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Abstract

:

Rare actinobacterial species are considered as potential resources of new natural products. Marisediminicola antarctica ZS314T is the only type strain of the novel actinobacterial genus Marisediminicola isolated from intertidal sediments in East Antarctica. The strain ZS314T was able to produce reddish orange pigments at low temperatures, showing characteristics of carotenoids. To understand the biosynthetic potential of this strain, the genome was completely sequenced for data mining. The complete genome had 3,352,609 base pairs (bp), much smaller than most genomes of actinomycetes. Five biosynthetic gene clusters (BGCs) were predicted in the genome, including a gene cluster responsible for the biosynthesis of C50 carotenoid, and four additional BGCs of unknown oligosaccharide, salinixanthin, alkylresorcinol derivatives, and NRPS (non-ribosomal peptide synthetase) or amino acid-derived compounds. Further experimental characterization indicated that the strain may produce C.p.450-like carotenoids, supporting the genomic data analysis. A new xanthorhodopsin gene was discovered along with the analysis of the salinixanthin biosynthetic gene cluster. Since little is known about this genus, this work improves our understanding of its biosynthetic potential and provides opportunities for further investigation of natural products and strategies for adaptation to the extreme Antarctic environment.
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1. Introduction


Actinobacteria are considered as one of the most important producers of natural products for drug discovery. To date, more than half of antibiotics were produced by the genus Streptomyces [1]. However, the re-discovery of known natural products, especially from the genus Streptomyces due to the so-called diminishing marginal effect, has become an issue [1,2]. Meanwhile, the increased prevalence of multi-drug resistance pathogens and the emergence of cross-resistance to antibiotics have driven researchers to seek for novel natural products [3]. Therefore, rare actinobacteria (non-Streptomyces), especially those from underexplored extreme environments, draw increasing attention for discovering novel bioactive compounds [4]. Antarctica, a frozen continent surrounded by the Southern Ocean, is characterized by extremely low temperatures, strong ultraviolet radiation and a relatively isolated ecosystem [5]. It represents one of the most under-investigated environments. Hence, it was considered as a huge reservoir of microorganisms with biosynthetic potential of novel natural products.



The genus Marisediminicola belonging to rare actinobacteria was first proposed nine years ago [6], with the only type species Marisediminicola antarctica and the only type strain M. antarctica ZS314T. The strain ZS314T was isolated from intertidal sediments of the coast off the Chinese Antarctic Zhongshan Station in East Antarctica (69°22′13″ S, 76°21′41″ E). To date, no other type strains have been reported belonging to this species or this genus. However, many 16S rRNA sequences sharing over 99% identities have been deposited in the NCBI GenBank database, with most of them from the Arctic, Antarctica or glacier-associated environments. It suggests that M. antarctica is a phylotype adapted and probably specific to extreme environments. The strain ZS314T was psychrophilic, with the growth temperature range of 0–26 °C (optimum 18–23°C). It developed a bright reddish orange color, which is usually caused by various carotenoid pigments. Carotenoids are a group of natural isoprenoid pigments mainly isolated from a wide variety of plants, algae, fungi and bacteria [7,8,9,10,11,12]. The major functions of known carotenoids are to prevent cells from oxidative damage [8], protect against UV radiation and modulate membrane fluidity in bacteria [7]. Therefore, carotenoids are important not only for the survival of the organisms but also for industrial applications.



To investigate the biosynthetic abilities of M. antarctica ZS314T, we performed genome sequencing and bioinformatics data mining. Further experiments including HPLC/TOF-MS (high-performance liquid chromatography/time-of-flight mass spectrometry) and anti-oxidation assays were carried out to characterize the pigments, as supported by the presence of a carotenoid biosynthetic gene cluster and the indicative color. M. antarctica was identified and reported nine years ago, but still little is known about this novel genus/species. Here, we report the findings through wet lab experiments and data mining of the genome to increase our understanding of this novel Antarctic actinobacterium. This study represents the first investigation of the novel Antarctic Marisediminicola genus for its potential in natural product biosynthesis, and also the first complete genome of the genus for future studies.




2. Results and Discussion


2.1. General Feature of the Genome


The complete genome of M. antarctica ZS314T was circular, containing 3,352,609 bp with an average GC content of 67.17% (Figure S1). Compared with other actinobacteria, M. antarctica species tended to have a relatively small genome (3.35 Mb vs. the largest actinobacterial genome of 13.05 Mb from Nonomuraea sp. ATCC 55076) and low GC content (67.17% vs. the highest GC content of 74.8 % in Streptomyces). To get an idea of the average genome size of the phylum Actinobacteria, a total of 1674 genomes (complete genomes and genomes assembled to the chromosome level) available in the GenBank database were analyzed. The resulting average genome size was 4.52 Mb. Meanwhile, the average GC content was 64.12% and the average number of CDSs was around 3937. Therefore, M. antarctica ZS314T has a genome size below average but a GC content slightly higher than average. A total of 2992 (below average) protein-encoding genes were annotated in the genome, with up to 36% genes annotated as hypothetical proteins or without significant similar matches in the NCBI nr (non-redundant) database. Up to 44%, 41%, 36%, and 23% of genes had no match in the Swiss-Prot, gene ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG) and clusters of orthologous groups (COG) databases, respectively. Two rrn operons and 44 tRNA genes were detected in the genome. The complete genome can be further analyzed for genome evolution and genetic adaptation to the extreme environment.




2.2. Prediction of Secondary Metabolite Biosynthetic Gene Clusters


Five secondary metabolite BGCs were predicted by the antiSMASH software (Table 1 and Table S1, and Figure 1). Since most BGCs are large (over 20 kb to around 100 kb), more BGCs are usually found in larger genomes (e.g., about 20 to 40 BGCs are generally predicted in Streptomyces genomes over 9 Mb). Although fewer BGCs were found in the genome of M. antarctica ZS314T compared with Streptomyces, the difference of relative abundance of BGCs normalized to genome size is small. In the relatively small genome of M. antarctica ZS314T, the presence of the five gene clusters suggests their importance to the strain.



2.2.1. Cluster 1: T3PKS


After manual analysis, cluster 1 (Figure 1) was found to contain three core biosynthetic genes encoding stilbene synthase (srsA, orf7), isoprenylcysteine carboxyl methyltransferase (srsB, orf6) and monooxygenase (srsC, orf5), sharing 51–63% amino acid identities with the srs operon of Streptomyces griseus NBRC 13350 [13]. Two putative transporter-encoding genes (orf1 and orf2) were detected in the opposite orientation upstream of orf3 and orf4, encoding a hypothetical protein and a haloacid dehalogenase. The two genes (orf3 and orf4) seem not to be related to the srs operon since the three core genes (srsABC) alone can biosynthesize alkylresorcinols. SrsA is a specialized type III polyketide synthase (PKS), catalyzing the formation of alkylresorcinols from acyl-CoAs of various chain lengths [13,14]. The alkylresorcinols are further modified by SrsB and SrsC through methylation and hydroxylation [13]. SrsA plays a key role in determining the structure of alkylresorcinols. The most similar record of SrsA from M. antarctica ZS314T in the NCBI nr database was a stilbene synthase from Agreia sp. leaf244, sharing 65% amino acid identity. However, SrsA from M. antarctica ZS314T was separated from the known stilbene synthases including the most similar one, as shown in the phylogenetic tree of related stilbene synthases found in the NCBI nr database (Figure S2). It suggests that this specialized type III PKS is distinct from the known enzymes, and hence indicates the production of alkyresorcinols with potential new chemical structure. Alkyresorcinols, a type of non-isoprenoid lipids with an aromatic ring, have important antibiotic activities [13,14]. Alkyresorcinols are relatively rare in nature, with plants as the major sources. Some species of bacteria are known to produce alkyresorcinols, such as Streptomyces griseus [13], Azotobacter and Pseudomonas species [15]. The detection of this putative alkyresorcinol biosynthetic gene cluster extends its distribution to this novel genus.




2.2.2. Cluster 2: Terpene


Cluster 2 was predicted to produce terpene type compounds, a large and diverse group of natural products [2]. Cluster 2 shared some similarity in structure and sequence with four C50 carotenoid synthetic gene clusters from Dietzia sp. CQ4, Corynebacterium glutamicum, Leifsonia xyli and Agromyces mediolanus (Figure 2 and Table 2). The three genes (orf2 to orf4) in cluster 2 of M. antarctica ZS314T shared 34–61% amino acid identities with geranylgeranyl pyrophosphate synthase gene (crtE), phytoene synthase gene (crtB) and phytoene desaturase gene (crtI) of the four gene clusters, respectively (Table 2). The three genes crtEBI were reported to be core genes responsible for biosynthesis of C40 carotenoid lycopene. In addition, two genes (orf5 and orf6) encoding C50 carotenoid cyclases and orf7 encoding a lycopene elongase were predicted in cluster 2, sharing 35–65% amino acid identities with those in the other four gene clusters (Table 2). These three genes (orf5 to orf7) were expected to convert C40 carotenoid lycopene to C50 carotenoids, by elongating the carbon chain and forming cyclized end groups finally, as reported in previous studies [9,12]. In certain instances, one C50 carotenoid cyclase encoding gene could be fused with the lycopene elongase gene, such as lbtBC in Dietzia sp. CQ4 (Figure 2). A few additional genes were present in some of the clusters. For example, both cluster 2 of M. antarctica ZS314T and the cluster from Agromyces mediolanus contained a gene (orf1/idi) encoding isopentenyl-diphosphate Delta-isomerase, which is responsible for isoprenoid biosynthesis. The cluster of Dietzia sp. CQ4 contained crtX encoding a glycosyl transferase, likely involved in the glucosylation of C50 carotenoids [12]. In addition, a transcriptional regulator was encoded with opposite orientation in the gene cluster of Agromyces mediolanus. Similarly, a putative transcriptional regulator of MarR family was detected close to the core biosynthetic genes in cluster 2 with opposite orientation.



Although the gene clusters responsible for C50 carotenoids were quite similar, the final products had different structures. The final product of the gene cluster in Dietzia sp. CQ4 was C50 β-cyclic carotenoid (C.p.450 monoglucoside) [12], while the final products of the two clusters in Corynebacterium glutamicum and Agromyces mediolanus were the same, i.e., C50 ε-cyclic carotenoid (decaprenoxanthin) [12,16]. The final product of the gene cluster in Leifsonia xyli was predicted to be a putative C50 carotenoid, without further identification [12]. As previously reported, the C50 carotenoid cyclase was the key to determine the final structure and may have multiple catalytic functions [9]. Usually, the C50 carotenoid cyclase in Gram-positive bacteria was reported to be encoded by two genes, forming a heterodimeric complex to catalyze the cyclization reaction leading to carotenoids with different end groups [9,17]. Phylogenetic analysis of the C50 carotenoid cyclases showed that the two monomers formed two different groups in the tree (Figure 3). The C50 carotenoid cyclases (encoded by orf5 an orf6) of M. antarctica ZS314T clustered with LbtA and LbtBC of Dietzia sp. CQ4, respectively (Figure 3). It suggests that cluster 2 of M. antarctica ZS314T may produce C50 β-cyclic carotenoid-like products, as in Dietzia sp. CQ4. However, it is hard to predict the final products of the gene cluster 2 of M. antarctica ZS314T solely based on the gene cluster analysis.




2.2.3. Cluster 3: Terpene


Cluster 3 was predicted to be a terpene-producing gene cluster due to the presence of a core biosynthetic gene (orf3) encoding lycopene cyclase (Figure 1 and Table S1). Next to the orf3 was a gene encoding xanthorhodopsin (orf2). Xanthorhodopsin is a light-driven proton pump with a dual chromophore, containing one retinal and one salinixanthin [18,19]. Xanthorhodopsin is more effective than bacteriorhodopsin for collecting light due to the presence of salinixanthin. Salinixanthin is a C-40 acyl glycoside carotenoid, a kind of rare carotenoid produced mostly from haloarchaea and halophilic bacteria [20]. However, the biosynthesis of salinixanthin has not been reported yet, according to our knowledge. A gene annotated as β-carotene 15,15’-monooxygenase (orf4) was found downstream of the core biosynthetic gene (orf3), which was reported to catalyze the breakdown of β-carotene into two molecules of retinal. A putative pathway for salinixanthin and retinal biosynthesis was hence proposed (Figure 4), according to reactions in the KEGG database and the genes existed in cluster 3 and the genome. Lycopene, which can be biosynthesized by the three genes crtEBI in cluster 2, was further converted to 3,4-dehydrolycopene by CtrI. The later was cyclized at one end to form torulene by most likely the lycopene cyclase in cluster 3. The reactions from lycopene to torulene were the same as the steps in the biosynthesis of neurosporaxanthin [21]. From torulene to salinixanthin, hydroxylase, dehydrogenase or ketolase, glucosyltransferase, and acyltransferase were proposed to catalyze the reactions, according to similar reactions in the biosynthesis of canthaxanthin [22] and myxol [23] (Figure 4). Gene candidates encoding for these enzymes have been annotated in the genome, however, not in cluster 3. We also performed metabolic pathway reconstruction for the biosynthesis of salinixanthin using PathPred, a web-based server integrated into the KEGG database to predict plausible enzyme-catalyzed reaction pathways using the information of biochemical structure transformation patterns and chemical structure alignments of substrate-product pairs [24]. The reconstructed pathway from lycopene to the core structure of salinixanthin without glucoside ester modification was shown in Figure S3 (since pathway reconstruction from lycopene to salinixanthin was frequently disrupted due to some unknown reason). The predicted pathway was quite complex, involving up to 19 reactions different from the pathway we proposed. It is unknown whether both pathways are possible without further experimental verification. Genetic manipulation and chemical identification are encouraged to verify the hypothetical pathways and identify the enzymes responsible for the catalysis of these reactions. Moreover, genome-scale metabolic pathway reconstruction can be used to further discover new metabolic pathways and analyze metabolic networks of M. antarctica ZS314T, as shown in previous studies [25,26].



Xanthorhodopsin was first discovered in Salinibacter ruber, a halophilic bacterium [18]. Later, two Octadecabacter strains from the Antarctic and the Arctic were reported to have a new subgroup of xanthorhophosins and were predicted to be an adaptation advantage to icy environments [27]. The xanthorhodopsin from M. antarctica ZS314T clustered with those from Actinobacteria within the subgroup I as proposed previously (Figure 5) [27]. However, it was separated from the known xanthorhodopsin genes within the subgroup I with the highest similarity of around 57%, indicating that it was a new xanthorhodopsin gene. Although xanthorhodopsin genes were horizontally transferred, it seems that Actinobacteria shared a common ancestor distinct from non-actinobacterial genes. The residues involved in keto-carotenoid binding identified in Salinibacter ruber DSM 13855 were not conserved, except for two residues highlighted in red boxes (Figure 5b). It suggests that xanthorhodopsins may adopt different mechanisms for chromophore binding.




2.2.4. Cluster 4: NRPS


A putative cluster containing an NRPS gene as the core biosynthetic gene (orf4) was predicted right next to cluster 3 (Figure 1 and Table S1). However, the NRPS only contained an adenylation (A) domain, a peptidyl carrier protein (PCP) domain, and a termination (T) domain, lacking the required condensation (C) domain for elongation. In addition, the NRPS gene is much smaller than those multimodular assembly lines for non-ribosomal peptide compound biosynthesis. A peptidase M1 gene (orf5) followed the NRPS gene. No other biosynthetic gene was detected in the cluster (Figure 1). Therefore, it seems that cluster 4 may not produce large non-ribosomal peptide compounds or may produce single amino acid-derived compounds. However, homologs of this NRPS gene were found in other bacteria including mostly Cryobacterium species within Microbacteriaceae of Actinobacteria, with 76.86% as the highest amino acid identity. It is unclear whether this NRPS gene is inactivated or not. The function of this NRPS gene requires further investigation.




2.2.5. Cluster 5: Oligosaccharide


Cluster 5 was predicted to biosynthesize oligosaccharides, including genes encoding polysaccharide biosynthesis protein, glycosyltransferases and epimerases etc. (Figure 1 and Table S1). However, no known gene cluster was found to be similar. Currently, only a few gene clusters biosynthesizing oligosaccharides have been identified, such as gene clusters producing orthosomycins, moenomycins, saccharomucins, and acarviostatins [29]. In general, these gene clusters are complex and large, usually including multiple genes for sugar synthesis and modification. For example, there are 39 biosynthetic related genes in the gene cluster producing avilamycin (a member of orthosomycins), including four glycosyltransferases, 22 sugar synthesis and tailoring genes, and other genes involved in further modification, resistance, regulation, and transport [30]. Due to the complexity of oligosaccharide producing gene clusters, the biosynthesis of oligosaccharides is lagged behind. Indeed, oligosaccharide natural products are under-represented in pharmacopeia compared with other classes, although oligosaccharides have a wide range of biological activities and high structural diversity [29]. Possible reasons were proposed including low levels of expression in nature, difficulties in detecting, isolation, and identification, as well as low stability [29]. Since oligosaccharide secondary metabolite BGCs are rarely identified and biochemically characterized, the prediction of these gene clusters in genomes is also less frequent than other classes of natural products. Therefore, further identification of the putative oligosaccharide gene cluster 5 is important but challengeable.





2.3. Analysis of the Pigments from M. antarctica ZS314T


As revealed by the genomic data mining, a putative carotenoid biosynthetic gene cluster was detected, suggesting the production of carotenoids. The physiological characteristics indicated the production of carotenoid-like pigments as well. Colonies of M. antarctica ZS314T were reddish orange on Marine Agar 2216 (Difco) (Figure 6A). The supernatant of liquid culture was almost colorless, and the cell pellets were reddish orange after centrifugation (Figure 6B,C). It suggested that the pigments were stored in the cells rather than being secreted into the broth. The UV-visible absorption spectrum of the concentrated methanolic extracts showed three major absorption peaks at 450, 472, and 500 nm, with the highest at 472 nm (Figure 7A). The shape of the absorption spectrum resembled that of carotenoids in general, and the wavelengths fell within the range of carotenoids as well, indicating the presence of carotenoids in the extracts. The concentrated methanolic extracts were separated by using HPLC, resulting in three major peaks (peak 1, peak 2 and peak 3) at retention times of 24.786 min, 29.661 min and 33.284 min (Figure 7B). The three peaks showed UV-visible absorption spectrum characteristic of carotenoids, indicating that carotenoids may exist in the peaks. The absorption spectra of the three peaks were slightly different from the overall spectrum of total methanolic extracts. Peak 1 showed maximum absorptions at around 468 nm, 490 nm, and 520 nm (Figure 7C). Peaks 2 and 3 had similar absorption spectra, with three maximum absorptions at around 448 nm, 472 nm, and 505 nm (Figure 7C). In order to isolate putative carotenoids indicated by HPLC, three pooled fractions showing indicative color and relatively good purity were obtained after column chromatography with silica gel and Sephadex LH-20. Fraction 1 had one peak showing characteristic absorption spectrum of carotenoids (λmax 452 and 480) (data not shown), with the major MS signal MH+ at 704.54898 (Figure S4), which is close to the molecular mass of C.p.450, sarcinaxanthin and flavuxanthin [9,12]. In addition, the same absorption spectrum was reported for C.p.450, rather than the other two carotenoids. Therefore, the preliminary data suggested that fraction 1 was likely C.p.450. Fraction 2 had one putative carotenoid-like peak (λmax 450 and 475) (data not shown), showing the major MS signal MH+ at 866.59451 (Figure S4). Fraction 3 had two putative carotenoid-like peaks, showing similar absorption spectra (λmax 450 and 475 for the first peak, and λmax 452 and 477 for the second peak) (data not shown). The major MS signal MH+ for the first peak was at 866.58174, while it was at 865.57678 for the second peak (Figure S4). The major MS signals in fractions 2 and 3 had close m/z value and absorption spectra, which generally agreed with that of C.p.450 glucoside (MH+: 867). However, it should be interpreted with caution, since high-resolution mass spectrometry accepts small deviation and the reported MS data of these C50 carotenoids were obtained using low resolution mass spectrometry. As suggested by cluster 2, M. antarctica ZS314T is expected to produce C50 carotenoids probably similar to C.p.450 and its glucoside derivatives, the products of Dietzia sp. CQ4. Considering the analysis of the gene cluster and the preliminary characterization of the pigments, the carotenoids produced by M. antarctica ZS314T are most likely C.p.450 and its glucosylated derivatives.



Carotenoids have many biological activities and biotechnological applications, including antioxidant activity, absorbing light and energy, transporting oxygen, antitumor activity and enhancing antibody production etc. [31,32]. The most apparent activity of carotenoids is their excellent antioxidant activity, due to their electron rich polyene chains proficient in quenching reactive oxygen species [8]. The formation of iron ferrocyanide (Prussian blue) in the ferric reducing antioxidant power (FRAP) assay due to the presence of the reddish orange pigment extracts suggested antioxidant activity of the pigments, compared with the blank control showing yellow color of potassium ferricyanide solution (Figure 7D). The absorbance of iron ferrocyanide (Prussian blue) at 700 nm (A700) further supported the above observation, with A700 of 1.045 in the pigment group on average vs. A700 of 0.085 in the control group on average. The A700 was significantly elevated in the experimental group compared with the control group, with p value < 0.01 (Student’s t-test). Since M. antarctica ZS314T inhabits the intertidal sediments in Antarctica, it has to deal with UV radiation, increased oxidative stress and all other challenges caused by low temperature. Therefore, the production of carotenoids contributes to survival and increases the fitness of M. antarctica ZS314T under the extreme environmental conditions by increasing the antioxidant capability. Moreover, the carotenoids produced by M. antarctica ZS314T may be further explored for potential applications in biotechnology. Since M. antarctica ZS314T has few biosynthetic gene clusters and hence a relatively simple background, carotenoids are the major products in the crude extracts, as indicated by the HPLC analysis as well (Figure 7B). Therefore, it simplifies further purification and isolation of carotenoids from M. antarctica ZS314T for industrial purposes.





3. Materials and Methods


3.1. Strain and Culture Conditions


M. antarctica ZS314T was isolated on Marine Agar 2216 (Difco) from intertidal sediments of the coast off the Chinese Antarctic Zhongshan Station in East Antarctica. For further morphological observation, the strain ZS314T was grown on Marine Agar 2216 (Difco) and in Marine Broth 2216 (Difco) at 20 °C for 7 days. For analysis of reddish orange pigments, the strain ZS314T was cultured in Erlenmeyer flasks containing one liter of Marine Broth 2216 (Difco) at 20 °C for seven days, under rigorous shaking at 200 rpm.




3.2. Genome Sequencing and Data Mining of M. antarctica ZS314T


Genomic DNA was extracted using QIAamp® DNA Mini kit (QIAGEN, Shanghai, China). The genome was sequenced by a combination of Illumina Hiseq 4000 and PacBio RSII sequencing platforms. Two genomic libraries with inserts of 500 bp and 10 kb were constructed for Illumina and PacBio sequencing, respectively. Clean data from Illumina and PacBio sequencing were assembled using SOAPdenovo software version 2 [33] and RS_HGAP assembly version 3 included in the SMRT Analysis version 2.3.0 (https://github.com/PacificBiosciences/SMRT-Analysis). Circularization of the assemblies was evaluated based on overlaps and using SSPACE-LongRead software [34]. Genes were predicted by using Glimmer version 3.0.2 [35]. Gene annotations were obtained by querying the databases of GenBank non-redundant protein [36], Swiss-Prot [37], KEGG [38], COG [39], GO [40], and carbohydrate-active enzymes database (CAZy) [41]. The presence of rRNA and tRNA was predicted by using rRNAmmer [42] and tRNAscan [43], respectively. The secondary metabolite BGCs were predicted by the antiSMASH program, using the relaxed parameters recommended by the program [44]. Circular map of the genome was drawn using the Circos package [45]. Phylogenetic trees were constructed by using the MEGA 7.0 software with bootstrap replication set at 1000 [46]. Metabolic pathway reconstruction was performed using the web-based server PathPred, following the reference pathway of biosynthesis of secondary metabolites (plants) with default parameters [24].




3.3. Extraction and Analysis of Reddish Orange Pigments


Five liters of liquid Marine Broth 2216 cultures were centrifuged at 7,000 rpm at 4 °C for 10 min. After centrifugation, the supernatant was almost colorless, and the cell pellets were reddish orange. The pigments were then extracted repeatedly with methanol from freeze-dried cell pellets. To avoid any chemical change caused by light, all manipulations during the extraction of the pigments were carried out in the dark and the containers were wrapped in aluminum foil. The extracts were then pooled and concentrated by rotary evaporation at 45 °C.



The UV-visible absorption spectra scan of concentrated methanolic extracts was performed by using Epoch spectrophotometer system with the spectrum range of 330–700 nm. The extracts were analyzed by HPLC (waters e2695) using a C18 reversed-phase column (3.5 μm, 4.6 × 150 mm, waters) with a flow rate of 1 ml·min−1 and detection wavelength at 480 nm. The mobile phase was a gradient of 10 to 100% acetonitrile with 0.1% formic acid for 10 min followed by 100% acetonitrile with 0.1% formic acid for 30 min, with a flow rate of 1 mL·min−1. The extracts were isolated and purified by column chromatography with silica gel (200–300 mesh, Merck, Darmstadt, Germany). Thin-layer chromatography (TLC) was used to check the presence and purity of carotenoid-like compounds in the fractions separated by column chromatography before pooling. TLC was performed in TLC Silica gel 60F plates (Merck, Germany), and was developed with a 3:2 (v/v) solvent mixture of acetone and petroleum ether. Carotenoids were indicated by yellow and red colors on TLC plates (Figure S5). Fractions containing putative carotenoids were further purified by column chromatography with Sephadex LH-20 (Pharmacia Biotech, Uppsala, Sweden). Purified fractions were identified using an Agilent 6224 TOF LC/MS spectrometer, with C18 reversed-phase column (3 μm, 4.6 × 75 mm, YMCSep. Technol., Japan). The mobile phase was a gradient of 20 to 100% acetonitrile with 0.1% formic acid for 12 min, followed by 100% acetonitrile with 0.1% formic acid for 48 min, with a flow rate of 0.3 mL·min−1. The eluted compounds were monitored at 480 nm using a diode array detector (DAD) detector.




3.4. Anti-Oxidation Assay of Reddish Orange Pigments


The anti-oxidation ability of the reddish orange pigments was measured via the ferric reducing antioxidant power (FRAP) assay [47]. The mixture of 50 μL of concentrated methanolic extracts and 50 μL of 1% potassium ferricyanide K3Fe[CN]6 were incubated in the dark for 20 min at 50 °C. Then, 50 μL of 10% trichloroacetic acid was added to the above mixture, and centrifuged for 10 min at 7000 rpm at 4 °C. After centrifugation, 20 μL of sterile deionized-distilled H2O and 20 μL of 0.1% ferric chloride were added to the supernatant, resulting in the production of iron ferrocyanide, i.e., Prussian blue. The absorbance of Prussian blue at 700 nm was measured by Epoch spectrophotometer system. Methanol was used as a blank control and was manipulated at the same time under the same conditions. Both the experimental group and the blank group were performed in triplicate.




3.5. Data Accessibility


The complete genome of M. antarctica ZS314T has been deposited in the GenBank database under the accession number CP017146.





4. Conclusions


M. antarctica ZS314T represents a novel type of under-investigated Actinobacteria. The presence of the five putative secondary metabolite gene clusters suggested the genetic potential of M. antarctica ZS314T in producing terpenes, alkylresorcinols, salinixanthin, oligosaccharides or amino acid-derived compounds. Combined with further experimental characterization and the gene cluster analysis provided evidence for the production of C.p.450-like carotenoids. In addition, a new xanthorhodopsin gene was discovered during the analysis of cluster 3. This work contributes to the investigation of natural product biosynthesis of M. antarctica ZS314T. The report of the complete genome also provides opportunities for further investigation of the novel actinobacterium in adaptation to the extreme Antarctic environment.








Supplementary Materials


The following are available online at https://www.mdpi.com/1660-3397/17/7/388/s1, Figure S1: Circular genome map of M. antarctica ZS314T. From outer to inner circle: genome size, protein-encoding genes in forward orientation, protein-encoding genes in reverse orientation, ncRNA in forward orientation, ncRNA in reverse orientation, repeat sequences, GC plot and GC skew., Figure S2: Phylogenetic tree of SrsA from M. antarctica ZS314T and close deposits in the NCBI non-redundant protein sequences (nr) database., Figure S3: Reconstructed biosynthetic pathway of the core structure of salinixanthin without the glucose ester modification from lycopene., Figure S4: Mass spectrometry of the purified fractions from the methanolic extracts of the pigments produced by M. antarctica ZS314T., Figure S5: TLC profile of carotenoid-like pigments indicated by yellow and red colors., Table S1: Gene organization of the five gene clusters predicted in the genome of M. antarctica ZS314T.





Author Contributions


conceptualization, L.L.; methodology, S.S., B.Z. and J.Z.; validation, L.L., and B.C.; formal analysis, C.F. and H.L.; investigation, L.L.; resources, H.L.; data curation, C.F.; writing—original draft preparation, L.L. and B.Z.; writing—review and editing, L.L. and B.C.; funding acquisition, L.L.




Funding


This research was funded by the National Key R&D Program of China (2018YFC1406702), National Natural Science Foundation of China (Grant No. 41406181), and State Key Laboratory of Microbial Technology Open Projects Fund (Project NO. M2017-03).




Acknowledgments


The authors acknowledge the assistance of the Chinese Arctic and Antarctic Administration (CAA) in supporting the CHINARE 23 field work. The authors thank Xiaoqing Tian for technical assistance and the Key Laboratory of East China Sea & Oceanic Fishery Resources Exploitation and Utilization for providing the HPLC/TOF-MS. The authors thank Yuanhua Liu at bioinformatics platform of Institut Pasteur of Shanghai, CAS, for her assistance and ideas in metabolic pathway reconstruction.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Azman, A.S.; Othman, I.; Velu, S.S.; Chan, K.G.; Lee, L.H. Mangrove rare actinobacteria: Taxonomy, natural compound, and discovery of bioactivity. Front. Microbiol. 2015, 6, 856. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.; Li, L.; Yu, Y.; Bo, C. Complete genome of Brachybacterium sp. P6-10-X1 isolated from deep-sea sediments of the Southern Ocean. Mar. Genom. 2017, 35, 27–29. [Google Scholar] [CrossRef]

	



Xiong, Z.Q.; Wang, J.F.; Hao, Y.Y.; Wang, Y. Recent advances in the discovery and development of marine microbial natural products. Mar. Drugs 2013, 11, 700–717. [Google Scholar] [CrossRef] [PubMed]

	



Tiwari, K.; Gupta, R.K. Diversity and isolation of rare actinomycetes: an overview. Crit. Rev. Microbiol. 2013, 39, 256–294. [Google Scholar] [CrossRef] [PubMed]

	



Rampelotto, P.H. Polar microbiology: Recent advances and future perspectives. Biology (Base) 2014, 3, 81–84. [Google Scholar] [CrossRef]

	



Li, H.R.; Yu, Y.; Luo, W.; Zeng, Y.X. Marisediminicola antarctica gen. nov., sp. nov., an actinobacterium isolated from the Antarctic. Int. J. Syst. Evol. Microbiol. 2010, 60, 2535–2539. [Google Scholar] [CrossRef] [PubMed]

	



Jagannadham, M.V.; Chattopadhyay, M.K.; Subbalakshmi, C.; Vairamani, M.; Narayanan, K.; Rao, C.M.; Shivaji, S. Carotenoids of an Antarctic psychrotolerant bacterium, Sphingobacterium antarcticus, and a mesophilic bacterium, Sphingobacterium multivorum. Arch. Microbiol. 2000, 173, 418–424. [Google Scholar] [CrossRef]

	



Joanna, F.; Květoslava, B. Potential role of carotenoids as antioxidants in human health and disease. Nutrients 2014, 6, 466–488. [Google Scholar]

	



Roman, N.; Stafsnes, M.H.; Trygve, A.; Audun, G.Y.; Per, B.; Trygve, B. Biosynthetic pathway for γ-cyclic sarcinaxanthin in Micrococcus luteus: heterologous expression and evidence for diverse and multiple catalytic functions of C(50) carotenoid cyclases. J. Bacteriol. 2010, 192, 5688–5699. [Google Scholar]

	



Wang, F.; Jiang, J.G.; Chen, Q. Progress on molecular breeding and metabolic engineering of biosynthesis pathways of C-30, C-35, C-40, C-45, C-50 carotenoids. Biotechnol. Adv. 2007, 25, 211–222. [Google Scholar] [CrossRef]

	



Takaichi, S.; Inoue, K.; Akaike, M.; Kobayashi, M.; Ohoka, H.; Madigan, M.T. The major carotenoid in all known species of heliobacteria is the C30 carotenoid 4,4’-diaponeurosporene, not neurosporene. Arch. Microbiol. 1997, 168, 277–281. [Google Scholar] [CrossRef] [PubMed]

	



Tao, L.; Yao, H.; Cheng, Q. Genes from a Dietzia sp. for synthesis of C40 and C50 β-cyclic carotenoids. Gene 2007, 386, 90–97. [Google Scholar] [CrossRef] [PubMed]

	



Funabashi, M.; Funa, N.; Horinouchi, S. Phenolic lipids synthesized by type III polyketide synthase confer penicillin resistance on Streptomyces griseus. J. Biol. Chem. 2008, 283, 13983–13991. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.; Xu, F.; Zeng, J.; Zhan, J. Type III polyketide synthases in natural product biosynthesis. IUBMB Life 2012, 64, 285–295. [Google Scholar] [CrossRef] [PubMed]

	



Kozubek, A.; Pietr, S.; Czerwonka, A. Alkylresorcinols are abundant lipid components in different strains of Azotobacter chroococcum and Pseudomonas spp. J. Bacteriol. 1996, 178, 4027–4030. [Google Scholar] [CrossRef]

	



Krubasik, P.; Kobayashi, M.; Sandmann, G. Expression and functional analysis of a gene cluster involved in the synthesis of decaprenoxanthin reveals the mechanisms for C50 carotenoid formation. FEBS J. 2001, 268, 3702–3708. [Google Scholar] [CrossRef]

	



Sandmann, G. Molecular evolution of carotenoid biosynthesis from bacteria to plants. Physiol. Plant 2002, 116, 431–440. [Google Scholar] [CrossRef]

	



Balashov, S.P.; Imasheva, E.S.; Boichenko, V.A.; Antón, J.; Wang, J.M.; Lanyi, J.K. Xanthorhodopsin: A proton pump with a light-harvesting carotenoid antenna. Science 2005, 309, 2061–2064. [Google Scholar] [CrossRef]

	



Lanyi, J.K.; Balashov, S.P. Xanthorhodopsin: A bacteriorhodopsin-like proton pump with a carotenoid antenna. Biochim. Biophys. Acta-Bioenerg. 2008, 1777, 684–688. [Google Scholar] [CrossRef]

	



Rodrigobaños, M.; Garbayo, I.; Vílchez, C.; Bonete, M.J.; Martínezespinosa, R.M. Carotenoids from haloarchaea and their potential in biotechnology. Mar. Drugs 2015, 13, 5508–5532. [Google Scholar] [CrossRef]

	



Estrada, A.F.; Maier, D.; Scherzinger, D.; Avalos, J.; Al-Babili, S. Novel apocarotenoid intermediates in Neurospora crassa mutants imply a new biosynthetic reaction sequence leading to neurosporaxanthin formation. Fungal Genet Biol. 2008, 45, 1497–1505. [Google Scholar] [CrossRef] [PubMed]

	



Hannibal, L.; Lorquin, J.; Dortoli, N.A.; Garcia, N.; Chaintreuil, C.; Massonboivin, C.; Dreyfus, B.; Giraud, E. Isolation and characterization of canthaxanthin biosynthesis genes from the photosynthetic bacterium Bradyrhizobium sp. strain ORS278. J. Bacteriol. 2000, 182, 3850–3853. [Google Scholar] [CrossRef] [PubMed]

	



Graham, J.E.; Bryant, D.A. The biosynthetic pathway for Myxol-2’fucoside (myxoxanthophyll) in the cyanobacterium Synechococcus sp. strain PCC 7002. J. Bacteriol. 2009, 191, 3292–3300. [Google Scholar] [CrossRef] [PubMed]

	



Moriya, Y.; Shigemizu, D.; Hattori, M.; Tokimatsu, T.; Kotera, M.; Goto, S.; Kanehisa, M. PathPred: an enzyme-catalyzed metabolic pathway prediction server. Nucleic Acids Res. 2010, 38, W138–W143. [Google Scholar] [CrossRef] [PubMed]

	



Ullrich, A.; Rohrschneider, M.; Scheuermann, G.; Stadler, P.F.; Flamm, C. In silico evolution of early metabolism. Artif Life 2011, 17, 87–108. [Google Scholar] [CrossRef] [PubMed]

	



Thiele, I.; Palsson, B.O. A protocol for generating a high-quality genome-scale metabolic reconstruction. Nat. Protoc. 2010, 5, 93–121. [Google Scholar] [CrossRef]

	



Vollmers, J.; Voget, S.; Dietrich, S.; Gollnow, K.; Smits, M.; Meyer, K.; Brinkhoff, T.; Simon, M.; Daniel, R. Poles Apart: Arctic and Antarctic Octadecabacter strains share high genome plasticity and a new type of xanthorhodopsin. PLOS ONE 2013, 8, e63422. [Google Scholar] [CrossRef]

	



Imasheva, E.S.; Balashov, S.P.; Choi, A.R.; Jung, K.H.; Lanyi, J.K. Reconstitution of Gloeobacter violaceus rhodopsin with a light-harvesting carotenoid antenna. Biochemistry 2009, 48, 10948–10955. [Google Scholar] [CrossRef]

	



Mccranie, E.K.; Bachmann, B.O. Bioactive oligosaccharide natural products. Nat. Prod. Rep. 2014, 31, 1026–1042. [Google Scholar] [CrossRef]

	



Weitnauer, G.; Mühlenweg, A.; Trefzer, A.; Hoffmeister, D.; Süßmuth, R.D.; Jung, G.; Welzel, K.; Vente, A.; Girreser, U.; Bechthold, A. Biosynthesis of the orthosomycin antibiotic avilamycin A: deductions from the molecular analysis of the avi biosynthetic gene cluster of Streptomyces viridochromogenes Tü57 and production of new antibiotics. Chem. Biol. 2001, 8, 569–581. [Google Scholar] [CrossRef]

	



Sarvari, S.; Moakedi, F. High carotenoid production by a halotolerant bacterium, Kocuria sp. strain QWT-12 and anticancer activity of its carotenoid. EXCLI J. 2017, 16, 840–851. [Google Scholar]

	



Britton, G.; Liaaenjensen, S.; Hanspeter, P. Carotenoids, Volume 5: Nutrition and health. Carotenoids 2009, 24, 497–522. [Google Scholar]

	



Luo, R.; Liu, B.; Xie, Y.; Li, Z.; Huang, W.; Yuan, J.; He, G.; Chen, Y.; Pan, Q.; Liu, Y.; et al. SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler. Gigascience 2012, 1, 18. [Google Scholar] [CrossRef] [PubMed]

	



Boetzer, M.; Pirovano, W. SSPACE-LongRead: scaffolding bacterial draft genomes using long read sequence information. BMC Bioinform. 2014, 15, 211. [Google Scholar] [CrossRef] [PubMed]

	



Delcher, A.L.; Bratke, K.A.; Powers, E.C.; Salzberg, S.L. Identifying bacterial genes and endosymbiont DNA with Glimmer. Bioinformatics 2007, 23, 673–679. [Google Scholar] [CrossRef] [PubMed]

	



Pruitt, K.D.; Tatusova, T.; Maglott, D.R. NCBI reference sequences (RefSeq): A curated non-redundant sequence database of genomes, transcripts and proteins. Nucleic Acids Res. 2007, 35, D61–D65. [Google Scholar] [CrossRef] [PubMed]

	



Boeckmann, B.; Bairoch, A.; Apweiler, R.; Blatter, M.C.; Estreicher, A.; Gasteiger, E.; Martin, M.J.; Michoud, K.; O’Donovan, C.; Phan, I.; et al. The SWISS-PROT protein knowledgebase and its supplement TrEMBL in 2003. Nucleic Acids Res. 2003, 31, 365–370. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 1999, 28, 27–30. [Google Scholar] [CrossRef] [PubMed]

	



Tatusov, R.L.; Fedorova, N.D.; Jackson, J.D.; Jacobs, A.R.; Kiryutin, B.; Koonin, E.V.; Krylov, D.M.; Mazumder, R.; Mekhedov, S.L.; Nikolskaya, A.N. The COG database: An updated version includes eukaryotes. BMC Bioinform. 2003, 4, 41. [Google Scholar] [CrossRef]

	



Harris, M.A.; Clark, J.; Ireland, A.; Lomax, J.; Ashburner, M.; Foulger, R.; Eilbeck, K.; Lewis, S.; Marshall, B.; Mungall, C.; et al. The Gene Ontology (GO) database and informatics resource. Nucleic Acids Res. 2004, 32, D258–D261. [Google Scholar] [PubMed]

	



Lombard, V.; Golaconda Ramulu, H.; Drula, E.; Coutinho, P.M.; Henrissat, B. The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 2014, 42, D490–D495. [Google Scholar] [CrossRef] [PubMed]

	



Lagesen, K.; Hallin, P.; Rodland, E.; Staerfeldt, H.; Rognes, T.; Ussery, D. RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 2007, 35, 3100–3108. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 1997, 25, 955–964. [Google Scholar] [CrossRef] [PubMed]

	



Blin, K.; Wolf, T.; Chevrette, M.G.; Lu, X.; Schwalen, C.J.; Kautsar, S.A.; Suarez Duran, H.G.; de Los Santos, E.L.C.; Kim, H.U.; Nave, M.; et al. antiSMASH 4.0-improvements in chemistry prediction and gene cluster boundary identification. Nucleic Acids Res. 2017, 45, 36–41. [Google Scholar] [CrossRef] [PubMed]

	



Krzywinski, M.; Schein, J.I. Circos: an information aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef] [PubMed]

	



Bolanos de la Torre, A.A.S.; Henderson, T.; Nigam, S.P.; Owusu-Apenten, K.R. A universally calibrated microplate ferric reducing antioxidant power (FRAP) assay for foods and applications to Manuka honey. Food Chem. 2015, 174, 119–123. [Google Scholar] [CrossRef] [PubMed]








[image: Marinedrugs 17 00388 g001 550]





Figure 1. The five gene clusters predicted in the genome of M. antarctica ZS314T. Core biosynthetic genes are indicated in red, additional biosynthetic genes in black, transporter genes in blue, regulator genes in green, and hypothetical protein-encoding genes or unrelated genes in white. 
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Figure 2. The C50 carotenoid synthesis gene clusters of M. antarctica ZS314T, Dietzia sp. CQ4, Corynebacterium glutamicum, Leifsonia xyli and Agromyces mediolanus. Homologous genes are presented in the same colors. Genes unrelated to the biosynthesis are denoted in white. 
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Figure 3. Maximum likelihood phylogenetic tree of C50 carotenoid cyclases based on amino acid sequences. Bootstrap values below 50 were not shown. 
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Figure 4. Proposed pathways for the biosynthesis of the two chromophores, salinixanthin and retinal, of xanthorhodopsin from M. antarctica ZS314T. 
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Figure 5. Comparison of xanthorhodopsins from M. antarctica ZS314T and other representative microbial groups used in a previous study [27]. (A) Neighbor-joining tree of xanthorhodopsins based on amino acid sequences. Bootstrap values below 50 were not shown. (B) Multiple alignments of the putative keto-carotenoid-binding region of the xanthorhodopsins in (A), as identified previously [27,28]. Same as in the previous study [27], residues are marked by the letters r, c, g, and k to indicate contact with the ring, chain, glucoside and keto group of the carotenoid. The alignment was made using the ClustalW program online (https://www.genome.jp/tools-bin/clustalw) and shaded by the BoxShade program (https://embnet.vital-it.ch/software/BOX_form.html). Similar and identical residues in the alignment are highlighted with grey and black colors on the background, respectively. 
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Figure 6. Reddish orange pigments produced by M. antarctica ZS314T as observed on Marine Agar 2216 plate (A) and in Marine Broth 2216 before (B) and after (C) centrifugation. 
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Figure 7. Analysis of the concentrated methanolic extracts of M. antarctica ZS314T. (A) UV-visible absorption spectra of total methanolic extracts. (B) HPLC chromatogram of the concentrated methanolic extracts showing three peaks (1, 2, 3) with typical UV absorption spectra of carotenoids. (C) The UV-visible absorption spectra of peaks 1, 2, and 3. (D) The anti-oxidation assay (FRAP assay) of total methanolic extracts. 
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Table 1. Five secondary metabolite biosynthetic gene clusters predicted in M. antarctica ZS314T genome.
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	Cluster ID
	Type
	Gene Number
	Most Similar Known Gene Cluster
	Percentage of Similar Genes





	1
	T3PKS
	7
	Alkylresorcinol
	100%



	2
	Terpene
	7
	Carotenoid
	50%



	3
	Terpene
	6
	NA *
	0



	4
	NRPS
	7
	NA *
	0



	5
	Oligosaccharide
	30
	NA *
	0







* NA indicates not available.
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