidis,
and Mycobacterium tuberculosis. Salinomycin is inactive against fungi such as
Candida albicans and Gram-negative bacteria (Antoszczak et al., 2014).

*UV spectra of these peaks corresponded to that of the candicidins but with no
coincidence on the DNP (Dictionary of Natural Products).

**The compound was predicted by antiSMASH in AN1 but not in J1074.





