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Editorial on Research Topic
 Editorial: A Focus on Actinobacteria: Diversity, Distribution, and Secondary Metabolites



Actinobacteria are the most closely related prokaryotic microorganisms of significance to humans. Apart from their significant contribution to soil organic matter turnover (Crowther et al., 2019), they are critical as symbionts in plant-associated microbial communities (Barka et al., 2015), plant-promoting and biocontrol agents (Toumatia et al., 2016; Zahra et al., 2020), and prolific producers of useful natural compounds (Demain and Sanchez, 2009; Idris et al., 2017). As a result, an increasing number of studies have concentrated on the diversity and distribution of actinobacterial resources, as well as the application of novel technologies to explore these microorganisms (Qin et al., 2016). Actinobacteria are so intriguing and exciting that has led to considerable novel species, genera, and even higher taxa being proposed and their corresponding novel resources have been collected from diverse ecosystems in recent years (https://lpsn.dsmz.de/phylum/actinobacteria).

After more than a decade of focusing on the diversity of Actinobacteria in desert environments, we discovered that members of the family Geodermatophilaceae were ubiquitous in various micro-ecosystems in Tengger and Badain Jaran deserts, and that this group of microorganisms played a critical role in determining the bacterial community structure in deserts (Sun et al., 2015, 2018; Jiang et al., 2021). Based on these studies, we hypothesized that Geodermatophilaceae represent desert-specific microorganisms and may serve as model organisms for studying the Actinobacteria's resistance to multiple environmental pressures in extreme environments. Thus, we launched the topic “A Focus on Actinobacteria: Diversity, Distribution, and Secondary Metabolites” to bring together newly related research findings and ideas to demonstrate the diversity of Actinobacteria and their survival mechanisms in various ecosystems, and then to expound on useful Actinobacteria in detail.

We are indebted to all the authors for their contributions to this topic, which included one review and eight original research reports. These articles focused on the diversity, function, and biotechnology of Actinobacteria from desert, marine, gut, and nodule environments, as well as the application of gene manipulation technologies and metagenome analysis methods to other microorganisms.

Xie and Pathom-aree systematically reviewed recent advances on the technologies to the recovery of novel taxa, ecological functions, and the discovery of previously un-hitherto biotechnological properties of desert Actinobacteria. (i) After comparing the efficiency of different actinobacterial isolation techniques, this review strongly recommended that Actinobacteria can be isolated from desert associated samples using the sprinkling technique. (ii) Whole-genome sequencing was not only effective at resolving taxonomic bottlenecks, but also provided a wealth of information about the ecology and biotechnology potential of desert species. (iii) The PLate Coverage Algorithm (PLCA), a culture-enriched metagenomic approach, may be used to improve the recovery of microbial diversity on any low-abundance microbial communities. This approach was also beneficial in elucidating the mechanisms by which microbial communities interact with their hosts. (iv) Advances in computational techniques and bioinformatics tools have resulted in an enormously richer understanding of Actinobacteria biology in desert environments.

Liu et al. further supported the preceding review. They described an investigation into the diversity, novelty, and pharmacological potential of actinobacterial strains isolated from the Taklamakan desert. A batch of newly isolates, representing novel taxa or exhibiting antagonistic activity against “ESKAPE” pathogens, merit further investigation and exploration. Multi-strategies, including high-throughput screening, small-scale fermentation using deep-plates, One Strain Many Compounds (OSMAC), and compound dereplication via UPLC-QToF-MS/MS, were proposed to thoroughly investigate the functional Actinobacteria.

Distinct from the desert environments, the deep-sea ecological environment has generaly been regarded as another underexplored habitats for undiscovered, potentially pharmaceutical microbial resources. The orders Gaiellales and Rubrobacterales were discovered to be widespread in marine ecosystems, despite their difficulty in laboratory cultivation (Chen et al.). To obtain their pure cultures, Chen et al. optimized the growth conditions, and found that light, expanding culture time, and low nutrition could promote Rubrobacterales survival on media, and some marine factors are indispensable for their growth.

Guerrero-Garzón et al. investigated the antibiotic activity and comparative genomics of Streptomyces spp. isolated from marine sponges. The findings indicated that the dominant actinobacterial genus Streptomyces is not only a prolific producer of useful natural compounds, but also an ideal model for Synthetic Biology techniques to mine the selected biosynthesis gene clusters (BGCs).

Streptomyces spp. derived compounds have benefited humans for such a long time that it is becoming increasingly difficult to discover new compounds from Streptomyces continuously. As a result, it is critical to innovate perspectives, technologies, and strategies for conducting systematic investigations into Streptomyces' potential to produce novel compounds. The endophytic Streptomyces strain YINM00001, has shown to be strong antimicrobial activity and multiple antibiotic resistances, was predicted as a promising candidate to discover valuable secondary metabolites by genome mining, and proven by using OSMAC approach (Liu et al.).

Besides above approaches, genetic manipulation was another popular strategy for enhancing Actinobacteria's application potential. The genetic manipulation system for genome modification in the rare actinomycete Pseudonocardia alni Shahu was carried out, allowing for the delivery of the powerful CRISPR-Cas machinery into this bacterium via this approach (Li et al.). This work developed a toolkit to facilitate the development and improvement of strain P. alni Shahu, which served as a useful reference for the development of genetic manipulation methods in other rare actinomycetes.

Culture-independent techniques revealed that Actinobacteria dominated in nodule environment of Tunisia, with Frankia spp. most frequently being detected (Ghodhbane-Gtari et al.). Along a gradient of aridity ranging from humid to arid, Frankia's absolute and relative prevalence decreased at semi-arid and arid sampling locations. Most abundant secondary metabolite biosynthetic gene clusters were predicted in genomes of Frankia sp. Therefore, as the niche builder of root nodules, the functional Frankia microsymbiont played a keystone role in the nodule environments, especially in shaping and maintaining the diversity and stability of nodule communities.

The core of research on actinobacterial resources is to discover new compounds to combat the growing spread of drug resistance. Mahilkar et al. developed a quantitative model to examine a population's response to two temporal environmental cues and predicted variables that may be relevant for anticipatory regulatory response evolution. After approximately 850 generations of alternating rhamnose and paraquat environments while checking the experimental evolution of Escherichia coli, they concluded that pre-exposure to rhamnose resulted in increased fitness in paraquat environment. This anticipatory regulation is encoded by mutations in global regulators, as revealed by genome sequencing. This study advanced our understanding of how the environment shapes the topology of an organism's regulatory networks.

The study by Mao et al. discovered a significantly altered microbial composition in Parkinson's disease (PD) patients by examining the composition of the gut microbiome in PD patients using shotgun metagenomic sequencing. The Cluster of Orthologous Groups protein database, the KEGG Orthology database, and carbohydrate-active enzymes gene category analysis revealed that branched-chain amino acid–related proteins were significantly increased in the PD group, while GH43 was significantly decreased. Functional analysis of the metagenome confirmed differences in microbiome metabolism between the PD and non-PD groups, specifically in the metabolism of short-chain fatty acid precursors.

We are pleased to present this Research Topic in Frontiers in Microbiology. We sincerely hope that readers will find this Research Topic interesting. Surely, we will constantly contribute to the research on Actinobacteria and the journal Frontiers in Microbiology.
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Actinomycete bacteria from marine environments represent a potential source for new antibiotics and anti-tumor drugs. Ten strains belonging to the genus Streptomyces isolated from the marine sponge Antho dichotoma collected at the bottom of the Trondheim fjord (Norway) were screened for antibiotic activity. Since only few isolates proved to be bioactive in the conditions tested, we decided to gain an insight into their biosynthetic potential using genome sequencing and analysis. Draft genomes were analyzed for the presence of secondary metabolite biosynthesis gene clusters (BGCs) using antiSMASH software. BGCs specifying both known and potentially novel secondary metabolites were identified, suggesting that these isolates might be sources for new bioactive compounds. The results of this analysis also implied horizontal transfer of several gene clusters between the studied isolates, which was especially evident for the lantibiotic- and thiopeptide-encoding BGCs. The latter implies the significance of particular secondary metabolites for the adaptation of Streptomyces to the spatially enclosed marine environments such as marine sponges. Two bioactive isolates, one showing activity against both yeast and Bacillus subtilis, and one only against yeast were analyzed in details, leading to the identification of cycloheximide, linearmycins, and echinomycins that are presumably responsible for the observed bioactivities.

Keywords: marine sponge, Streptomyces spp., genomics, biosynthetic gene clusters, horizontal gene transfer, secondary metabolites


INTRODUCTION

Streptomyces are Gram-positive GC rich bacteria of the order Actinomycetales that are ubiquitous in nature and can be isolated from a variety of sources, including terrestrial (soil, insects, animals and plants), as well as marine (sediments, fish, corals and sponges) habitats (Goodfellow et al., 2018; Subramani and Sipkema, 2019). These bacteria remain of significant interest in terms of discovery of biologically active secondary metabolites that can potentially be developed into human medicines such as antimicrobial and anticancer agents, immunosuppressants etc. (Takahashi and Nakashima, 2018). The unprecedented genetic potential of Streptomyces to produce diverse secondary metabolites is exemplified by a large number (usually 20–40) of biosynthetic gene clusters harbored by their genomes (Baltz, 2017). These clusters are usually tightly controlled by sophisticated regulatory networks, and in the laboratory conditions, only a few of them are expressed at the level allowing purification and analyses of the product (Reen et al., 2015). It is tempting to speculate that specific environmental signals are required to induce expression of particular clusters, thus leading to the production of secondary metabolites that would give a certain competitive advantage to the producing organisms. Recent comparative genomics-based studies of Streptomyces and other actinomycete bacteria revealed that representatives of the same species isolated from different environments have different sets of secondary metabolite biosynthesis gene clusters (BGCs) (Ian et al., 2014; Ziemert et al., 2014). Consequently, it is plausible that when a particular strain is transferred to a new environment (e.g., by birds, animals, rivers, and ocean currents etc.), some BGCs are lost, while others, specifying production of compounds beneficial for adaptation, are being acquired. Although the exact method of acquisition can vary (e.g., natural transformation, conjugative transfer or transduction), it seems likely that other actinomycete bacteria would be the major source of such BGCs. The latter is probably due to the fact that actinomycetes’ genomes have a high GC content (usually around 70%), and a specific codon bias that would increase the probability of gene expression if a BGC is transferred from a related species. It is also worth mentioning that some Streptomyces spp. harbor giant linear plasmids (GLPs) that are self-transmissible, frequently carry several BGCs (Kinashi, 2011) and thus can be involved in the transfer of these BGCs to other bacteria, in particular actinomycetes.

Comparative genomics provides excellent opportunities for tracing evolution of the species, and is an invaluable approach to understanding the spread and functional significance of BGCs. It can pinpoint the differences between strains of the same species isolated from different habitats, which are often in the form of so-called “genomic islands” (GIs) (Penn et al., 2009). Apparently, the GIs represent DNA regions acquired from other species in the process of horizontal gene transfer (HGT), and they often contain remains of mobile genetic elements that most likely have been involved in HGT. Such elements may be represented by transposons, often also hosted by GLPs, and many BGCs contain transposon-like elements, or even look like composite transposons themselves, as in the case of the enterocin biosynthetic gene cluster in marine sponge-derived Streptomyces albus (Ian et al., 2014). Recently, Jackson et al. reported the analyses of 13 genomes of streptomycetes isolated from various marine sponges (Jackson et al., 2018). Many unique BGCs were identified, suggesting potential of these bacteria in terms of production of novel bioactive secondary metabolites.

Microbial communities associated with marine sponges, which provide relatively enclosed environment, are especially interesting in terms of tracing the HGT events. In the current work, draft genome sequences for 10 phylogenetically diverse Streptomyces spp. isolated from the sponge Antho dichotoma collected in the Trondheim fjord (Norway) were obtained. Comparative genomics revealed several of them being closely related to terrestrial Streptomyces, and BGC analysis allowed identification of the gene clusters that most likely have been subjects to HGT between the isolates. Several of the isolates exhibited antimicrobial activities, and for two of them bioactive compounds, as well as the BGCs specifying their biosynthesis, were identified.



MATERIALS AND METHODS


Sampling and Treatment of Sponge Samples

Sample of marine sponge A. dichotoma was collected from Tautra underwater ridge (specific coordinates 63o 36′ 53″ N, 10o 31′ 22″ E) at the depth of 60 m with the aid of a remote operated underwater vehicle equipped with robotic arm. The sample was immediately transferred to a sterile plastic contained filled with sterilized sea water, and transported to the laboratory within 3 h. Sponge piece of ca 2 cm3 was cut out with a sterile scalpel and transferred to a mortar containing 18 mL of 20% glycerol in sea water. The sample was grinded with a pester for ca 2 min, transferred to a 50 mL plastic tube containing 5 g of 3 mm glass beads, and vortexed for 2 min. 8 mL of the resulting suspension was transferred to a sterile plastic tube, and serial dilutions were plated on various agar media as previously described (Ian et al., 2014). The plates were incubated at 20°C for up to 6 weeks.



Bacterial Strains and Growth Conditions

Streptomyces sp. were maintained on ISP4 agar medium (Difco) and soy flour medium (SFM) (Kieser et al., 2000) with followed preparation of spore suspensions in 20% glycerol. Influence of sea water on the growth of Streptomyces isolates was tested using ISP2 agar medium (Difco) prepared with and without artificial sea water. The composition of the artificial sea water was as follows (g/L): NaCl, 26.29; KCl, 0.74; CaCl2, 0.99; MgCl2⋅6H2O, 6.09; MgSO4⋅7H2O, 3.94. Escherichia coli K12 and Bacillus subtilis 168 (received from the Norwegian University of Science and Technology, Norway) were grown in liquid and soil LB-medium, while Saccharomyces cerevisiae BY4743 (received from the Joint Bioenergy Institute, United States) was grown on YPD (Sigma) medium. Streptomyces strains and Sa. cerevisiae were grown at 30°C, E. coli and B. subtilis at 37°C.



Cultivation, Extracts Preparation, and Bioassays

All ten Streptomyces strains were cultivated in PM4-1, 5333 and 5280 media (see below for recipes) and their extracts were tested on antimicrobial activity. For preparation of an overnight culture, 20 ml of TSB medium [Oxoid Tryptone Soya Broth powder (CM129) 30 g/L] was inoculated with 50 μl of Streptomyces spore suspension and cultivated for 18–20 h in 250 ml baffled Erlenmeyer flasks by 220 rpm. Next day the main culture was prepared by inoculation of 50 ml of test media with 5% of overnight TSB-culture. Test media were: PM4-1: glucose (15 g/L), soy meal (15 g/L), corn steep solids (Sigma, 5 g/L), CaCO3 (2 g/L), and 6 ml/L Trace Elements Solution (mg/mL): FeSO4⋅7H2O, 5.0; CuSO4⋅5H2O, 0.39; ZnSO4⋅7H2O, 0.44; MnSO4⋅H2O, 0.15; Na2MoO4⋅2H2O, 0.01; CoCl2⋅6H2O, 0.02; HCl, 50; 5333-medium: yeast extract (4 g/L), soluble starch (15 g/L), K2HPO4 (1 g/L), FeSO4⋅7H2O (0.5 g/L), pH (7.8); 5280-medium: glycerol (30 g/L), NaCl (5 g/L), CaCO3 (1 g/L), pH (7.8).

For the extract preparation 3 mL of culture after 3, 5, and 7 days of cultivation were extracted with 1 ml of butanol and organic phases were tested for the presence of antimicrobial activity against E. coli K12, B. subtilis 168 and Sa. cerevisiae BY4743. The sensitivity of the selected bacteria to extracts was tested by the agar diffusion method by applying 15 μl of extracts on 6 mm filter discs (Whatman) and measuring of growth-inhibition zones.



DNA Isolation, PCR, and Phylogenetic Analysis

Genomic DNAs were extracted from cultures grown in liquid 3% TSB medium (Oxoid, United Kingdom) at 28°C for 24–48 h using the Qiagen DNeasy Blood and Tissue Kit (QIAGEN, Germany). The 16S rRNA gene fragments were amplified by PCR using the universal bacterial 16S rDNA primers F27 and R1492 (Lane, 1991). Obtained PCR products were purified and directly sequenced with the F27 and R1492 primers at EUROFINS (Germany). DNA sequences of almost complete 16S rRNA genes (ca 1400 nucleotides) were compared with those in the GenBank. Phylogenetic tree based on these sequences along with those of the validly named species retrieved using Ez BioCloud1 as most similar was constructed using the Molecular Evolutionary Genetics Analysis (MEGA) software version 7 (Kumar et al., 2016). The tree was computed using the Neighbor-Joining method, and the resulting tree topology was tested by bootstrap analysis performed with 500 replicates.



Genome Sequencing, Assembly, and Analyses

For genome sequencing of each sample, two WGS sequencing libraries were prepared, using the TruSeq DNA PCR-Free Kit respectively the Nextera Mate Pair Library Preparation Kit (Illumina Inc., San Diego, CA, United States) according to the manufacturer’s instructions. The resulting libraries were sequenced on the MiSeq sequencing platform using the MiSeq Reagent Kit v3 in 2 × 300 nt sequencing runs. The sequencing data sets were assembled using the Newbler assembler v2.8 (454 Life Sciences, Branford, CT, United States). In case of ADI95-16, the initial assembly was then manually curated in Consed (Gordon and Green, 2013), resulting in a single contig per replicon for each, the linear chromosome and the four plasmids (three of them linear, one circular). The assembled contigs were annotated using the Prokka pipeline v1.11 (Seemann, 2014), including the annotation of non-coding RNAs. The relevant data for the assembly and genome annotation of the ten strains are listed in Supplementary Table S1.

The Whole Genome Shotgun projects have been deposited at DDBJ/ENA/GenBank under the accessions RPGS00000000 (ADI91-18), RPGT00000000 (ADI92-24), RPGU00000000 (ADI93-02), CP033581-CP033585 (ADI95-16), RPGV00000000 (ADI95-17), RPGW00000000 (ADI96-02), RPGX00000000 (ADI96-15), RPGY00000000 (ADI97-07), RPGZ00000000 (ADI98-10), and RPHA00000000 (ADI98-12). The versions described in this paper are version 1 (XXXX01000000).

Analysis of the genomes for secondary metabolite BGCs was done with antiSMASH 5.0 online tool (Blin et al., 2019), and the identified clusters and their genes involved in scaffold assembly were queried against the MiBIG database (Medema et al., 2015).



Construction of the ADI95-16 Knock-Out Mutant

The DNA fragment (0.99 kb), containing the central part of ftdB gene identified in the polycyclic tetramate macrolactam (PTM) cluster was amplified by PCR from gDNA of Streptomyces spp. ADI95-16; the primers 95-16_C22ko_F and 95-16_C22ko_R were used. These primers included the restriction sites EcoRI and HindIII respectively, to allow proper ligation with the 3.0 kb EcoRI-HindIII fragment from pSOK201 plasmid containing ColE1, oriT and AmR. The resulting construct pPTM95-16KN was introduced in Streptomyces sp. ADI95-16 via conjugation from E. coli ET12567/pUZ8002. Apramycin (50 μg/mL) was used for selection of recombinant Streptomyces strains. Oligonucleotide primers were designed using Clone Manager 9 software (Sci-Ed Software, United States).



Production, Purification, and Identification of Linearmycins and Echinomycins

A 10 mL of TSB medium (Oxoid, United Kingdom) was inoculated with 200 μL of a dense spore suspension of Streptomyces spp. ADI95-16 in a 100 mL Erlenmeyer flask and incubated at 28°C with 200 rpm over night to produce seed culture. For the purification of linearmycins, ten 250 mL baffled Erlenmeyer flasks containing each 50 mL of ikarugamycin production medium (starch 2%, cotton seed flour 2%, corn steep liquor 1% and CaCO3 0.3%, in 1 L of distilled water, pH 6.2) were inoculated with 3 mL of seed culture and fermented at 28°C with 200 rpm for 48 h. The whole culture (0.5 L) was freeze-dried and extracted with 250 mL mixture of chloroform and methanol (1:1) during 2 h. The organic phase was evaporated in vacuo to generate a dry layer that was suspended in methanol to generate a concentrated extract. The methanolic crude extract was separated using a Shim-pack GIS C18, 250 mm × 20 mm, 5 μm column (Shimadzu) in a Semi-preparative HPLC Shimadzu LC-20AR equipment. 0.1% aqueous formic acid and acetonitrile were used as mobile phase A and B, respectively. The gradient used was: 5–95% B in 45 min followed by a washing (10 min at 95% B) and re-equilibration step (10 min at 10% B), flow rate was 20 mL/min and 190 nm wave length was used for detection. Linearmycin A eluted with a retention time of 21 min, and linearmycin B with a retention time of 22 min. Approximately 3.0 mg of linearmycin A and 2.5 mg of linearmycin B were obtained.

For the production of echinomycins, 10 mL of TSB medium (Oxoid, United Kingdom) was inoculated with 200 μL of a dense spore suspension of Streptomyces spp. ADI96-02 in a 100 mL Erlenmeyer flask and incubated at 28°C with 200 rpm over night to produce seed culture. Then, a 250 mL baffled flask containing 50 mL of MYM medium (4 g/L maltose, 4 g/L yeast extract, 10 g/L malt extract, 1.9 g/L MOPS) was inoculated with 3 mL of seeding culture. The fermentation was carried out at 200 rpm and 28°C for 7 days. Fermentation culture was harvested and freeze dried. 25 mL of methanol was used to extract the dried material at 200 rpm and room temperature for 1 h. The methanolic extract was concentrated in vacuo and analyzed by LC-MS/MS.

LC-MS analyses were performed on two different instruments. All extracts were analyzed on an UltiMate 3000 series system HPLC equipped with a VWD detector (Dionex/Thermo Fisher Scientific, Germering, Germany) that was coupled to a maXis UHR ESI-Qq-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). Separation was carried out on an Acclaim 120 C18, 2.1 × 150 mm, 3 μm HPLC column (Thermo Fisher Scientific) using water and acetonitrile, both modified with 0.1% formic acid, as mobile phase A and B, respectively. The sample components were separated and eluted with a linear gradient from 5 to 95% B in 45 min followed by an isocratic column cleaning (9.5 min at 95% B) and re-equilibration step (10 min at 5% B). The flow rate was 0.45 mL/min and the column oven temperature was set to 25°C. After passing the UV detector, high-resolution MS and MS/MS spectra were recorded in positive ion mode in the range m/z 50–2000. The following ESI ion source settings were applied: capillary voltage: 4.5 kV, nebulizer: 1.2 bar (N2), dry gas flow: 8.0 L/min (N2), and dry temperature: 180°C. MS/MS spectra were obtained in automated data-dependent acquisition mode using argon as collision gas, an isolation window of Δm/z = 4, and an m/z- and charge-dependent fragmentation amplitude. In the case of echinomycin and echinoserine, targeted MS/MS experiments were performed using an isolation window of Δm/z = 6 and a fragmentation amplitude of 30 eV to facilitate comparison with literature data (Williamson et al., 1982). The sum formulas of the detected ions were determined using Bruker Compass DataAnalysis 4.0 based on the mass accuracy (Δm/z ≤ 5 ppm) and isotopic pattern matching (SmartFormula algorithm).

Echinomycin (≥98% HPLC) was obtained from Sigma-Aldrich (St. Louis, MO). LC-MS measurements of the ADI96-02 extract, the echinomycin reference standard, and the ADI96-02 extract spiked with the echinomycin reference standard for comparison of the retention time as well as the positive and negative ion mode MS and MS/MS spectra were conducted on a Vanquish Horizon UHPLC system (Thermo Fisher Scientific) coupled to the ESI source of an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific).



RESULTS


Isolation and Preliminary Characterization of Streptomyces spp. From the Marine Sponge Antho dichotoma

A sample of the marine sponge collected at the Tautra underwater ridge in the Trondheim fjord (Norway) and classified as A. dichotoma was used to isolate actinomycete bacteria (see Materials and Methods). In total, 497 isolates were recovered from different agar media, macromorphology of which suggested them being actinobacteria. One hundred and eight of these isolates were tested for molecular phylogeny using 16S rRNA gene amplicons. Seventy nine of the tested isolates were classified as Streptomyces, while the rest was representated by actinobacterial genera Actinoalloteichus, Micromonospora, Actinomadura, Promicromonospora, Isoptericola, Rhodococcus, Nocardiopsis, and Pseudonocardia (data not shown). Dereplication of the 79 Streptomyces isolates based on the 16S rRNA gene fragment sequences (1350–1475 nt) yielded 51 isolates that were considered diverse (Supplementary Figure S1). For this study, we selected 10 Streptomyces spp. isolates that were both morphologically (visual inspection) and phylogenetically diverse (Figure 1). The 16S rRNA gene sequence identities between the selected isolates and their closest validated phylogenetic neighbors were in the range of 98–99%.
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FIGURE 1. Evolutionary relationships of Streptomyces spp. isolated from Antho dichotoma based on the 16S rRNA gene sequences. The evolutionary history was inferred by using the Maximum Likelihood method. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 18 nucleotide sequences. Evolutionary analyses were conducted in MEGA7 (35).


These Streptomyces isolates were first tested for growth on ISP2 medium with and without sea water. Apparently, the growth and morphological differentiation of nearly all strains was affected by sea water, except for the isolate ADI92-24, which grew equally well on both media (Table 1). In order to test whether we can detect the production of antimicrobial compounds in these isolates, all 10 strains were grown in 3 different liquid media (see Materials and Methods) which generally support production of secondary metabolites (unpublished data). The n-butanol extracts prepared by liquid-liquid extraction of the cultures sampled after 3, 5, and 7 days of fermentation were used in bioassays against B. subtilis, E. coli, and Sa. cerevisiae (results are shown in Supplementary Table S1). Rather surprisingly, and in contrast to what has been observed for Streptomyces species isolated from terrestrial sources, very limited bioactivity was revealed in these tests. Only 4 out of 10 isolates showed antibiotic activity in the conditions tested. Considering the fact that Streptomyces in general harbor >20 gene clusters for the biosynthesis of secondary metabolites, some of which usually have antibiotic activity, the latter result suggested that media and conditions used were not sufficient to induce biosynthesis of secondary metabolites in most of these isolates.


TABLE 1. Effect of sea water on the growth of sponge-derived Streptomyces spp. on ISP2 medium.
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Comparative Genomics of Sponge-Associated Streptomyces Focused on Secondary Metabolite Biosynthesis Gene Clusters

In order to obtain an insight into the secondary metabolite biosynthesis potential of the isolates, and to detect any possible transfer of BGCs between them, draft genome sequences were obtained for all strains. Remarkably, genomes of several sponge isolates showed considerable synteny with the genomes of some terrestrial streptomycetes. In particular, Streptomyces sp. ADI98-12 vs. S. albus J1074, Streptomyces sp. ADI95-16 and ADI91-18 vs. Streptomyces sp. Mg1, and Streptomyces sp. ADI96-02 vs. Streptomyces fulvissimus DSM 40593 (Supplementary Figures S2–S5). The draft genomes were then analyzed for the presence of BGCs using antiSMASH 5.0 online software (Blin et al., 2019). Data obtained with antiSMASH were manually curated to ensure optimized prediction of the gene cluster borders, since the software occasionally considered two adjacent but clearly distinct BGCs as one. In particular, product of each gene was queried against GenBank using BLASTp search engine, and gene encoding proteins without any obvious role in secondary metabolism were considered as flanking the cluster borders. Also, corrections were made when one cluster was split between two or more contigs. A summary of the results of this analysis is presented in Table 2, and particular genome features are given in Supplementary Table S2. According to this analyses, isolate ADI95-17 has the largest genome of ca 10 Mb which encodes at least 36 BGCs most of which are represented by PKS- and NRPS-type clusters. Isolate ADI96-02 possessed the smallest ca 7 Mb genome among all isolates, which still encoded at least 30 BGCs most of which were represented by RiPPs, terpenoid, and hybrid PKS-NRPS clusters. The largest number of BGSs, was identified in the 9.1 Mb genome of isolate ADI95-16. The majority of these BGCs were represented by PKS, RiPPs and terpenoid clusters. The rest of the isolates had genome sizes that ranged from 7.1 to 9.3 Mb, and harbored between 28 and 34 BGCs per genome.


TABLE 2. Secondary metabolite biosynthesis gene clusters in the genomes of sponge-derived Streptomyces spp.

[image: Table 2]As expected from the high degree of synteny of the draft sequences to genomes of terrestrial Streptomyces species, the draft genomes of the sponge-associated streptomycetes were fairly typical, with sequence lengths between 6.99 Mbp and 10.03 Mbp and G + C contents between 70.63 and 73.42%. Likewise, the automated assemblies were also rather typical for MatePair-guided Illumina-only assemblies, with the drafts consisting of 2–18 scaffolds containing 32–377 contigs. Due to the low number of scaffolds and contigs, the genome of ADI95-16 could be finished manually, resulting in just one scaffold/contig for each of the 5 replicons. Finally, the automated annotation revealed some differences concerning the number of ncRNAs detected by INFERNAL (Nawrocki and Eddy, 2013) against the RFAM database (Kalvari et al., 2018), which ranged from 3 up to 33 for the 10 isolates investigated. Closer inspection of the predicted ncRNAs revealed that this large variation is due to the number of predicted ASpks and ASdes sRNAs, which range from 1 up to 30. “ASdes TB sRNA” and “ASpks TB sRNA” are two ncRNAs that were initially identified in Mycobacterium tuberculosis in the desA1 and pks12 genes, respectively. Gene desA1 encodes an acyl-acyl carrier protein desaturase that catalyzes the introduction of specific double bonds during the biosynthesis of mycolic acids in Mycobacteria, while the pks12 gene encodes an PKS enzyme responsible for the biosynthesis of lipid moiety of the mycobacterial phospholipid antigen. Similar ncRNAs are found in many Streptomyces spp., and are believed to be involved in gene regulation, in particular regulation of BGC expression (Arnvig and Young, 2009).

Some of the BGCs identified in the genomes of the sponge-associated streptomycetes could be linked to already known molecules based on their high similarity to already characterized BGCs (identical gene composition and >75% identity of the gene products) and was annotated in MiBIG database (Medema et al., 2015). Beside BGCs for ectoine, desferrioxamine B, geosmin, 2-methylisoborneol, isorenieratene, melanin, hopanoids, albaflavenone, and spore pigment, commonly present in the streptomycete genomes, the BGCs for less abundant secondary metabolites were also identified (Table 2). In addition to the abovementioned BGCs, many of the predicted not-characterized BGCs were unique for each isolate, albeit sometimes being present in the genomes of their terrestrial counterparts or other Streptomyces spp. deposited in the public databases. The latter may reflect both different evolutionary origins of the isolates, as well as the timing of their acquisition by the sponge and hence different exposure to the HGT events. However, a number of gene clusters appeared to be either well conserved among certain isolates, suggesting vertical gene transfer (VGT), or might have been recently transmitted via HGT. In particular, the HGT hypothesis concerned gene clusters for lantipeptide and thiopeptide biosynthesis, while VGT could be implied for the gene clusters specifying tetramate macrolactams identified in 8 out of 10 isolates (see below).



Gene Clusters for Lantipeptide and Thiopeptide Biosynthesis

In total, 30 BGCs for lantipeptide biosynthesis were identified in the genomes of 10 sponge-derived Streptomyces isolates. Comparison of the amino acid sequences of the lantipeptide precursors revealed striking similarities between some BGCs present in the genomes of different isolates. In particular, similarities between both pre-propeptides and gene organization of a particular cluster were evident in isolates ADI96-02, ADI96-15, and ADI98-10 (Figure 2A). Alignment and closer examination of nucleotide sequences of these clusters confirmed their high similarity (70–75% identity), while most differences could be seen in the regulatory regions, especially upstream of the gene encoding the lantipeptide precursor (Figure 2A). A similar observation was made for one thiopeptide BGC identified in the isolates ADI96-15, ADI95-16, ADI97-07, and ADI98-12, where the amino acid sequences of pre-propeptides shared even greater homology (Figure 2B). Although no apparent direct or inverted repeats could be identified within the DNA regions flanking the abovementioned BGCs, and there were no transposase genes in their vicinity, it seems possible that these clusters have been subjects to a relatively recent HGT. This suggestion is further supported by the phylogenetic diversity of the isolates where highly similar BGCs were found, which makes it less probable that these clusters have been retained due to the VGT. In the process of evolution, their sequences may have changed and diversified as a result of adaptation to the new host’s cellular environment and regulatory networks.
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FIGURE 2. BGCs in the genomes of sponge-derived Streptomyces spp. presumed to be subjects to horizontal gene transfer. (A) Alignment of the lantipeptide BGCs and the encoded pre-propeptide sequences. (B) Alignment of the thiopeptide BGCs and the encoded pre-propeptide sequences.




Gene Clusters for Polycyclic Tetramate Macrolactam Biosynthesis

Recently, biosynthesis of PTM antibiotics, some of which have antifungal activity, received considerable attention. Biosynthesis of several PTMs was studied in some detail, including heat-stable antifungal factor (HSAF) from Lysobacter enzymogenes (Yu et al., 2007), as well as ikarugamycin, frontalamides, and clifednamides from Streptomyces spp. (Cao et al., 2010). Chemical structures of these antifungal antibiotics are shown on Figure 3A. The BGC for frontalamide (Figure 3B) represents a typical PTM biosynthetic gene cluster identified in various Streptomyces spp. (Blodgett et al., 2010). The frontalamide BGC encodes a fatty acid hydroxylase FtdA, a hybrid PKS-NRPS FtdB, desaturases FtdC, and FtdD, zinc-dependent dehydrogenase FtdE and P450 monooxygenase FtdF. Precursors for the polycyclic mactrolactam ring, which can vary in size, are synthesized by an iterative hybrid PKS-NRPS, such as FtdB, which utilizes malonyl-CoA and ornithine as substrates. The hybrid chain is cyclized via the action of two enzymes belonging the phytoene desaturase family, i.e., Ftd C and FtdD. The fatty acid hydroxylase FtdA installs a hydroxyl group on the macrolactam ring. Some PTM clusters, notably from non-streptomycete bacteria, lack ftdE and ftdF homologs, which further diversify the PTM structures via changes in the oxidation pattern (Blodgett et al., 2010).
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FIGURE 3. Polycyclic tetramate macrolactams from streptomycetes. (A) Ikarugamycin (1), frontalamide B (2), and clifednamide (3). (B) BGC for frontalamides from Streptomyces sp. SPB78 [17].


Apparently, BGCs for PTMs are wide-spread in the bacterial kingdom, suggesting that the metabolites they specify play an important role in the environmental adaptation (Blodgett et al., 2010). Analysis of the genomes of Streptomyces pp. isolated from A. dichotoma revealed the presence of PTM BGCs in 8 out of 10 isolates. Six out of eight PTM BGCs identified in the isolates ADI92-24, ADI95-17, ADI96-02, ADI96-15, and ADI98-12 had a gene composition and arrangement identical to that of the frontalamide BGC. The PTM BGCs from ADI91-18 and ADI95-16 (virtually identical on nucleotide level) appeared different in that they lacked the ftdE gene homologs. The latter implied that these clusters may encode a novel PTM with unique oxidation pattern. An attempt was made to identify the product of the PTM BGC in isolate ADI95-16, for which a gene transfer system based on intergenic conjugation was established. The strategy for identification was based on construction of a knock-out mutant of the ftdB homolog encoding hybrid PKS-NRPS in the PTM cluster, followed by comparison of metabolite profiles of the mutant and the wild type strain. A 0.99 kb DNA fragment representing the central part of this gene was PCR-amplified from the genomic DNA of ADI95-16 and ligated with the part of pSOK201 (Zotchev et al., 2000), generating a suicide knock-out vector pPTM95-16KN. Upon conjugative transfer of this vector to ADI95-16, one knock-out mutant was obtained. Comparative analyses of metabolites produced by the ADI95-16 and its PTM knock-out mutant cultivated in different media using LC-MS/MS did not reveal any relevant differences, suggesting that the cluster is most likely not expressed and the polycyclic macrolactam is not produced under the conditions tested.



Bioactivity of Some Sponge-Derived Streptomycetes Is Due to Production of Linearmycins, Cycloheximide, and Echinomycins

Since isolates ADI95-16 and ADI96-02 displayed good bioactivity against B. subtilis and Sa. cerevisiae, we decided to identify the compounds responsible for these activities, and to connect the identified molecules with the respective BGCs. Isolate ADI95-16 was cultivated in ikarugamycin production medium (Jomon et al., 1972), and extracts were subjected to bioactivity-guided fractionation that resulted in purification of bioactive compounds. This was followed by the analyses of the bioactive extracts by means of LC-MS/MS. The comparative genome analysis of ADI95-16 resulted in the detection of a BGC for a polyene polyketide by the antiSMASH software, which was at first erroneously annotated as the one for ECO-02301 (McAlpine et al., 2005). Indeed, HPLC and LC-MS analysis of the bioactive CHCl3/MeOH extract showed several main compounds whose UV and mass spectra pointed to this compound class (Supplementary Figures S6–S10). A search of the Dictionary of Natural Products and comparison of the obtained MS/MS spectra with literature data identified the two main congeners as linearmycin A and B, antibiotics similar to ECO-02301 that were previously reported from Streptomyces sp. Mg1 (Hoefler et al., 2017). The genome of Streptomyces sp. Mg1 shares high degree of similarity with that of ADI95-16 and comparison of the complete linearmycin gene clusters from ADI95-16 and Mg1 revealed 96% identity on nucleotide level (data not shown). Interestingly, while the two major linearmycin congeners looked identical between the two strains, the profile of the minor congeners was different. In particular, we did not detect the previously reported linearmycin C (Hoefler et al., 2017), but instead found a derivative with the sum formula C71H113NO21 (HRESIMS m/z 1316.7882 [M + H]+; calculatedd for C71H114NO21+, m/z 1316.7878, Δ = 0.3 ppm) with similar intensity as linearmycin B (Supplementary Figures S7, S8). The fragmentation pattern indicates that a C7H12O5 group, most likely a methylhexosyl moiety, is attached to the amine group of linearmycin A (Supplementary Figures S9, S10). The corresponding derivative of linearmycin B was also detected with lower abundance.

LC-MS analyses of the bioactive methanolic extract of ADI96-02 obtained after strain cultivation in the MYM medium lead to the identification of several main constituents (Figure 4), most of them matching the predictions for bioactive compounds by the antiSMASH-based genome analyses (Table 2). The highest peak in the base peak chromatogram (3) was tentatively assigned to cycloheximide based on the accurate mass (HRESIMS m/z 282.1705 [M + H]+; calcd for C15H24NO4+, m/z 282.1700, Δ = 1.9 ppm) and a very high similarity of the MS/MS spectrum (Supplementary Figure S11) to reference data in the mzCloud database.2 A less abundant compound with identical mass and fragment ions, most likely an isomer of cycloheximide such as isocycloheximide or naramycin B (2), and the related compound actiphenol (5) were also detected (Supplementary Figures S12, S13) (Yin et al., 2014; Grubbs et al., 2019).
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FIGURE 4. Base peak chromatogram of the bioactive methanolic extract of Streptomyces spp. ADI96-02 in the range m/z 50-2000. Several main compounds were tentatively identified as nocardamine (1), cycloheximide (3), an isomer of cycloheximide (2), actiphenol (5), echinoserine (4), and echinomycin (6), with the identity of the latter being confirmed by standard addition.


Another main compound (1) detected in ADI 96-02 was tentatively identified as the siderophore nocardamine (deferrioxamine E), again by accurate mass (HRESIMS m/z 601.3533 [M + H]+; calcd for C27H49N6O9+, m/z 601.3556, Δ = −3.7 ppm) and comparison of the MS/MS spectrum (Supplementary Figure S14) to reference data in mzCloud3 and in literature (Novák et al., 2017). Finally, two peaks could be assigned to the predicted non-ribosomal peptides echinoserine (4) and echinomycin (6). Echinoserine (HRESIMS m/z 1137.4522 [M + H]+; calculated for C51H69N12O14S2+, m/z 1137.4492, Δ = 2.6 ppm), which is the non-cyclic form of echinomycin first described in Streptomyces tendae, was confirmed with very high certainty by an excellent match of the characteristic MS/MS spectra (Supplementary Figure S15) with literature data (Blum et al., 1995; Socha et al., 2009). Despite being the much better investigated congener, no high quality reference MS/MS spectra could be found for echinomycin (HRESIMS m/z 1101.4303 [M + H]+; calcd for C51H65N12O12S2+, m/z 1101.4281, Δ = 2.2 ppm). Thus, the production of echinomycin in ADI96-02 was unambiguously confirmed by comparison with a commercially available reference standard followed by LC-MS analysis (Supplementary Figures S16, S17). Echinomycin is a cytotoxic compound previously reported from Streptomyces echinatus (Williamson et al., 1982). Later, the echinomycin BGC from Streptomyces lasaliensis was identified and characterized (Watanabe et al., 2006). Interestingly, the echinomycin BGC in ADI96-02 harbored a gene encoding a putative monooxygenase, which was replaced by a transposase in the similar BGC of S. lasaliensis. Also, the ADI96-02 cluster contained 2 genes for ABC transporters that were absent on the S. lasaliensis counterpart (data not shown).

Additional data on the fragmentation patterns obtained with MS/MS analyses and confirming the identity of linearmycins, echinomycin, echinoserin, cycloheximide, actiphenol, and nocardamine are given in Supplementary Figures S18–S26.



Comparative Genomics of Marine Streptomyces sp. ADI95-16 and Terrestrial Streptomyces sp. Mg1

Due to the high similarity of the genomes of the sponge isolate Streptomyces sp. ADI95-16 and the soil-derived Streptomyces sp. Mg1 suggested by synteny of draft genomes, it appeared interesting to compare the secondary metabolite biosynthesis potential of these strains. The genomes’ similarity was strongly supported by the DDH value calculated using GGDC tool (Meier-Kolthoff et al., 2013), which ranged from 73.2 to 81.0, depending on the calculation formula used. To achieve a full-scale comparison, the genome of ADI95-16 was completely sequenced, revealing a linear chromosome of ca 8.2 Mb, three linear plasmids of 630 kb, 255 kb, 10.7 kb and one circular plasmid of 7 kb. Streptomyces sp. Mg1 possessed a linear chromosome of ca 7.9 Mb, two linear plasmids of 530 kb and 184 kb, and one circular plasmid of 135 kb (Hoefler et al., 2013). The latter strain has been reported to produce linearmycins (Figure 5), polyketides with antifungal and antibacterial activities (Stubbendieck et al., 2018).
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FIGURE 5. Chemical structures of linearmycin A and echinomycin shown to be produced by Streptomyces sp. ADI95-16 and ADI96-02, respectively.


Synteny of the chromosomes and the two largest linear plasmids from the two strains, all of which, according to the antiSMASH analysis, encode secondary metabolite BGCs, are shown in Figure 6. Next, we examined the BGCs detected upon antiSMASH analysis followed by manual curation in the genomes of Streptomyces spp. ADI95-16 and Mg1. Chromosomes of both strains harbored 23 BGCs that were virtually identical and positioned in the same order on the physical map, with the exception of a putative nucleoside BGC that is located at the opposite chromosomal termini in ADI95-16 and Mg1. In comparison with Mg1, the ADI95-16 chromosome contained unique BGCs for terpene, ectoine, cyclic diketopiperazine, lantipeptide, and NRPS-PKS hybrid-class compounds. Mg1, in comparison to the ADI95-16 counterpart, harbored unique BGCs for a carotenoid, avermitilol, a lasso peptide, a lantipeptide, an unknown terpene, and a chalcomycin-related polyketide. The arrangement of the BGCs in the chromosomes of two strains is shown in Figure 7. The largest linear plasmids of both strains, pADI95-16a (630 kb) and pSMg1-1 (530 kb), shared two BGCs for butyrolactones and one for a PKSI-derived polyketide, while pADI95-16a harbored in addition a BGC for a symocyclinone-like compound and a lantipeptide. The smaller linear plasmids of both strains, pADI95-16b (255 kb) and pSMg1-3 (184 kb), contained BGCs for an enedyine, an arylpolyene, and a sporolide-like compound. The latter plasmids differed, however, in that pADI95-16b contained an additional BGC for a butyrolactone, while pSMg1-3 harbored a BGC for a streptonigrin-like compound.
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FIGURE 6. Genomic synteny of Streptomyces spp. ADI95-16 and Mg1, based on a progressive alignment with MAUVE (Darling et al., 2010). (A) Chromosomes. (B) pADI95-16a (reversed) versus pSMg1-1. (C) pADI95-16b (reversed) versus pSMg1-3.
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FIGURE 7. Localization of BGCs on the chromosomes of Streptomyces spp. ADI95-16 and Mg1. Largest homologous chromosomal regions harboring identical BGCs are boxed with red dotted lines, and translocation of the nucleoside BGC is indicated by a dotted blue arrow.




DISCUSSION

Actinomycete bacteria from underexplored habitats may produce novel bioactive secondary metabolites, which can be developed into much needed drugs to fight infections and cancer. Quite often, as it was revealed in recent studies (Ian et al., 2014), such isolates do not produce many bioactive secondary metabolites under standard laboratory conditions. Indeed, only 4 out of 10 Streptomyces isolates obtained from a marine sponge and investigated in this work were found to be bioactive in conditions tested. Hence, their genomes were investigated in order to reveal biosynthetic potential of these isolates. Having information on the BGCs, especially those that may potentially specify biosynthesis of novel compounds, opens possibilities for genome mining that can be applied to trigger gene expression of particular BGCs (Sekurova et al., 2019). Also, comparative genomics can be used to trace transfer of BGCs between isolates, which could be expected to happen considering spatial containment within the sponge.

Out of the 10 Streptomyces isolates investigated, 9 differed significantly both in terms of taxonomy, genome sizes and BGCs detected. The exception were isolates ADI95-16 and ADI91-18, which were closely related (Figure 1), shared most of the BGCs (data not shown), and were apparently also related to the terrestrial isolate Streptomyces sp. Mg1. Two other isolates, ADI98-12 and ADI96-02 were also found to have terrestrial counterparts. Thanks to the growing database of characterized BGCs (Medema et al., 2015), we were able to unambiguously assign many BGCs in the sequenced genomes to the known ones (Table 3), thus assigning the ability to produce certain secondary metabolites to particular isolates. Together, the 10 Streptomyces isolates can potentially produce at least 29 already known secondary metabolites, while judging from their total number of BGCs, this potential exceeds 300 compounds, not counting congeners. This calculation clearly suggests that even this small number of streptomycetes can provide a huge arsenal of bioactive molecules that may benefit their host and protect it from predators and infectious agents.


TABLE 3. Potential of the sponge-derived Streptomyces spp. to produce known secondary metabolites deduced from the antiSMASH-based genome analyses followed by manual curation.

[image: Table 3]When looking for potential HGT events, we could rather safely suggest those for BGCs specifying RiPPs, ribosomally synthesized and post-translationally modified peptides that may display a wide range of bioactivities (Arnison et al., 2013). Interestingly, we could detect considerable variation in the amino acid sequences of lantipeptide cores, while the thiopeptide primary amino acid sequences were more conserved (Figure 2). This observation may reflect different biological roles that these RiPPs play in their producing hosts, with lantipeptides being more host-specific and thiopeptides more generalistic. Alternatively, thiopeptide BGCs may have been acquired by studied isolates rather recently compared to those for lantipeptides. Notably, the BGCs for PTM were found in 8 out of 10 isolates, and, considering the wide distribution of these clusters in bacteria, their products may play a distinct role in environmental adaptation that is yet to be revealed.

It appeared interesting to compare one of the isolates, ADI95-16, with its terrestrial counterpart Streptomyces sp. Mg1, which shared not only homologous chromosomes, but also some linear plasmids. The latter harbor several BGCs, which can be transferred to other species by means of conjugation, thus providing means for distribution of certain BGCs among streptomycetes. Despite the fact that most of the BGCs in the genomes of these strains were identical, several were unique for each strain. It seems likely that the presence of these distinctive BGCs reflects different environments where the strains were isolated from, and signifies requirements for adaptation fulfilled by the production of cognate secondary metabolites.

Our investigation of two bioactive isolates, ADI95-16 and ADI96-02, revealed production of compounds already discovered from terrestrial streptomycetes. However, some new derivatives of linearmycin harboring methylhexose attached to the amino group appear to be produced by ADI95-16. Those have never been reported for the related strain Streptomyces sp. Mg1. Since no glycosyltransferase gene could be identified in the linearmycin BGC, it is likely that glycosylation is catalyzed by an enzyme encoded someplace else in the ADI95-16 genome, while the same enzyme is absent or not expressed in Mg1. Notably, the BGC for echinomycin and echinoserine, the compounds produced by ADI96-02, was found to be different in at least three genes compared to echinomycin BGC from S. lasaliensis. It is possible, that at least the presence of an additional monooxygenase gene in the ADI96-02 echinomycin BGC may provide opportunities for derivatives with altered oxidation pattern.

Taking together, the results of this study further support the significance of Streptomyces bacteria for future drug discovery, and open possibilities for targeted genome mining by means of activation or heterologous expression of selected BGCs. Partial marine adaptation of several isolates suggested by the data presented in Table 1 may also be advantageous in terms of using these strains for heterologous expression of BGCs originating from marine actinomycetes.
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Taklamakan desert is known as the largest dunefield in China and as the second largest shifting sand desert in the world. Although with long history and glorious culture, the Taklamakan desert remains largely unexplored and numerous microorganisms have not been harvested in culture or taxonomically identified yet. The main objective of this study is to explore the diversity, novelty, and pharmacological potential of the cultivable actinomycetes from soil samples at various sites along the Alar-Hotan desert highway in the Taklamakan desert. A total of 590 actinobacterial strains were recovered by the culture-dependent approach. Phylogenetic analysis based on 16S ribosomal RNA (rRNA) gene sequences unveiled a significant level of actinobacterial diversity with 55 genera distributed in 27 families of 12 orders. Thirty-six strains showed relatively low 16S rRNA similarities (<98.65%) with validly described species, among which four strains had already been characterized as novel taxa by our previous research. One hundred and forty-six actinobacterial isolates were selected as representatives to evaluate the antibacterial activities and mechanism of action by the paper-disk diffusion method and a double fluorescent protein reporter “pDualrep2” system, respectively. A total of 61 isolates exhibited antagonistic activity against the tested “ESKAPE” pathogens, among which seven strains could produce bioactive metabolites either to be able to block translation machinery or to induce SOS-response in the pDualrep2 system. Notably, Saccharothrix sp. 16Sb2-4, harboring a promising antibacterial potential with the mechanism of interfering with protein translation, was analyzed in detail to gain deeper insights into its bioactive metabolites. Through ultra-performance liquid chromatography (UPLC)-quadrupole time-of-flight (QToF)-MS/MS based molecular networking analysis and databases identification, four families of compounds (1–16) were putatively identified. Subsequent bioassay-guided separation resulted in purification of four 16-membered macrolide antibiotics, aldgamycin H (8), aldgamycin K (9), aldgamycin G (10), and swalpamycin B (11), and their structures were elucidated by HR-electrospray ionization source (ESI)-MS and NMR spectroscopy. All compounds 8–11 displayed antibacterial activities by inhibiting protein synthesis in the pDualrep2 system. In conclusion, this work demonstrates that Taklamakan desert is a potentially unique reservoir of versatile actinobacteria, which can be a promising source for discovery of novel species and diverse bioactive compounds.

Keywords: actinobacteria, diversity, macrolides, Taklamakan desert, novel species, antibacterial metabolites


INTRODUCTION

The finding of novel bioactive compounds is a never-ending process, to meet the everlasting demand for novel drug with antimicrobial properties in order to combat escalating levels of antibiotic resistance in pathogenic microorganisms (Chokshi et al., 2019; Ardal et al., 2020). However, most of the large pharmaceutical and biopharmaceutical companies have terminated their anti-infective research programs due to high risk of failure and relatively low probability to achieve a tangible market success and profit. Until April 2020, there are 41 new antibiotics under global clinical development, but only 13 of them have the potential to treat pathogens on the WHO’s critical threat list (Pew Charitable Trusts, 2020). This fact has resulted in today’s eminent lack of new antibiotic drug leads, making us face a looming crisis that the emergence of resistance is outpacing the development of new antibiotics (Dickey et al., 2017; Woodworth et al., 2018). The previous admonitory terms of “gloom scenario,” “dark horizons,” and “back to the pre-antibiotic era” are becoming reality nowadays (Bravo et al., 2018). All these facts impel scientists to rapidly explore new chemical entities for developing novel antibiotics to target the emerging multidrug-resistant microbial pathogens that cause life-threatening infections.

Microorganisms, especially actinobacteria isolated from a diverse range of ecological niches, have been reported as the prolific producers of microbial bioactive secondary metabolites for pharmaceutical and agricultural applications, etc. The importance of these organisms is clearly seen from the fact that over 5,000 compounds have been reported from actinobacteria that contributed to the development of 90% of the commercial antibiotics being used for either clinical or research needs (Jose and Jha, 2016), such as Erythromycin, Gentamycin, Neomycin, Streptomycin, Chloramphenicol, Novobiocin, Teicoplanin, Vancomycin, Rifamycin, Chlortetracycline, etc. (Shah et al., 2017). However, after decades of exhausted excavation, the discovery of novel compounds from widely explored microbial strains is reaching a stagnation point, since it always yielded disappointing returns due to the frequent rediscovery of already known compounds. Thus, innovative drug discovery approaches are required in order to expedite the antibiotic discovery process.

One promising strategy is to selectively isolate, dereplicate, and screen representatives of novel and rare actinomycetes from neglected and unexplored habitats. The possibility of discovering novel bioactive molecules from extreme biomes could be greatly increased since harsh environmental conditions will give rise to novel actinobacteria with the capacity to synthesize novel metabolites (Goodfellow and Fiedler, 2010; Bull and Asenjo, 2013). As a result, bioprospecting actinobacteria from previously untapped sources, such as hyper-arid deserts, deep-sea sediments, permafrost soils, hydrothermal springs, etc. has been proposed as an important strategy to replenish the drug pipeline (Jose and Jha, 2016; Kolter and van Wezel, 2016). Deserts cover approximately 20% of the landmass on the planet (An et al., 2013), and the survival conditions in deserts are a huge challenge for microorganisms, as there is little available water and organic carbon, large temperature fluctuations, high exposure to UV irradiation, intense concentrations of metals and inorganic oxidants, and high salinity, pH in some areas (Koberl et al., 2011; Mohammadipanah and Wink, 2015). However, many surveys in recent years have revealed an extraordinary bacterial diversity across a range of desert environments, such as the Namibian desert (Wink et al., 2003), the Sahara desert (Zitouni et al., 2005; Meklat et al., 2011), the Mongolian desert (Kurapova et al., 2012), the Thar desert (Harwani, 2013; Tiwari et al., 2015), etc., and the most extensive studies are focused on the different sites in the Atacama desert in Northern Chile (Bull et al., 2016, 2018; Bull and Goodfellow, 2019). Furthermore, in the last decade, more than 30 novel natural products with diverse chemical structures and various biological activities were discovered from desert-derived actinobacteria, as exemplified by Chaxamycins A–D (Rateb et al., 2011a), Abenquines A–D (Schulz et al., 2011), Atacamycins A–C (Nachtigall et al., 2011), Chaxalactins A–C (Rateb et al., 2011b), Chaxapeptin (Elsayed et al., 2015), Lentzeosides A–F (Wichner et al., 2017), and Asenjonamides A–C (Abdelkader et al., 2018). These findings showed that the desert ecosystem inhabits a promising source of valuable actinobacterial species that can produce novel compounds with interesting chemical and pharmaceutical properties.

Covering as large as 346,905 km2 in the hinterland of the Tarim Basin in northwest China, the Taklamakan desert is known as the largest dunefield in China and the second largest drift desert in the world (Yang, 2018). It is categorized as harsh, hyper-arid, and continental climate (Yang et al., 2006) characterized by the extremely low water availability [very limited annual rainfall (10–50 mm/year)], strong evaporative potential (2,100–3,400 mm/year), large temperature fluctuations (the highest temperature in summer is 67.2°C and the lowest temperature in winter is −20°C), high ultraviolet radiation (3628.5 MJ/m2), poor organic carbon, and high osmotic stress in the soil or on the rock surfaces (Li et al., 2015; Jiang et al., 2019). These harsh living conditions in Taklamakan desert are a challenge for survival of microorganisms. However, a few reports, such as a finding (An et al., 2013) based on a metagenomic analysis of surface sand samples from Taklamakan desert indicated an unexpectedly large bacterial diversity residing in the harsh environment. To the best of our knowledge, up to the end of June 2020, a total of 19 novel species including one novel genus of actinobacteria have been reported from the Taklamakan desert. Our previous efforts to isolate endophytic actinobacteria from psammophytes in Taklamakan desert (Wang et al., 2020a) have successfully described a series of new species from genera, including Prauserella, Nesterenkonia, Labedella, and Aeromicrobium (Liu et al., 2015a,b; Li et al., 2019b,c). Although studies on the Chinese deserts are increasing in recent years, the exploration of the diversity of actinobacteria from the Taklamakan desert, to our knowledge, is still very limited. Furthermore, reports on the capability of actinobacteria to produce bioactive substances from Taklamakan desert are even rare. These facts demonstrate that the microbial ecology and their microbiota endowed with the potential to produce novel bioactive metabolites in Taklamakan desert need to be further studied.

In the present study, we continued an investigation on the biodiversity of cultivable actinobacteria sampled from eight arid soil samples along the Alar-Hotan desert highway in the Taklamakan desert and their antibacterial activity and capability to produce bioactive secondary metabolites were deeply explored. Meanwhile, a highlysensitive screening model, defined as double fluorescent protein reporter “pDualrep2” system, was implemented as a high-throughput screening model to distinguish the mechanism of action of bioactive metabolites secreted by actinobacterial strains. Finally, secondary metabolites of the Saccharothrix sp. 16Sb2-4 were examined in detail by analysis with comprehensive approaches, including hyphenated technique, MS/MS-based molecular networking analysis, databases identification, bioassay-guided separation, and NMR spectra analysis. Through this study, we wish to expand knowledge on the potential of actinobacteria residing in the Taklamakan desert, and attract more concerted efforts for discovery of new actinobacterial species and prominent antibiotic candidates from the harsh environment.



MATERIALS AND METHODS


Site Description and Sample Collection

A total of eight soil samples, coded as S1, S2, S3, S4, S5, S6, S7, and S8, were collected from various sites along the Alar-Hotan desert highway located in the Taklamakan desert, Xinjiang Uygur Autonomous Region, China in October 2016. The samples were collected at a depth of 10–15 cm from the surface. Sampling sites were at least 8 km away from each other as showed in Figure 1, and the sampling information in detail is listed in Supplementary Table S1. All the samples were collected into 50 ml labeled sterile Falcon tubes and stored at 4°C before transporting to our laboratory for further processing.

[image: Figure 1]

FIGURE 1. Geographic distribution of the sampling sites (S1–S8) along the Alar-Hotan desert highway in the Taklamakan desert, Xinjiang Uygur Autonomous Region, China.




Samples Processing and Isolation of Actinobacteria

Soil samples were first processed by air-dry at room temperature in the laminar flow hood for 8 h. Actinobacterial strains were isolated according to the standard serial dilution plating technique as described by Li et al. (2019a). Ten different isolation media supplemented with 1% (v/v) soil leaching liquor were prepared to isolate the actinobacterial strains (Supplementary Table S2). To inhibit the growth of Gram-negative bacteria and fungi, all media were supplemented with nalidixic acid, cycloheximide, and potassium dichromate to the final concentration of 20, 50, and 50 mg/l, respectively. The plates were incubated for 2–12 weeks at 30°C, and colonies that displayed differentiable morphologies were picked up from the original isolation plates and then sub-cultured on the Yeast-Malt Extract Agar (International Streptomyces Projects 2, ISP 2; Shirling and Gottlieb, 1966) plates to recover pure cultures with uniform colony morphology. The purified cultures were maintained on ISP 2 medium slants at 4°C and stored in 20% (v/v) glycerol suspensions at −80°C.



Molecular Identification and Phylogenetic Analysis

Genomic DNAs for the 16S ribosomal RNA (rRNA) gene sequence analysis were extracted as described by Li et al. (2007). The 16S rRNA gene was amplified by PCR with two universal primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3'), according to the method described by Liu et al. (2014). The PCR products were purified and then sequenced by an ABI PRISMTM 3730XL DNA Analyzer (Thermo Fisher Scientific, United States). The affiliation of the strains at genus-level was validated using the EzBioCloud’s Identify service (https://www.ezbiocloud.net/identify; Yoon et al., 2017) and the BLAST tool in GenBank NCBI database.1 The corresponding sequences of closely related type species were retrieved from the GenBank database. Multiple alignments were made using the Clustal_X tool in MEGA version 7.0 (Kumar et al., 2016). Phylogenetic tree based on the neighbor-joining algorithm (Saitou and Nei, 1987) was constructed under the Kimura’s two-parameter model (Kimura, 1980) with 1,000 bootstrap replicates. The 16S rRNA gene sequences obtained in this study were deposited in GenBank under the accession numbers: MT682401-MT682454, MT682461-MT682490, MT705160-MT705204, MH287062, MK787305, MH244160, and MK947033.



Antibacterial Assay

Based on the phenotypic and phylogenetic analyses, 146 strains were selected to examine their antibacterial potentials. Each strain was transferred to three 500 ml Erlenmeyer flasks containing 100 ml of ISP 2 medium and then cultivated for 4–10 days at 30°C with rotated shaking at 180 rpm. The 300 ml fermentation broth for each isolate was centrifuged at 4,500 rpm for 20 min to separate the mycelium portion. The supernatants of fermentation broth were extracted twice with ethyl acetate (1:1, v/v) to get the organic layer and water layer. The whole organic layer and 50 ml water layer were dried up by rotary evaporation and dissolved in 3 ml methanol, respectively. The mycelium portion was soaked in acetone overnight, and then the leach liquor was concentrated under vacuum, and finally dissolved in 3 ml 50% methanol-water. Consequently, three kinds of samples were obtained from each strain for antibacterial assay by the paper-disk diffusion method. The methanol sample (60 μl) was dripped on a 6 mm paper disk in diameter. Besides, 60 μl methanol was used as the negative control, and levofloxacin solution (10 μl, 0.1 mg/ml) was used as the positive control. After dried up in the biosafety hood, the paper disks were transferred to agar plates with indicator bacteria and were incubated at 37°C for 24 h. Finally, the antibacterial activity was evaluated by measuring the diameters of the inhibition zone with a vernier caliper. The indicator bacteria used in antimicrobial assay were six sets of “ESKAPE” pathogenic bacteria, including Enterococcus faecalis (ATCC 33186 and 310682), Staphylococcus aureus (ATCC 29213 and ATCC 33591), Klebsiella pneumonia (ATCC 10031 and ATCC 700603), Acinetobacter baumannii (2799 and ATCC 19606), Pseudomonas aeruginosa (ATCC 27853 and 2774), and Escherichia coli (ATCC 25922 and ATCC 35218). Each set consisted of two strains, the former was drug-sensitive strain and the latter was drug-resistant strain. Strain 310682 was a clinical isolate resistant to vancomycin; Strain 2774 was a clinical isolate resistant to aminoglycosides and carbapenems. Indicator bacteria were obtained from American Type Culture Collection (ATCC) or the clinic and deposited in the Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences & Peking Union Medical College.



Assay Based on Antibacterial Mechanism

A specific double fluorescent protein reporter system “pDualrep2” described previously was used to probe the mechanism action of compounds secreted by the antibacterial strains (Osterman et al., 2016). In brief, 100 μl ethyl acetate extract of each strain was dried up and then dissolved in 100 μl DMSO as the testing sample. About 2 μl of each sample solution was spotted on agar plates containing a lawn of the reporter strain E. coli JW5503. After overnight incubation at 37°C, the plate was scanned by ChemiDoc Imaging System (Bio-Rad Laboratories, United States) with two channels, “Cy3-blot” (553/574 nm, green pseudocolor) for red fluorescent protein (RFP) fluorescence, and “Cy5-blot” (588/633 nm, red pseudocolor) for Katushka2S fluorescence. Induction of expression of Katushka2S is triggered by translation inhibitors, while RFP is upregulated by DNA damage-induced SOS response. Levofloxacin (Lev, 50 μg/ml, 1 μl) and erythromycin (Ery, 5 mg/ml, 1 μl) were used as positive controls for inhibitors of DNA and protein biosynthesis, respectively.



Large-Scale Fermentation and Extracts Preparation of Saccharothrix sp. 16Sb2-4

Based on results from antibacterial activity assay and preliminary mechanism detection, strain Saccharothrix sp. 16Sb2-4 with striking antibacterial activity was selected for large-scale fermentation and further chemical analysis. The strain was seeded in a 500 ml Erlenmeyer flask containing 100 ml of ISP 2 broth at 28°C for 2 days on a rotary shaker at 180 rpm. Then, 100 ml of seed culture was transferred into a 5 L Erlenmeyer flask containing 1 L of ISP 2 broth and fermented on a rotary shaker at 180 rpm at 28°C for 6 days. A total of 15 L fermented broth was collected and then centrifuged at 4,000 rpm at 25°C for 20 min. The cell-free supernatant was extracted three times with an equal volume of ethyl acetate. The organic phase was separated by a separatory funnel and then evaporated in vacuo to afford semi-solid crude extract (0.9 g). The extracted residue was suspended in methanol for next ultra-performance liquid chromatography (UPLC)-quadrupole time-of-flight (QToF)-MS/MS analysis and further chemical purification. Concomitantly, 1 L sterilized ISP 2 broth without addition of actinobacterial cells was extracted with ethyl acetate and evaporated to dryness parallelly, used as a medium control in metabolomic profiling of strain 16Sb2-4.



UPLC-QToF-MS/MS Analysis

About 1 mg crude extract of strain 16Sb2-4 was dissolved in 1 ml methanol, and then was analyzed by UPLC coupled with QToF tandem mass spectrometry system (ACQUITY UPLC/Xevo G2-XS QTOF, Waters, United States) equipped with an electrospray ionization source (ESI). The sample (2 μl) was separated on the Waters ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm) equipped with a Waters ACQUITY UPLC PDA detector at a flow rate of 0.3 ml/min. The column was eluted with a gradient mobile phase of acetonitrile-water containing 0.1% formic acid solution: 10% acetonitrile for 2 min, 10–90% acetonitrile for following 28 min, and finally, 90% acetonitrile for 3 min. The UV absorbance of the eluate was monitored by PDA detector from 190 to 400 nm. MS spectra were acquired by data-independent acquisition mode (MSE) for UNIFI analysis (Waters, United States) and data-dependent acquisition (DDA) for Global Natural Products Social Molecular Networking (GNPS) analysis, respectively. MSE was carried out by operating the instrument at positive ion mode, applying the MS and MS/MS functions with 6 V low energy and 20–45 V high energy collision to collect the mass to charge ratio (m/z) from 100 to 2,500 Da. DDA was performed in positive ion mode, and the full MS survey scan was performed for 0.05 s time in the range of 100–2,500 Da, while MS/MS scanned over a mass range of 50–2,500 Da by the same scan time. The five most intense ions were further scanned for MS/MS fragmentation spectra. Data were collected and analyzed using the MassLynx V4.1 software (Waters, United States).



Molecular Networking Analysis and Dereplication

The raw data obtained from DDA acquisition were used to create a molecular network. The DDA data were converted to the 32-bit mzML format using the MSConvert software (Chambers et al., 2012), and then uploaded on the GNPS web-platform (http://gnps.ucsd.edu; Wang et al., 2016a). The MS/MS molecular network was constructed using the “Classic” online workflow (METABOLOMICS-SNETS-V2) at GNPS. The precursor ion mass tolerance and MS/MS fragment ion tolerance were all set to 0.02 Da. A network was then created where edges were filtered to have a cosine score above 0.6 and more than three matched peaks. Further, edges between two nodes were kept in the network if and only if each of the nodes appeared in each other’s respective top 10 most similar nodes. The spectra in the network were then searched against GNPS spectral libraries to annotate and identify metabolites through the database search of MS/MS spectra. The library spectra were filtered in the same manner as the input data. The molecular network was visualized using Cytoscape software v3.8.0 (Shannon et al., 2003). To improve the dereplication, a manual annotation was conducted in UNIFI informatics platform (Waters, United States) by searching the microbial natural products database, The Natural Products Atlas (www.npatlas.org; Van Santen et al., 2019) based on the predicted accurate mass value. Sample of the medium control was analyzed in the same procedure as above.



Isolation and Identification of Bioactive Metabolites Produced by Saccharothrix sp. 16Sb2-4

To trace the bioactive metabolites produced by Saccharothrix sp. 16Sb2-4, bioassay-guided fractionation was performed with the methicillin-resistant S. aureus (MRSA) ATCC 33591 as the indicator bacterium. The crude extract dissolved in methanol was subjected to Sephadex LH-20 column chromatography with elution of methanol to obtain different fractions. Each fraction was screening for antibacterial activity against the indicator bacterium. The bioactive fractions were merged and further subjected to flash chromatography (Biotage, United States) using a reversed-phase C18 column with a gradient elution of 20, 40, 60, 70, and 80% (v/v) MeOH/H2O mixtures to yield 10 subfractions (subfrs. 1–10). Each subfraction was assayed by anti-MRSA activity, and the bioactive subfractions (subfrs. 5–8) were analyzed by UPLC-MS/MS to seek compounds of interest. According to the UPLC-MS/MS results, the bioactive subfractions with targeted compounds were combined and further purified by semi-preparative high-performance liquid chromatography (HPLC, Agilent 1200, Agilent Technologies Inc., United States) equipped with an Agilent ZORBAX SB-C18 column (9.4 × 250 mm, 5 μm). Subfrs. 5–6 were combined and purified by HPLC (solvent, 50% MeOH in H2O; flow rate, 2.0 ml/min; detection, UV 254 nm) to yield compounds 8 (7.8 mg, t
R = 43 min) and 9 (3.1 mg, t
R = 47 min). Subfrs. 7–8 were merged and purified by HPLC (solvent, 58% MeOH in H2O; flow rate, 2.0 ml/min; detection, UV 254 nm) to afford compounds 10 (4.6 mg, t
R = 41 min) and 11 (5.3 mg, t
R = 43 min).

The structures of four metabolites were determined by the analysis of HR-ESI-MS, 1H and 13C NMR data. The HR-ESI-MS data were recorded on a Xevo G2-XS QTof mass spectrometer (Waters, United States). The 1H and 13C NMR spectral data were recorded on the Brucker Avance III 600 (600 MHz) spectrometer (Bruker, Germany). The purified compounds were dissolved in chloroform-d/methanol-d4
, and the residual solvent signals were used for referencing spectra in 1H and 13C dimensions (Gottlieb et al., 1997).




RESULTS


Biodiversity of Cultivable Actinobacteria Derived From Soil Samples of Taklamakan Desert

A total of 860 strains were isolated from the eight soil samples collected in the Taklamakan desert. The phylogeny of the strains was evaluated based on the comparative analysis of their partial 16S rRNA gene sequences (approximately 800 bp) in EzBioCloud database. The results showed 590 out of 860 isolates were confirmed as actinobacterial strains and assigned to 55 genera in 27 families of 12 orders (Supplementary Table S3), which was further supported by analysis of their 16S rRNA gene sequence-based dendrogram (Figure 2). Analyzing the relative abundance at the order level, nearly half of the 590 actinobacterial strains were affiliated to Micrococcales (49.2%, 290 strains), followed by Streptomycetales (26.7%, 157 strains), and Propionibacteriales (6.9%, 41 strains). The others belonged to order Streptosporangiales (29 strains), Micromonosporales (23 strains), Kineosporiales (16 strains), Geodermatophilales (14 strains), Pseudonocardiales (9 strains), Mycobacteriales (6 strains), Jiangellales (2 strains), Solirubrobacterales (2 strains), and Nakamurellales (1 strain). At the genus level, the predominant genus was Streptomyces (26.7%, 157 strains), and among the rest 433 non-Streptomyces strains, the dominant genus was Microbacterium (16.1%, 95 strains), followed by Aeromicrobium (6.4%, 38 strains), Kocuria (4.9%, 29 strains), Nocardiopsis (4.4%, 26 strains), and Brachybacterium (4.4%, 26 strains).
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FIGURE 2. Phylogenetic tree based on 16S ribosomal RNA (rRNA) genes using neighbor-joining method with 1,000 bootstrap replications for 55 representative actinobacterial strains and their closely related type strains. Red lines indicate bootstrap support values >70% for the branch. Strains in the same color belong to the same order. Bar, 2 nt substitutions per 100 nt.


The genera distribution of 590 actinobacterial strains in eight samples and 10 media are displayed in Figure 3. Sample 4 gave the highest diversity (21 genera), followed by sample 5 (19 genera), sample 3 (18 genera), samples 2 and 8 (17 genera), samples 1 and 6 (14 genera), and sample 7 (11 genera). The isolation media played a major influence on the diversity of isolates recovered. The CMKA medium (Lai et al., 2014; M5) was the most effective in terms of the number and diversity of isolates obtained (100 strains distributed in 25 genera); three different isolation media, including modified Gauze’s NO. 1 synthetic medium (M1), ISP 2 (M2), and R2A (M3) media also resulted in relatively efficient isolations, and 24 genera were retrieved by each of media above; meanwhile, 18, 15, 15, and 11 genera were obtained from Raffinose-Histidine medium (M6), Proline medium (M8), Casein-Glucose medium (M9), and Modified Cellulose-Casein medium (M4), respectively. Trehalose-Proline medium (M7) yielded the lowest diversity with only eight strains distributed in two genera (Streptomyces and Saccharopolyspora). The high-salt medium (M10) was used to isolate halophilic or halotolerant strains in desert samples, and 10 strains belonged to five genera (Brachybacterium, Nocardiopsis, Streptomyces, Microbacterium, and Zhihengliuella) were isolated from this medium. Among the 55 genera of actinobacteria, Streptomyces spp. seemed to be the most abundant since they could be recovered in all of the isolated media from all of the samples.
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FIGURE 3. Diversity of cultivable actinobacteria isolated from soil samples collected in Taklamakan desert. (A) Actinobacterial isolates recovered from different sampling sites. (B) Actinobacterial isolates recovered from the different culture media.




Novelty of Cultivable Actinobacteria

Based on comparative results with EzBiocloud database, 36 strains exhibited less than 98.65% similarities (the threshold for differentiating two species Kim et al., 2014) in 16S rRNA gene sequences with validly described species (Supplementary Table S4), indicating that these isolates could be regarded as primary candidates for novel taxon. These 36 putative novel isolates were preliminarily affiliated into 12 families, including Microbacteriaceae (10 strains), Dermabacteraceae (5 strains), Promicromonosporaceae (3 strains), Cellulomonadaceae (3 strains), Nocardioidaceae (3 strains), Nocardiopsaceae (3 strains), Streptomycetaceae (3 strains), Kineosporiaceae (2 strains), Bogoriellaceae (1 strain), Geodermatophilaceae (1 strain), Nakamurellaceae (1 strain), and Patulibacteraceae (1 strain). Notably, 10 putative novel isolates showed close relationships with members of family Microbacteriaceae. Pairwise comparison of 16S rRNA gene sequences from the 10 isolates showed they shared the highest sequence identities of 97.29–98.44% to the closest recognized species of family Microbacteriaceae. Further phylogenetic analysis of the 10 Microbacteriaceae-like isolates based on the neighbor-joining tree is shown in Supplementary Figure S1. Phylogenetic analysis indicated that these isolates were diversely distributed within the family Microbacteriaceae and formed distinct clusters within the neighbor-joining tree. Isolate 15S1-1, sharing the highest 16S rRNA gene similarity of 97.95% to the type strain of Agromyces arachidis, formed a distinct branch within the lineage of the genus Agromyces, suggesting that isolate 15S1-1 might represent a novel species of the genus Agromyces. Isolates 20Sb5-7 and 16Sc5-2 formed a statistically well supported cluster with one another and fell into a coherent subclade with Microbacterium wangchenii dk512T within the Microbacterium group. The 16S rRNA gene sequences of 20Sb5-7 and 16Sc5-2, respectively showed 98.16 and 98.44% identities to the nearest neighbor M. wangchenii dk512T, indicating that the two isolates might be identified as new species of the genus Microbacterium. Four isolates, 21Sb5-5, 21Sc5-12, 21Sb2-13, and 15S6-12, showing the highest similarity values of 97.76–98.15% to Salinibacterium hongtaonis 194T, gathered in one monophyletic cluster that was independent from other subclusters corresponding to the established genera of the family Microbacteriaceae, indicating that they might represent novel species of a new genus. Similarly, strains 20Sb3-5 and 16Sc1-5 formed a distinct monophyletic clade within the family Microbacteriaceae and they showed the highest 16S rRNA gene similarities, 98.13 and 98.16%, to the closest type strain of Pseudolysinimonas kribbensis, suggesting that isolates 20Sb3-5 and 16Sc1-5 might belong to a new genus. Above nine putative novel species will be further characterized by the polyphasic approach to determine their taxonomic positions. In addition, strain 13S1-3 has been characterized as a novel species of a new genus in the family Microbacteriacea by our polyphasic taxonomic analyses with the proposed name “Planctomonas deserti” (Liu et al., 2019a). Besides the 10 isolates in family Microbacteriaceae, three isolates were characterized as type species of new taxa based on our previous study of polyphasic taxonomy. Strain 12Sc4-1 has been characterized as a new species of the genus Nakamurella with the proposed name Nakamurella deserti (Liu et al., 2019b); strain 21Sc5-5 has been characterized as a new species of the genus Nocardioides with the proposed name Nocardioides vastitatis (Liu et al., 2020a); and strain 16Sb5-5 has been characterized as a new species of the genus Desertihabitans with the proposed name Desertihabitans brevis (Liu et al., 2020b). Notably, although the similarity of 16S rRNA gene sequence between 16Sb5-5 and its closest neighbor Desertihabitans aurantiacus CPCC 204711T was as high as 99.6%, the average nucleotide identity (ANI) and in silico DNA-DNA hybridization (DDH) values were all less than the widely accepted thresholds to distinguish two species [95% for ANI (Richter and Rossello-Mora, 2009) and 70% for DDH (Chun et al., 2018)]. Therefore, strain 16Sb5-5T has been proved as a novel species of the genus Desertihabitans (May and Grabowicz, 2018). Phylogenetic analysis of the other 24 potential novel strains based on the neighbor-joining trees constructed with 16S rRNA gene sequences are shown in Supplementary Figures S2A–J. The presence of these rare actinobacteria emphasizes the unique microbial diversity characteristics of the Taklamakan desert and supports the idea of extreme ecological environments being an important resource for novel species and chemical entities.



Antibacterial Activity

Based on results of phylogenetic and morphological analyses, 146 actinobacterial isolates affiliated to 55 different genera were selected as representatives to evaluate the antimicrobial potential against a panel of “ESKAPE” bacteria. Among the 146 tested isolates, 61 strains (41.8%) exhibited antagonistic activity against at least one of the tested pathogens (Supplementary Table S5). The 61 antibacterial strains were affiliated to 19 genera, including Streptomyces (37 strains), Nocardiopsis (3 strains), Micromonospora (3 strains), Cellulosimicrobium (2 strains), Microbacterium (2 strains), Saccharothrix (2 strains), Actinomadura (1 strain), Aeromicrobium (1 strain), Blastococcus (1 strain), Cellulomonas (1 strain), Planctomonas (1 strain), Janibacter (1 strain), Kineococcus (1 strain), Kocuria (1 strain), Leucobacter (1 strain), Pseudolysinimonas (1 strain), Desertihabitans (1 strain), and Pseudonocardia (1 strain). The antimicrobial profile of the actinobacteria against different pathogenic bacteria was shown in Figure 4. Out of the 61 antimicrobial isolates, 25 isolates exhibited antagonistic activity against both Gram-negative and Gram-positive bacteria; 29 isolates exhibited antibacterial activity against only Gram-positive bacteria; and seven isolates against only Gram-negative bacteria. Regarding the drug-sensitive pathogens tested, inhibitory zones were observed most frequently against the Gram-positive bacteria such as S. aureus (50 isolates) and E. faecalis (30 isolates), followed by Gram-negative bacteria, such as K. pneumonia (23 isolates), A. baumannii (17 isolates), E. coli (15 isolates), and P. aeruginosa (9 isolates). Concerning the drug-resistant pathogens tested, activity against Gram-positive bacteria remained the most frequent where 44 of the 146 tested strains presented inhibitory zones against MRSA and 30 strains against vancomycin-resistant E. faecalis (VRE). The activity against the Gram-negative bacterium P. aeruginosa was still the least frequent (five isolates), and 16, 15, and 14 isolates were active against E. coli, A. baumannii, and K. pneumonia, respectively. This phenomenon could be attributed to the sophisticated outer membrane and multiple efflux pumps possessed by Gram-negative bacteria, which served as a robust permeability barrier for preventing many antibiotics from reaching their intracellular targets (Miller, 2016; May and Grabowicz, 2018). Five isolates, including Nocardiopsis sp. 14Sc5-11, Saccharothrix sp. 16Sb2-4, Microbacterium sp. 14Sc5-17, and Streptomyces sp. 14Sb4-3 and 13S9-1, appeared to have a broad spectrum of antimicrobial activity against at least 11 test strains. Among them, Saccharothrix sp. 16Sb2-4 showed the highest inhibitory activities against VRE and methicillin-sensitive S. aureus (MSSA) with inhibition zones 24 and 23 mm in diameter, respectively. Notably, in some cases, only one type of extract demonstrated activity against one or some indicator pathogens, for example, antibacterial activity was observed only from ethyl acetate extracts of cultural broth of Streptomyces sp. 15S4-1, 10Sb5-5, and 10S9-4. On the contrary, only mycelia extracts of Nocardiopsis sp. 12Sb1-6, Micromonospora sp. 12Sd5-1, and Streptomyces sp. 12S1-1 showed antibacterial activities against P. aeruginosa.
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FIGURE 4. The antibacterial profile of the desert-derived actinobacteria against “ESKAPE” pathogens.




Antibacterial Mechanism Assay

Sixty-one desert-derived actinobacterial strains are potential candidates to produce antibiotics with different mechanisms of action. To distinguish strains with different antibacterial mechanisms, ethyl acetate extracts from culture broth of 61 bioactive strains were screened by the double fluorescent protein reporter “pDualrep2” system, which is a highlysensitive screening model for probe of compounds that inhibit protein translation or DNA biosynthesis (Osterman et al., 2016). The screening results are shown in Figure 5A. Four strains, including two Streptomyces sp. (13S2-11 and 21Sa10-2) and two Saccharothrix sp. (14Sd3-3 and 16Sb2-4) could induce expression of far-RFP reporter Katushka2S, acting as typical inhibitors of protein translation as the erythromycin did. Meanwhile, three Streptomyces strains (14Sb4-3, 10Sb5-5, and 20S9-6) could induce expression of RFP reporter, triggering DNA damage-induced SOS response as the levofloxacin did.
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FIGURE 5. Induction of two-color dual reporters in pDualrep2 system by inhibitors of the ribosome progression or inhibitors of DNA replication, respectively. Spots of erythromycin (Ery), levofloxacin (Lev), and tested samples were placed on the surface of an agar plate containing Escherichia coli ΔtolC cells transformed with the pDualrep2 reporter plasmid. Shown is the fluorescence of the lawn of E. coli cells scanned at 553/574 nm (green pseudocolor) for red fluorescent protein (RFP) fluorescence and 588/633 nm (red pseudocolor) for Katushka2S fluorescence. Induction of expression of Katushka2S is triggered by translation inhibitors, while RFP is upregulated by induction of DNA damage SOS response. (A) Screening results of crude extracts of 61 strains; (B) Evaluation of compounds 8–11 (indicated in white dotted circles) isolated from Saccharothrix strain 16Sb2-4.




Metabolites Identification of Saccharothrix sp. 16Sb2-4 Using MS/MS-Based Molecular Networking

In order to highlight antimicrobial potential of the desert-derived isolates, analysis of the metabolites should perform with a potent antimicrobial metabolite-producing isolate. Strain 16Sb2-4 in genus Saccharothrix showed a promising inhibitory activity against both Gram-positive and Gram-negative “ESKAPE” pathogens, especially multi-drug resistant (MDR) bacteria, such as P. aeruginosa (16.8 mm), A. baumannii (13 mm), and K. pneumoniae (10.7 mm), MRSA (22.8 mm), and VRE (24.2 mm). Meanwhile, the strain exhibited activity to block translation machinery in the pDualrep2 system. Blast analysis based on the 16S rRNA gene sequence showed strain 16Sb2-4 shared the highest nucleotide sequence similarity (99.7%) with Saccharothrix xinjiangensis NBRC 101911T, a strain that was previously isolated from Tianchi Lake, Xinjiang Uygur Autonomous Region, China (Hu et al., 2004). Strain of S. xinjiangensis has ever been reported to produce a range of bioactive compounds, such as the tianchimycins A and B (Wang et al., 2013), cyanogriside I and J, caerulomycin A and F (Lahoum et al., 2019), and caerulomycin M and saccharopyrone (Babadi et al., 2020). Taking these facts into consideration, strain 16Sb2-4 was prioritized to conduct a chemical analysis to gain deeper insights into its bioactive metabolites.

Ultra-performance liquid chromatography coupled with QToF-HR-MS can offer a high degree of mass resolution, sensitivity, and accuracy for identification of chemical components, especially for trace level ingredients in complex natural product extracts (Kaufmann, 2014; Deng et al., 2016). Therefore, an UPLC-QToF-MS/MS based untargeted metabolite profiling was carried out for a comprehensive understanding of chemical diversity in the cultural broth of strain 16Sb2-4. GNPS platform was employed to detect the MS/MS structural relatedness among molecules in an automated manner; then the software generated a molecular network wherein molecules with related scaffolds clustered together (Wang et al., 2016a). A MN-based network representing the ions detected in the crude extract of Saccharothrix sp. 16Sb2–4 was constructed, revealing 981 nodes representing unique spectra in total, of which 600 nodes were clustered in 80 spectral families conformed with at least 2 nodes (Supplementary Figure S3). Not all the network nodes correspond to a single molecule since some nodes represent adducts.

Global Natural Products Social Molecular Networking dereplication based on matching with its MS/MS spectral database allowed annotation of two families of potent bioactive compounds (Family A and B, Figure 6). Family A was identified as known lipopeptides, including surfactin C (1), surfactin C14 (2), and [val7]-surfactin C15 (3); Family B was annotated as cyclic depsipeptides including xenotetrapeptide (4) and YM-47142 (5). Detailed information for these annotated peak ions to known metabolites is displayed in Supplementary Table S6. The surfactins are cyclic lipopeptides produced by multiple genera of bacteria, such as Bacillus, Streptomyces, Micromonospora, and Pseudomonas. This chemical class is not only regarded as a powerful lipopeptide biosurfactant, but also acts as effective antibiotic agents due to the ability to penetrate cell membranes of Gram-positive and Gram-negative bacteria, as well as fungi (Seydlová and Svobodová, 2008; Meena and Kanwar, 2015). The cyclic depsipeptide YM-47142 was isolated from the fermented broth of a Flexibacter bacterium as a potential inhibitor of human leucocyte elastase (HLE) enzyme, which involved in the pathogenesis of a variety of inflammatory diseases, such as emphysema, acute respiratory distress syndrome, and rheumatoid arthritis (Orita et al., 1995). Xenotetrapeptide was a NRPS-derived cyclic tetrapeptide produced by Xenorhabdus nematophila, but its activities have not yet to be characterized (Kegler et al., 2014). In addition, some synthetic contaminants such as phthalates (dibutyl phthalate and dioctyl phthalate) commonly occur from plasticware used in experiments were also detected; some dubious compounds readily formed from medium components, such as dipeptides (Ile-Tyr and Tyr-Pro), diketopiperazines [cyclo (Phe-Pro), cyclo (Val-Phe), cyclo (Leu-Phe), and cyclo (Leu-Pro)], and fatty acids (Conjugated linoleic acid and 9-Octadecenamide) were also found in metabolomic profiling of media controls (Supplementary Figure S3). These non-metabolites were easy to be precluded through GNPS dereplication.
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FIGURE 6. Four identified metabolite families in molecular network of strain Saccharothrix sp. 16Sb2-4. Each node represents m/z value of the parent ion and the edge thickness signifies cosine score similarity. Family A, surfactin lipopeptides; Family B, cyclic depsipeptides; Family C, polyene macrolactams; and Family D, 16-membered macrolides.


Many nodes in crude extract of Saccharothrix sp. 16Sb2-4 did not match with the large datasets of the GNPS repository, indicating the putative presence of new metabolites or the absence of similar compounds from the GNPS repository. Therefore, an additional manual dereplication was conducted in UNIFI informatics platform by search of the spectral data against the bacterial and fungal natural products database, the Natural Products Atlas (www.npatlas.org; Van Santen et al., 2019). The annotation of these compounds was supported by comparison of the precursor ion m/z values, fragmentation pattern, and UV spectra with reference data. The manual dereplication allowed annotation of another two families of compounds presented in the molecular network (Family C and D, Figure 6). The Family C subnetwork containing five spectral nodes was identified as the cluster of macrolactam compounds. Two known 22-membered polyene macrolactams, dracolactam A (6) and its biosynthetic precursor micromonolactam (7), were annotated in the extract of the strain. Meanwhile, another three structurally related nodes [m/z 452.280, 468.275, and 500.299 (M+H)+] identified as derivatives of dracolactam can be found in this molecular cluster. Although no bioactivities were reported for dracolactam (Hoshino et al., 2017) and micromonolactam (Skellam et al., 2013), in the previous studies, it is worthy to concern this class of derivatives due to some polyene macrolactams were reported to display antibacterial, antiprotozoal, or cytotoxic activities (Skellam et al., 2013; Hoshino et al., 2017; Lim et al., 2018). The Family D subnetwork containing 38 spectral nodes with a strong spectral similarity score (cosine score > 0.6) was annotated as the cluster of the 16-membered macrolides. Nine compounds belonging to the 16-membered macrolide family were tentatively identified, viz. aldgamycin H (8), aldgamycin K (9), aldgamycin G (10), swalpamycin B (11), aldgamycin M (12), mycinamicin II (13), as well as three deglycosylated derivatives, 5-O-dealdgarosyl-aldgamycin G (14), 14-O-demycinosyl-aldgamycin G (15), and 5-O-dedesosaminyl-mycinamicin V (16). Annotation of these diagnostic 16-membered macrolide antibiotics is of significance, as this class of antibiotics is well-known inhibitor of bacterial protein synthesis, and characterized as among the safest antibacterial reagents in wide clinical use. Many macrolides have successfully been used to treat infections caused by Gram-positive organisms, certain Gram-negative and anaerobic bacteria (Elshahawi et al., 2015; Tang et al., 2016; Arsic et al., 2018; Karpinski, 2019). This finding further emphasized to continue our effort on targeted isolation, identification and activity evaluation of these putative 16-membered macrolides.



Bioactive Macrolides Produced by Saccharothrix sp. 16Sb2-4

The crude extract from large-scale fermentation of strain 16Sb2-4 was successively fractionated by Sephadex LH-20 column chromatography, reversed-phase C18 column chromatography, and semi-preparative HPLC. Bioassay against MRSA coupling with UPLC-MS/MS analysis was used to monitor the presences of bioactive 16-membered macrolide antibiotics. Four targeted compounds (8–11) were obtained and their structures were determined using HR-ESI-MS, NMR (Supplementary Figures S4–S11; Supplementary Table S7) as well as comparison with spectral data from the literatures. As suggested by molecular networking analysis, the four compounds were indeed afore-mentioned 16-membered macrolides, viz. aldgamycin H (8; Zitouni et al., 2007), aldgamycin K (9; Wang et al., 2016b), aldgamycin G (10; Mizobuchi et al., 1986; Zitouni et al., 2007), and swalpamycin B (11; Zitouni et al., 2007; Wang et al., 2013), as shown their structures in Figure 7. The antibacterial mechanism of compounds 8–11 was evaluated by the pDualrep2 system. As shown in Figure 5B, compounds 8–11 could induce Katushka2S expression, exerting their antibacterial effects by inhibiting protein synthesis. This finding was corresponding to the preliminary screening result of the crude extract of strain 16Sb2-4 (Figure 5A). Given the fact that compounds 8–11 were main bioactive metabolites isolated under guidance of anti-MRSA activities, the activity against Gram-positive bacteria in the cultural broth of strain 16Sb2-4 can be explained mostly by the accumulation of these macrolide antibiotics. In addition, some additional nodes that were structurally related identified aldgamycins in the molecular network but could not be assigned to any of the previously reported compounds, suggesting the potential of strain 16Sb2-4 for producing novel bioactive metabolites. Further purification and structural elucidation of these new putative compounds are still ongoing.
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FIGURE 7. Chemical structures of compounds 8–11 isolated from cultural broth of Saccharothrix sp. 16Sb2-4.





DISCUSSION

Deserts are thought to possess relatively harsh environments that are still poorly explored and waiting for more scientific interventions to search for pharmaceutical microorganisms. Many previous studies have suggested Actinobacteria are the major taxa in the phylum-level composition of bacteria in many arid desert soil (Mohammadipanah and Wink, 2015), as exemplified by the Atacama Desert (Crits-Christoph et al., 2013), where Actinobacteria were the most dominant phylum (72–88%). Analysis of bacterial diversity of sandy arid soil in southeast Morocco revealed that Actinobacteria were the most frequent groups (57%; Gommeaux et al., 2010). The bacterial communities in Namib Desert soils were dominated by the phylum Actinobacteria (49%; Makhalanyane et al., 2013). In some arid areas, Actinobacteria are among the three most abundant phyla (usually along with the Firmicutes and Proteobacteria), such as the desert soil of Aridic Calcisols in Kazakhstan (Lynch et al., 2014), a shrub root zone of desert (Steven et al., 2012), and a high elevation desert (Lynch et al., 2014). This is unsurprising, since actinobacteria were proved to possess unique capacity for sporulation, wide metabolic and degradative capacity, competitive advantages via secondary metabolite synthesis, and multiple UV repair mechanisms. (McCarthy and Williams, 1992; Chater and Chandra, 2006; Gao and Garcia-Pichel, 2011; Makhalanyane et al., 2015).

Although several pilot studies have been carried out to investigate the bacterial diversity in the Taklamakan desert, the knowledge of its microbial communities and the potential of microbiota to produce bioactive metabolites is still little and patchy. Bao et al. (2011) investigated bacterial diversity of soils collected from Populus Euphratica forest in the hinterland of Taklamakan desert. Twenty-seven strains obtained fell into 13 genera in four bacterial phyla, in which 16 strains were actinobacteria with Streptomyces and Kocuria as the dominant genera. All isolates demonstrated certain enzymatic activity which can be used as inoculants for silage and biofertilizer. Dong et al. (2013) explored the diversity and bioactivity of actinomycetes at the south edge of the Taklamakan desert. One hundred and sixty-five actinobacterial strains were isolated, and they distributed in 24 different genera in 16 families with the dominant genera Streptomyces and Nocardiopsis. Meanwhile, nearly two thirds strains exhibited antifungal or antibacterial activities. Yu et al. (2015) isolated 52 strains of radiation-resistant bacteria from the soil sample of Taklamakan desert, in which 32 strains were affiliated into phylum Actinobacteria including the genera Agrococcus, Arthrobacter, Cellulomonas, Kocuria, Knoella, and Nocardioides. All strains were found to possess reactive oxygen species (ROS)-scavenging enzymes to protect cells against oxidative damage and ionizing radiation. In our recent publication, 320 endophytic actinobacterial strains, assigned to 23 genera in 14 families, were isolated from psammophytes collected in Taklamakan desert with Streptomyces as the dominant genus (Wang et al., 2020a). In the present study, a considerable diversity of cultivable actinobacteria was obtained from eight different soil samples along the Alar-Hotan desert highway in the Taklamakan desert. A total of 590 actinobacterial strains were assigned to 55 genera in 27 families of 12 orders, suggesting that enormous actinobacterial strains are widespread throughout this arid region. Comparing with previous studies, this is the first time to recover such magnitude of diversity of cultivable actinobacteria from the Taklamakan desert merely in eight soil samples. Notably, genera Pseudarthrobacter, Oerskovia, Patulibacter, and Neomicrococcus, to our knowledge, are the first time to be detected from the desert ecosystem.


Streptomyces species were dominantly isolated from the Taklamakan desert soil, which is congruent with many previous studies in desert ecosystems worldwide (Hozzein et al., 2008; Okoro et al., 2009; Selvameenal et al., 2009; Tiwari et al., 2015). Apart from the ubiquitous genus Streptomyces, some rare genera found in this study can be classified as indigenous desert types, as they have been often detected in desert-like environments (arid environments). For example, members of the family Geodermatophilaceae, notably the genera Geodermatophilus, Blastococcus, and Modestobacter are known to be resistant to desiccation, low nutrition, strong ionizing radiation, UV-light, and heavy metals (Sghaier et al., 2016). Members of Actinomadura, Micromonospora, and Streptosporangium are thermotolerant species widespread in desert soils (Kurapova et al., 2012). Species of Gordonia, Nocardioides, and Amycolatopsis are reported to be desiccation-resistant (Mohammadipanah and Wink, 2015); Micrococcus, Brachybacterium, Nocardia, Microbacterium, Kocuria, Kineococcus, and Micrococcus are reported to be radiation-resistant (Mohammadipanah and Wink, 2015; Yu et al., 2015; Sayed et al., 2020). Genera Nocardiopsis, Haloactinobacterium, Kocuria, Saccharopolyspora, and Nesterenkonia are mostly halotolerant or halophilic actinomycetes isolated from salty desert environment (Hamedi et al., 2013). Deriving of these unique genera of actinobacteria not only demonstrates the rich actinobacterial diversity in Taklamakan desert but also provides more desert-derived strains for further study on their potential in medicine and biological function in ecology.

In the antibacterial assay, 61 isolates affiliated to 19 genera exhibited antagonistic activity against the tested “ESKAPE” pathogens. Analysis of composition of 61 positive strains in genus level, Streptomyces strains accounted for over half (37 strains). It is quite reasonable, since Streptomyces are a well-established source of diverse bioactive compounds possessing antimicrobial activity in the microbial world discovered (Masand et al., 2018; Olanrewaju and Babalola, 2019; Pham et al., 2019). Nocardiopsis and Micromonospora are the second prevalent genera in the active strains, and each with three strains displayed antibacterial activities. It is noteworthy that two Nocardiopsis strains including 14Sc5-11 and 15S9-2, showed less than 98.65% 16S rRNA similarities with the validly reported species in genus Nocardiopsis, therefore they might represent two strains in novel species of the genus Nocardiopsis. Meanwhile, Nocardiopsis species were reported to produce a wide variety of chemical classes of compounds with diverse pharmacological and biological activities (Bennur et al., 2016; Ibrahim et al., 2018). In this context, it would be interesting to explore if novel bioactive metabolites can be identified from the two potential new Nocardiopsis strains. Furthermore, five potential new species, including Cellulosimicrobium sp. 14Sb3-13 and 14Sb1-5, Kineococcus sp. 13S2-4, Cellulomonas sp. 10Sc3-5, and Streptomyces sp. 20Sb6-6 also showed inhibitory activities against tested pathogens (Supplementary Table S5). Thorough investigations will be carried out further to deepen our knowledge on the antibacterial substances of these potential novel strains.

The action of antimicrobial agents can be generally categorized in five mechanisms: inhibition of cell wall synthesis, alteration of cell membranes structure, inhibition of protein synthesis, inhibition of nucleic acid synthesis, and disruption of the metabolic pathways (such as folic acid and mycolic acid; Wilson, 2014; Kapoor et al., 2017; O’Rourke et al., 2020). In this study, a unique high-throughput model based on a double fluorescent protein reporter “pDualrep2” system was implemented to gain preliminary insights into the mechanism of antibacterial action of bioactive strains. This reporter system can early identify the antibacterial inhibitors targeting three mechanisms in “one-pot” format: DNA damage (expression of rfp reporter), inhibition of protein translation (expression of katushka2S reporter), and others (inhibition of bacterial growth targeting on neither DNA replication nor protein synthesis; Osterman et al., 2016; Ivanenkov et al., 2019a). Sensitivity of this system was highly increased by applying an E. coli strain with lacking the tolC gene that coded for an essential component of several efflux systems in outer membrane (Zgurskaya et al., 2011; Osterman et al., 2016). Both these effects are clearly observed within the sublethal concentration of an antibacterial sample where it does not kill bacteria but substantially attenuates translation or trigger the SOS response. As a biosensor of antimicrobial activity, the described assay was reported to be successfully applied for identification of a series of promising antibiotics whose antibacterial activity had not been reported previously, such as 2-Guanidino-quinazolines (Komarova et al., 2017), N-pyridyl-substituted carboxypiperidine amides (Ivanenkov et al., 2019b), and N-substituted triazolo-azetidines (Ivanenkov et al., 2019c). Furthermore, in our previous study, this platform contributed to effective discovery of some novel antibiotics that act via the translation inhibition mechanism, such as Beilunmycin (Jiang et al., 2020), Hetiamacin E and F (Wang et al., 2020b), acetyl-griseoviridin, and desulphurizing griseoviridin (Wang et al., 2020a). In the present research, two Streptomyces strains and two Saccharothrix strains induced Katushka2S expression, demonstrating the protein inhibitory activities in their ethyl acetate extractions. Three Streptomyces strains demonstrated their inhibition activity against DNA biosynthesis by inducing the RFP expression. Investigation of these strains could be prioritized to find potential antibacterial compounds.

It is generally accepted that rare actinobacterial genera possess more potential in terms of secondary metabolites novelty (Schorn et al., 2016; Bundale et al., 2019; Ding et al., 2019). Thus, exploration of bioactive chemicals from rare actinobacterial strains will be more promising and efficient. In the present study, a Saccharothrix strain was analyzed firstly to gain deeper insights into its bioactive metabolites. At the time of writing, the genus Saccharothrix encompasses 21 species and 2 subspecies with validly published names, in which eight species were isolated from deserts (Liu et al., 2020c). The genus Saccharothrix was found to be a potential producer of novel specialized metabolites, and these chemical entities exhibited a broad range of biological functions, such as antibacterial (Takahashi et al., 1986; Isshiki et al., 1989; Takeuchi et al., 1992), antifungal (Igarashi et al., 1997), antitumor (Vértesy et al., 2001), antivirus (Tomita et al., 1991), pro-inflammatory (Gibson et al., 2005), and other activities (Kimura et al., 1995; Yoshimura et al., 1995; Koguchi et al., 2000) of medical and industrial importance. For instance, at least 14 dithiolopyrrolone compounds with strong activities against a panel of bacteria, yeasts, and filamentous fungi were isolated naturally or using biosynthetic method from Saccharothrix algeriensis NRRL B-24137 (Lamari et al., 2002; Bouras et al., 2008; Merrouche et al., 2010, 2011). More than 20 macrolides were isolate from different Saccharothrix sp., including cytotoxic 10/11-membered macrolides saccharothriolides A–K, X (Lu et al., 2015, 2016) and 20-membered macrolides ammocidins A–D (Murakami et al., 2001, 2009); antibacterial 16-membered macrolides Tianchimycins A and B (Wang et al., 2013), aldgamycins G, H, and swalpamycin B (Mizobuchi et al., 1986; Zitouni et al., 2007; Wang et al., 2013); and antifungal 16-membered macrolides formamicin (Igarashi et al., 1997). Recently, new antibacterial congeners cyanogriside J and M were isolated from strain ABH26, which was closely related to S. xinjiangensis NBRC 101911T (Lahoum et al., 2019); and new cytotoxic compounds, caerulomycin M, saccharopyrone and saccharonoic acid were isolated from S. xinjiangensis Act24Zk (Skellam et al., 2013). These promising results emphasize the need to continue the research in the genus Saccharothrix. In this research, Saccharothrix strain 16Sb2-4 presented a promising antimicrobial potential against all the tested “ESKAPE” pathogens and demonstrated its antibacterial mechanism of interfering with protein translation, thus was given priority for metabolites exploration to discover bioactive compounds from the Taklamakan desert.

To gain a comprehensive understanding of chemical diversity in the cultural broth of strain 16Sb2-4, UPLC-QTof-MS/MS-based dereplication analyses coupled with molecular networking were performed prior to the metabolites isolation. Many researches have reported the successful application of molecular networking for effective chemical dereplication and novel metabolite discovery (Duncan et al., 2015; Kleigrewe et al., 2015; Esposito et al., 2017; Nothias et al., 2018; Lu et al., 2019), especially in our latest research on endophytic actinobacteria from psammophytes in Taklamakan desert, it has successfully contributed to the discovery of two new griseoviridin-type antibiotics from the fermentation broth of an endophytic Streptomyces strain (Wang et al., 2020a). In the present study, four families of bioactive compounds were observed and predicted from the crude extract of strain 16Sb2-4, including lipopeptides, cyclic depsipeptides, 22-membered macrolactams, and 16-membered macrolides. The prediction of 16-membered macrolides was further confirmed by efficient isolation and structure elucidation of compounds 8–11, which evidenced that molecular networking can accelerate dereplication and compound identification, and moreover, can rationalize isolation procedure for targeted purification of bioactive natural products.

Four known 16-membered macrolides, aldgamycin G, aldgamycin H, aldgamycin K, and swalpamycin B, were isolated and identified from Saccharothrix sp. 16Sb2-4 by subsequent targeted separation. Meanwhile, all of them exerted the bacteriostatic effect by interfering with protein translation in the pDualrep2 reporter system. These four compounds are all assigned to be 16-membered macrolides containing a rare branched octose unit at C-5 of the macrolactone ring. Many macrolides were reported to often have a bacteriostatic effect on susceptible organisms, caused by inhibition of RNA-dependent protein synthesis through binding to the 50S subunit of the bacterial ribosome (Bolhuis et al., 2011). The sugar substituent at C-5 plays an essential role in their antibacterial activity by direct interaction with 23S RNA (Bolhuis et al., 2011; Karpinski, 2019). It has been reported that aldgamycin G, H and swalpamycin B showed antibacterial activity against Gram-positive bacteria (Mizobuchi et al., 1986; Zitouni et al., 2007; Wang et al., 2013). Although aldgamycin K did not exhibit antimicrobial activity against tested bacteria and fungi in previous report (Wang et al., 2016b), it revealed its antibacterial potential by inhibiting protein synthesis in the highly-sensitive pDualrep2 system in our study. In terms of the biological source, aldgamycin G, aldgamycin H, and swalpamycin B were ever isolated from Saccharothrix species before, meanwhile aldgamycin G and swalpamycin B have also been isolated from Streptomyces strains (Mizobuchi et al., 1986; Chatterjee et al., 1987). This is the first report of production of aldgamycin K by the genus Saccharothrix, which was reported to be produced only by Streptomyces strains in previous study (Wang et al., 2016b).



CONCLUSION

The study reported a relatively integrated investigation on the diversity, novelty, and pharmacological potential of actinobacterial strains isolated from eight soil samples at various sites along the Alar-Hotan desert highway in the Taklamakan desert. These actinobacterial strains were affiliated to 55 genera in 27 families of 12 orders, which implied significant actinobacterial diversity inhabited in the harsh environment. Over 40% of the 146 tested isolates exhibited bioactive potential against at least one of the tested “ESKAPE” pathogens, among which seven strains demonstrated their ability either to block translation machinery or induce SOS-response in the pDualrep2 system. One strain, Saccharothrix sp. 16Sb2-4 as an example was studied to prove the capability to produce diverse secondary metabolites based on in-depth chemical profiling, and four bioactive macrolide antibiotics were purified as secondary metabolites from ISP 2 cultural medium. Exploration of the other bioactive isolates by combination of different strategies, including high-throughput screening, small scale fermentation based on deep-plates, One Strain Many Compounds (OSMAC), and compound dereplication by UPLC-QToF-MS/MS, etc., is the subject of our further investigation. It is believed that new antibiotics will be discovered from these desert-derived actinobacterial strains, which will support the idea that the Taklamakan desert represents an undeveloped reservoir of pharmaceutical actinobacteria with possessing a significant capacity to produce novel metabolites with unique antibacterial activity.
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Actinobacteria are ubiquitous in marine ecosystems, and they are regarded as an important, underexplored, potential pharmaceutical resource. The orders Gaiellales and Rubrobacterales are deep taxonomic lineages of the phylum Actinobacteria, both are represented by a single genus and contain only a few species. Although they have been detected frequently by high-throughput sequencing, their functions and characteristics in marine habitats remain unknown due to the lack of indigenous phenotypes. Here, we investigated the status of the orders in South China Sea (SCS) sediments using culture-independent and culture-dependent methods. Gaiellales is the second-most abundant order of Actinobacteria and was widely distributed in SCS sediments at water depths of 42–4,280 m, and four novel marine representatives in this group were successfully cultured. Rubrobacterales was present at low abundance in energy-limited marine habitats. An isolation strategy for Rubrobacterales from marine samples was proposed, and a total of 138 mesophilic Rubrobacterales strains were isolated under conditions of light and culture time combined with high-salinity or low-nutrient media. Marine representatives recovered in this study formed branches with a complex evolutionary history in the phylogenetic tree. Overall, the data indicate that both Gaiellales and Rubrobacterales can adapt to and survive in extreme deep-sea environments. This study lays the groundwork for further analysis of the distribution and diversity of the orders Gaiellales and Rubrobacterales in the ocean and provides a specific culture strategy for each group. The results open a window for further research on the ecological roles of the two orders in marine ecosystems.
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INTRODUCTION

The deep sea is a permanently dark, low-temperature, high hydrostatic pressure, nutrient-limited habitat that possesses great diversity in microbial organisms. The deep sea is considered a resource for mining new and potentially valuable microbial species (Hassan and Shaikh, 2017). Actinobacteria are an important component of the bacterial community and are widely distributed in marine environments (Lam, 2006; Ward and Bora, 2006). Since the discovery of novel bioactive compounds such as salinosporamides (Marizomib) from marine actinobacteria, searching for new or rare marine actinobacteria has become a focus of marine microbial research (Dhakal et al., 2017).

The orders Gaiellales and Rubrobacterales were established by Albuquerque et al. (2011) and Stackebrandt et al. (1997), respectively. They are two deep monogenetic branches in the phylogenetic tree of the phylum Actinobacteria (Salam et al., 2020), which is of considerable evolutionary importance. Members of the two orders are aerobic and chemoheterotrophic but are difficult to culture, severely restricting the study of their function. The order Gaiellales was proposed as a separate order from Rubrobacterales and contains only one species, Gaiella occulta (Albuquerque et al., 2011). The obligate cultivation strategy and insufficient data concerning cultivated species of Gaiellales has hindered its identification in marine ecosystems. Previous research revealed that Gaiellales was predominant in various extreme environments such as weathered serpentine rock (Khilyas et al., 2019), mangrove wetlands (Liu et al., 2019), saline–alkaline soil (Peng et al., 2017), wastewater treatment plants (Shu et al., 2015), and marine ascidians (Steinert et al., 2015). Rubrobacterales is an extremophilic actinobacteria that is abundant in sunlight-exposed biofilms and in the highly irradiated Chernobyl area (Ragon et al., 2011), and dominates in desiccated areas such as speleothems (Vardeh et al., 2018), the Atacama desert (Crits-Christoph et al., 2013), and arid soils (Bachar et al., 2012). The genus Rubrobacter is known for the first radiation-resistant species Rubrobacter radiotolerans, which was isolated from a radioactive spring (Yoshinaka et al., 1973; Suzuki et al., 1988). Rubrobacter species from terrestrial habitats are a potential source of bioactive compounds with ecological applications such as radiation-resistant, desiccant-resistant, and enzymatic radical scavengers (Albuquerque et al., 2014), but they are rarely isolated from marine habitats due to their slow growth and the difficulty of recovery (Kämpfer et al., 2014; Chen et al., 2018).

The limitation of detecting unculturable taxa in marine bacterial communities has been partially conquered via the application of molecular ecological technology (Daae et al., 2013). Most indigenous marine bacteria play key roles in the marine ecosystem but have not been cultured due to insufficient understanding of their physiology and environmental interactions (Vartoukian et al., 2010; Stewart, 2012). Hence, endeavors to devise specific cultivation strategies are important. It is widely accepted that culture-dependent and culture-independent surveys yield different insights into actinobacterial diversity (Vaz-Moreira et al., 2011; Maldonado et al., 2018). Both molecular-based and cultivation-based approaches have been applied in exploring the broad diversity of the obligate marine actinomycete genus Salinispora from marine sediments (Mincer et al., 2005). Combining these two approaches to describe actinobacterial diversity is feasible, as they are complementary and partly compensate each other’s inherent limitations (Sun et al., 2010).

In this study, we used culture-independent and culture-dependent analyses to examine the distribution, abundance, diversity, and evolutionary status of the two less-studied actinobacterial orders Gaiellales and Rubrobacterales in the South China Sea (SCS). Our study provides a specific culture strategy for each group. Using this method, we obtained hundreds of pure strains within these two groups. We also demonstrate that there are many potentially new taxa in the orders Gaiellales and Rubrobacterales in marine sedimentary environments.



MATERIALS AND METHODS


Sediment Samples

Sampling was conducted during two open cruises in the SCS by R/V Shiyan 1 and R/V Shiyan 3. Twenty-nine sediment samples distributed over the SCS area from depths ranging from 42 to 4,280 m were collected from the sites shown in Figure 1. The name and site location information of samples are listed in Supplementary Table 1. A surface layer of sandy mud from 0 to 1 cm was obtained as a subsample aseptically after collecting using a grab-bucket collection sampler. The 29 sediment samples of the SCS were prepared for culture-independent experiments and stored at −20°C without pretreatment. All sediment samples were transported to the laboratory for further culture-dependent experiments.
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FIGURE 1. Map of sampling site locations in the SCS area.




DNA Extraction, PCR Amplification, and Illumina Hiseq Sequencing

Total environmental DNA of the marine sediments was extracted using a DNeasy Power Soil Kit (MoBio, United States) following the manufacturer’s instructions. The V4 hypervariable region, about 400 bp of bacterial 16S rDNA, was amplified with prokaryotic universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACVSGGGTATCTAAT-3′) (Caporaso et al., 2011). PCR amplification was performed using TaKaRa Premix Taq version 2.0 (TaKaRa Biotechnology Co., Dalian, China) in a mixture with a final volume of 50 μl that contained 60 ng of DNA as a template, 10 μM of each primer, 25 μl of 2×Premix Taq, and nuclease-free water. The amplification was carried out using a BioRad S1000 (Bio-Rad Laboratory, CA, United States) thermocycler using the following procedure: 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, primer annealing at 52°C for 30 s, and extension at 72°C for 30 s followed by a final extension at 72°C for 10 min and holding at 4°C. Each genomic DNA sample was amplified in triplicate. The quality of the purified PCR products was detected by 1% agarose gel electrophoresis. The PCR products for each sample were between 290 and 310 bp after concentration using GeneTools analysis software (Version 4.03.05.0, SynGene) (Beisvag et al., 2006). The required volume of PCR product for each replicate was calculated for each sample in accordance with the principle of equal quality. The mixture was recovered by an EZNA Gel Extraction Kit (Omega, United States) for further analysis. The amplicon library of purified PCR products of each sample was prepared using a NEBNext Ultra DNA Library Prep Kit (New England Biolabs, United States) following standard procedures. The construction of an amplification library of paired-end sequences was carried out on an Illumina Hiseq 2500 platform for PE250 sequencing according to the standard protocol (Guangdong Magigene Biotechnology Co., Ltd. Guangzhou, China).



Sequence Processing and Analyzing

Raw reads of Illumina data were quality filtered by Trimmomatic (V0.33) (Bolger et al., 2014). Paired-end clean reads were retrieved after barcodes and primers were removed by Mothur software (V1.35.1) (Schloss et al., 2009). Paired-end clean reads were then concatenated by FLASH (V1.2.11) (Magoc and Salzberg, 2011). The sequences assigned to operational taxonomic units (OTUs) were clustered at the level of 97% sequence similarity by USEARCH (V8.0.1517) (Edgar, 2010). OTUs annotation was performed using QIIME against the Greengenes database (V13_5) (DeSantis et al., 2006). The rarefaction curves were calculated using QIIME packages (Caporaso et al., 2010), and the values of Shannon, Simpson, and Margalef indices were calculated by PRIMER 6 (Clarke and Gorley, 2006). Maps of the distribution and abundance of uncultured phenotypes in the SCS were generated by Ocean Data View (Schlitzer, 2002).



Cultivation and Bacterial Taxonomic Classification

Samples were diluted two-fold with sterile seawater and mixed by vortexing before a 200 μl suspension was evenly spread on solid medium. Duplicated plates instead of triplicated plates of each medium were prepared for each sediment sample. Various types of separation media were designed and combined in the cultivation experiment for different nutritional requirements of the bacteria (Supplementary Table 2). Actinomycete Isolation Agar (AIA) medium, Marine Agar (MA)/MA-Starch media, and R2A medium were prepared with concentration gradients of various nutrients. The concentration of each medium was diluted to half, one-fifth, and one-tenth with water. Considering that some Rubrobacter species were reported to be moderately salt tolerant (Albuquerque et al., 2014), 10% (w/v) NaCl was added in some optimized media. Complex media and synthetic media were chosen and optimized by referring to published media for rare Actinobacteria, e.g., Acidimicrobiia, Thermoleophilia, and Rubrobacteria (Cleaver et al., 2007; Matsumoto et al., 2009; Matsumoto et al., 2013; He et al., 2020). The cultivation strategies were performed at different temperatures of 25–28, 37, and 55°C in petri dishes of two sizes (90 and 150 mm) and in the dark or under incandescent illumination of 8–12 μmol E m–2 s–1 at different time settings of 2–3 days, 7–14 days, and 1–3 months.

All colonies were selected to subculture on Marine Agar 2216E (MA, BD DifcoTM) medium. At least three rounds of subculturing were performed to obtain pure cultures. Purified isolates were maintained in glycerol suspensions (20%, w/v) at −80°C. Genomic DNA of isolates was extracted by 100 μl of a reagent consisting of 5% (w/v) chelax-100 resin dissolved with distilled water as described by Walsh et al. (1991). PCR amplification of the 16S rRNA gene was performed with bacterial general primers 27F (5′-GAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) as described by Rainey et al. (1996). The 16S rRNA gene sequence was assembled via the SeqMan program (version 7.1.0), and low-quality sequences were removed by the BioEdit program (Kimura, 1980). The nearly complete 16S rRNA gene sequence similarity analysis was carried out using EzBioCloud.1



Phylogenetic Analysis

The OTU sequences from the 16S rRNA gene amplicon sequencing and the nearly complete 16S rRNA gene sequences from cultured strains were selected for phylogenetic reconstruction. The reference representatives were retrieved from the GenBank database. Phylogenetic analysis was calculated using the Kimura two-parameter model, and the cladogram was constructed by neighbor joining (Saitou and Nei, 1987) in the MEGA X software (Kumar et al., 2018) and visualized by the interactive Tree of Life (iTOL v4) tool (Letunic and Bork, 2019).



PCA Analysis

Principal component analysis (PCA) allowed us to summarize and visualize the information concerning strains cultivated using multiple factors, including light intensity, culture time, salinity, dish size, temperature, and nutrient concentration. The cultured strains were divided into four groups: Gaiellales, Rubrobacterales, Actinomycetales, and non-Actinobacteria. The data were standardized automatically by the function PCA in FactoMineR (Le et al., 2008). The results provided a list of matrices (coordinates, correlations between variables and axes, squared cosine and sine contributions) for the variables that were extracted using the function get_pca_var, and similar results for the cultured strains were extracted using the function get_pca_ind from the PCA output in the factoextra R package (Kassambara and Mundt, 2020). The function fviz_pca_biplot in the factoextra R package was used to construct a biplot of cultured strains and variables (Kassambara and Mundt, 2020).



RESULTS


Illumina Hiseq Sequencing Information

In this study, a total of 785,421 high-quality effective sequences were gained from the sample libraries, and the average length of these overlapping paired-end sequences was about 374 bp. There were from 16,549 to 55,059 sequences of 2,170 to 6,821 OTUs obtained from the samples (Supplementary Table 3). The rarefaction curve tended to approach the saturation plateau, indicating that the sampling sizes were sufficient (Supplementary Figure 1). A total of 536,417 sequences of bacteria were obtained, with from 11,794 to 37,153 sequences distributed in 29 samples assigned to 16,825 OTUs (Supplementary Table 3). The number of OTUs ranged from 1,839 to 6,042, and 93 OTUs were shared among all samples, indicating that the bacteria were well distributed in different samples from various water depths.



Taxa of Uncultured Actinobacteria

A total of 22,074 sequences of 377 OTUs were assigned to the phylum Actinobacteria, and the average relative abundance of Actinobacteria was about 4.05%, ranging from 0.17 to 8.42%. The Shannon indices indicated that the actinobacterial diversity ranged from 2.77 to 6.25, while the Simpson indices ranged from 0.03 to 0.36. The Margalef indices indicated the actinobacterial species richness to be in the range 7.19 to 25.91 (Supplementary Table 3). Acidimicrobiales was the most abundant, accounting for 81.21% of Actinobacteria on average (Figure 2 and Supplementary Figure 2). The orders Gaiellales, Actinomycetales, and Solirubrobacterales were the next most dominant groups detected in all sediment samples in the SCS, accounting for 5.8, 3.81, and 3.34% of Actinobacteria on average, respectively. The remaining Actinobacteria were mainly from known or Candidatus orders, including group OPB41, group WCHB1-81, and Rubrobacterales (Supplementary Figure 2). The groups OPB41 and WCHB1-81 and the order Rubrobacterales were rare with low relative abundance in partial samples from the SCS (Figure 2).
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FIGURE 2. Actinobacterial composition in 29 deep-sea sediments.




Taxa of Uncultured and Cultured Gaiellales and Rubrobacterales

There were 31 Gaiellales OTUs from 1,216 sequences detected in all sediment sample sites, and the relative abundance of the order was from 2.32 to 11.38% of the Actinobacteria (Supplementary Table 4). OTU 218 and OTU 484 were most frequently detected in the SCS, and OTUs 341 and 591 had the highest numbers in the 460 m depth environment sample (16ZBS07) (Supplementary Table 5). Thirty-one uncultured Gaiellales OTUs clustered with known Gaiellales representatives and formed multiple independent branches in the phylogenetic tree (Figure 3). Based on the culture-dependent method, only four Gaiellales strains were isolated from sediment samples taken at depths of 320–460 m, they were slow-growing on SN-Mn and MA plates and were better maintained in liquid MB media. They represented two potential new species by showing relatively low similarity (<89.0%) to the only known species Gaiella occulta. Four cultured strains were clustered with six uncultured OTUs and two unclassified species (Gaiella sp. EBR4-RS1 and Gaiella sp. EBR4-R2), they formed a separate cluster (named clade Gaiel II) far from the only known species G. occulta with a clear divergence and thus represent a new family group.
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FIGURE 3. The neighbor-joining tree showing phylogenetic relationships of cultured and uncultured Gaiellales and Rubrobacterales based on nearly full-length 16S rRNA gene sequences (>1,300 bp) and OTUs using 374 unambiguous nucleotides. Tree bar, 0.02 sequence divergence. The similar Rubrobacter strains were collapsed with a 2% threshold of dissimilarity. Red font indicates isolated strains; blue font indicates the environmental OTUs. GenBank accession numbers used are given in parentheses.


The order Rubrobacterales comprised a small proportion of Actinobacteria, with extremely low relative abundance (from 0.00 to 4.42% of Actinobacteria). The order was distributed sporadically in the SCS and occurred more in deep sea sediments than in the shallows. Four Rubrobacterales OTUs with 72 sequences were detected in nearly half of all samples, and two ubiquitous representatives, OTU 18976 and OTU 639, showed the highest numbers in the 3,503 m depth environmental sample (16XB83) (Supplementary Table 5). Finally, 138 strains assigned to the order Rubrobacterales were isolated from nine samples at depths from 323 to 4,280 m. Samples at water depths of 2,061, 3,448, and 460 m yielded 65, 34, and 21 Rubrobacter strains, respectively. The clustering tree of uncultured and cultured organisms revealed that they spanned five divergent phylogenetic lineages of the order Rubrobacterales (Figure 3). Hundreds of Rubrobacter strains and OTU 10386 were clustered together with two known species, Rubrobacter aplysinae and Rubrobacter bracarensis, as a part of clade Rubro I. Two sister groups, Rubro II and Rubro III, were ubiquitous in SCS sediments. Species R. radiotolerans and R. indicoceani were representative of the clades Rubro II and Rubro III, respectively; each had corresponding marine cultured strains and uncultured categories. Nine strains clustering with OTU 7567 formed a distinct phylogenetic cluster named clade Rubro IV and showed a great degree of novelty at the level of species diversity, with the highest similarity to other known species below 95%. Among these strains, we reported two strains as novel Rubrobacter species, R. tropicus and R. marinus (Chen et al., 2020). Moreover, the obtained 16S rRNAs of marine Rubrobacterales were most closely related to four species, R. aplysinae, R. bracarensis, R. indicoceani, and R. radiotolerans. However, no marine sequences in this study were related to Rubro V, which is composed of several terrestrial thermophilic species.



The Cultivation of Gaiellales and Rubrobacterales

To explore the relationships between cultured species in the orders Gaiellales and Rubrobacterales and to compare the results with normal bacterial growth, six culture factors (culture time, salinity, dish size, temperature, and nutrient concentration) and 3,504 cultured strains were analyzed using PCA (Figure 4). The first two principal components explained 67.2% of the variance. The closer a variable is to the correlation ellipse, the better its representation on the factor map. In the biplot, the variables light, time, and salinity contributed the most to dimensions 1 and 2. Cultured Rubrobacterales strains yielded high values for four factors (light, culture time, salinity, and dish size), but had low values for variables temperature and nutrient concentration. The PCA results were consistent with the culture results. Under optimal light conditions, 109 Rubrobacter strains were cultured. The high-salinity (over 10% (w/v) NaCl) media (YJSF, AIAS, and CAAM) yielded the greatest number of halo-tolerant Rubrobacter isolates (Supplementary Figure 3). Although the oligotrophic media (AIAE, SN, and ZANT) obtained the second largest number of Rubrobacter isolates, marine Rubrobacterales isolates required sufficient nutrition for growth; this was shown by the addition of 1% glucose to the medium. In this study, Gaiellales and Rubrobacterales formed visible colonies on isolation media when the cultivation time extended to at least one month at 25–28°C incubation. Only four marine Gaiellales strains were isolated from the inorganic medium with manganese metal ions and MA medium; this result needs further research to find the root causes or bottlenecks for bacterial growth and to design additional cultivation strategies.


[image: image]

FIGURE 4. Principal component analysis (PCA) illustrating the relationship between culturable taxa with cultivation variables.




DISCUSSION


Actinobacterial Vertical Distribution and Composition in the SCS

Actinobacteria are distributed globally in various marine habitats, including continental shelves, open ocean, and the deep sea (Ward and Bora, 2006; Jensen and Lauro, 2008). Previous studies have revealed the abundance of Actinobacteria in SCS sediment (relative abundance 4–10% of total sequences), which is more common in the deep sea than in the shallows (Zhu et al., 2013). In this study, the normally uneven fluctuation of actinobacterial abundance was generally stable in sediment environments (about 4.05%) (Supplementary Figure 4), but the diversity and species richness of Actinobacteria OTUs in shallow samples were higher than in deep samples (Supplementary Table 3). The composition of marine Actinobacteria at the level of order was remarkably similar to earlier research results (Durbin and Teske, 2011; Chen et al., 2016). The most abundant Actinobacteria group was Acidimicrobiales, and the next most dominant groups were the orders Gaiellales, Actinomycetales, and Solirubrobacterales while Rubrobacterales comprised a minor fraction of the Actinobacteria. The actinobacterial taxa composition difference in the samples may be related to niche adaptation for inhabiting marine environments.



Distribution of Gaiellales and Rubrobacterales in the Deep Sea

Our study revealed that uncultured Gaiellales sequences were widely distributed from 42 to 4,280 m in SCS sediment environments, and Gaiellales was the second dominated uncultured marine Actinobacteria. Previous studies also showed that the order Gaiellales was predominant in a variety of marine habitats, such as submarine permafrost water, permafrost sediments (Mitzscherling et al., 2017), mangrove wetlands (Liu et al., 2019) and deep sea (Chen et al., 2016). The distribution patterns calculated by the diversity indices (Shannon, Simpson, and Margalef) showed that there was no obvious trend in the diversity of the two orders with the depth of sediment environments (Supplementary Figure 5). But the OTUs belonging to the clade Gaiel I were particularly abundant in the mesopelagic sediments (Supplementary Table 5) where the temperature ranged from about 8 to 2.5°C (Yang et al., 2018). Although it is unclear whether this high abundance is related to the adaptation to the middle and deep sea, this result further illustrated that Gaiellales is ubiquitous and widely distributed in SCS sediments, and also has a stronger ability to adapt to marine environment than the order Rubrobacterales.

The order Rubrobacterales was a ubiquitous group and had greater natural diversity, such as ancient vestiges (Schabereiter-Gurtner et al., 2001; Mihajlovski et al., 2017), rocky coasts (Molina-Menor et al., 2019), Arctic desert endostromatolites (Pellerin et al., 2009), etc. Rubrobacterales were also detected by high-throughput sequencing although the group comprised only a small proportion of the microorganisms in marine habitats (Brown and Bowman, 2001; Kochling et al., 2011). Similar results were also obtained in this study using the culture-independent method. But for the culture-dependent method, the optimal growth occurred when adding 1% glucose to the media, which implied that the bacteria may be restricted to deep sea sediments where nutrients are limited. They are actually found in deep sea sediments, where they were not detected by the uncultured method. The bacteria mainly exist in the bathypelagic sediments at depths of over 2,000 m, where the temperature is generally below 2.5°C (Yang et al., 2018). Therefore, we postulate that the order Rubrobacterales has cells with a slow growth disadvantage, and they may struggle to survive in nutritionally limited marine habitats.



Diversity of Gaiellales and Rubrobacterales in the Deep Sea

Previous results from interspecies heterogeneity of 16S rRNA genes showed that Gaiellales had a more complex genetic evolutionary history than Rubrobacterales, and this order may have undergone more evolutionary events in the marine environment (Steinert et al., 2015). However, only one valid published species in the order Gaiellales is not enough to supply the representative Candidatus for classifying cultured-independent OTUs, which severely limits the study of the order’s diversity and phylogeny. New marine representative species and marine OTUs in this study were clustered into two separated groups named Gaiel I and Gaiel II, that represent potential new marine-derived higher-level taxa. The results support Gaiellales as having a large family tree with complex branches and a high level of evolution in the ocean, a hypothesis that is consistent with their wide distribution and high abundance in marine habitats.

For the order Rubrobacterales, previous study illustrated the limitations of analyzing its diversity and phylogeny by culture-independent surveys, due to the low abundance in marine environments (Rappe et al., 1999; Yooseph et al., 2007; Sunagawa et al., 2015). The deeper recognition of the special niche of rare uncultured Rubrobacterales in marine habitats required more pure cultured strains or genus-specific primers (Castro et al., 2019). In this study, four OTUs and 138 cultured strains clustered in four groups were found to be associated with oceans, expanding the phylogenetic tree of Rubrobacterales. And clade Rubro IV was clearly novel, as shown by the independence and the marine-derived characteristics. The phylogenetic tree of Rubrobacterales also showed that the evolution of these diverse strains is continuous in the marine ecosystem, a conjecture that perhaps they survived in the ancient, stable oceans and developed unique marine properties to adapt to the extreme deep-sea environments.



Isolation Strategies for Rubrobacterales and Gaiellales

It is necessary to successfully cultivate rare living species through a culture strategy, especially for the communities that are common but have low abundance. These rare species may serve as a potentially inexhaustible reservoir of genomic innovation, a factor that could explain how microbial communities episodically reshape planetary processes (Sogin et al., 2006). To obtain the optimal growth conditions for marine Rubrobacterales, an isolating strategy to improve the survival capacity in the laboratory was designed by simulating their natural environment to reverse the situation of nutritional disadvantage.

The Rubrobacter species survive well under illuminated conditions, with the ability to respond to reactive oxidative stress (ROS) and to efficiently repair DNA lesions (Egas et al., 2014). It has been reported that the growth of xero-tolerant heterotrophic Rubrobacter spp. can be promoted by decreased humidity and increased temperature combined with enhanced daylight irradiation (Imperi et al., 2007). In this study, compared to other light-sensitive bacteria that live in the dark aphotic zone of the deep ocean, the viability and competitive advantage of cultured Rubrobacterales on plates were enhanced by light, and 109 Rubrobacter strains were successfully isolated. Although most Rubrobacter species derived from terrestrial habitats are thermophilic (Carreto et al., 1996; Chen et al., 2004; Albuquerque et al., 2014; Norman et al., 2017), no isolates of the order Rubrobacterales showed thermotolerant ability in this study. Instead, 44 Rubrobacter strains were isolated from Indian Ocean sediments by incubation at 4°C for one year. Since marine sediments are largely present in low-temperature environments, the presence of low temperature-adapted bacteria with low thermostable enzymes (inactivated at temperatures over 40°C) would be expected (Hardeman and Sjoling, 2007). This is consistent with the result that no growth was observed at temperatures over 40°C in marine Rubrobacter species (Kämpfer et al., 2014; Chen et al., 2018).

When designing the synthetic media, the salinity and nutrient levels were first considered. In the present study the greatest numbers of halo-tolerant Rubrobacter isolates were obtained from high-salinity media, and the second-highest quantity was obtained using oligotrophic media. We speculate that the high-salinity or oligotrophic media restricted the growth of fast-growing bacteria, and the eutrophic bacteria were intolerant to starvation and ultimately died (Gray et al., 2019). Marine Rubrobacter species grew slowly and took a long time to form red colonies on plates (Kämpfer et al., 2014; Chen et al., 2018). Similarly, marine Gaiellales and Rubrobacterales were successfully cultured when the cultivation time was extended to at least one month. The subcultures also required at least two weeks to form rich visible colonies on plates. Recent results show that slow-growing colonies are usually discovered at a nutritional disadvantage status when one fast-growing strain is competing for nutrition resources under the same culture conditions (Carini, 2019). Hence, prolonging the incubation time can increase the ratio of viable counts of rare, slow-growing bacteria on media (Stevenson et al., 2004). Moreover, a drastic increase in the quantity of Rubrobacter colonies was discovered in this study using large-size petri dishes (150 mm), perhaps due to competition for the living space and the reduced competitive pressure for slowly growing or poorly adaptable bacteria such as Rubrobacterales and Gaiellales.

For the order Gaiellales, the sole known representative was isolated from a mineral water bottling plant, where the borehole water had a temperature of 28°C, a pH of 5.9, and was poor in mineral ions (Albuquerque et al., 2011). However, the lack of phenotypic and genomic annotated information increased the difficulty of the culture (Severino et al., 2019). One interesting result is that Gaiellales are strict chemoorganotrophs, as inferred by genomic data, but they could be cultured from an inorganic medium (SN-Mn) made up of 50% seawater in this study. This suggests that their growth may depend on certain nutrients in seawater that are not present in the laboratory and thereby make them difficult to culture. Further results showed that marine Gaiellales strains were hygrophilous and halophilic, different from the species G. occulta. Therefore, simulating the natural environment, especially its potential key factors, is an effective strategy for isolating novel, rare, or uncultured bacteria (Mu et al., 2020).



CONCLUSION

In this study, we analyzed the status of the orders Gaiellales and Rubrobacterales in marine sediments of the SCS using culture-independent and culture-dependent methods. We concluded the following: (1) The order Gaiellales was the second-most dominant order of Actinobacteria, distributed in all detected sediment samples in different water depths of the SCS, but it could hardly be cultured; the order Rubrobacterales was present in low abundance but displayed a steady existence in over more than half of the marine sediments. (2) Marine Gaiellales are highly diverse in the ocean, and they can be separated into two main branches as higher-level new taxa. Each branch was represented by cultured representatives; marine Rubrobacterales clustered in four groups were associated with four known species, R. aplysinae, R. bracarensis, R. indicoceani, and R. radiotolerans. Clade Rubro IV is a novel independent branch from the deep sea. (3) Light, high salinity, culture time, or low nutrient levels at optimal growth temperature were the most effective factors for Rubrobacterales survival under laboratory conditions. The order Gaiellales may depend on certain marine factors for growth, and their ability to be cultured needs to be researched further by mimicking the natural habitat.
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Gastrointestinal dysfunction plays an important role in the occurrence and development of Parkinson’s disease (PD). This study investigates the composition of the gut microbiome using shotgun metagenomic sequencing in PD patients in central China. Fecal samples from 39 PD patients (PD group) and the corresponding 39 healthy spouses of the patients (SP) were collected for shotgun metagenomics sequencing. Results showed a significantly altered microbial composition in the PD patients. Bilophila wadsworthia enrichment was found in the gut microbiome of PD patients, which has not been reported in previous studies. The random forest (RF) model, which identifies differences in microbiomes, reliably discriminated patients with PD from controls; the area under the receiver operating characteristic curve was 0.803. Further analysis of the microbiome and clinical symptoms showed that Klebsiella and Parasutterella were positively correlated with the duration and severity of PD, whereas hydrogen-generating Prevotella was negatively correlated with disease severity. The Cluster of Orthologous Groups of protein database, the KEGG Orthology database, and the carbohydrate-active enzymes of gene-category analysis showed that branched-chain amino acid–related proteins were significantly increased, and GH43 was significantly reduced in the PD group. Functional analysis of the metagenome confirmed differences in microbiome metabolism in the PD group related to short-chain fatty acid precursor metabolism.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease whose prevalence rate among central nervous system (CNS) diseases is only second to that of Alzheimer’s disease in the elderly population. The burden of PD will continue to rise with the increase in population size and aging (Castillo et al., 2019). Globally, there were 6.2 million PD patients in 2015; of these, 0.117 million patients died of PD (Mortality, 2016). Most PD cases are sporadic, and the average age at onset is 60 years (Cook Shukla et al., 1993). The pathogenesis of PD is complex, with some of the pathological features being the loss of dopaminergic neurons in the substantia nigra and intracytoplasmic inclusions (Lewy bodies) in the remaining intact nigral neurons (Braak and Braak, 2000).

Dysbiosis of the gut microbiome can affect both the enteric nervous system and the CNS. Previous studies have revealed the existence of the brain–gut–microbiome axis whose bidirectional interaction between the gut microbiome and the human nervous system can cause CNS disease (Cox and Weiner, 2018). In recent years, metagenomics studies have further revealed the correlation between PD and abnormal gut microbiome, which is also an extension of the gastrointestinal hypothesis in PD (Holmqvist et al., 2014). Gastrointestinal dysfunction, as well as changes in microbiome metabolites, can lead to inflammation, impaired epithelial barrier function, and an increase in the translocation of lipopolysaccharides and short-chain fatty acids (SCFAs), thereby causing systemic inflammatory reactions. Inflammatory cytokines pass through the blood–brain barrier to activate the microglia and astrocytes, which leads to neuroinflammation, altered cognition and behaviors, stress, and finally PD (Sampson et al., 2016; Sun and Shen, 2018). Previous studies have noted distinct alterations in the gut microbiome of PD patients, specifically SCFAs and other metabolites (Sampson et al., 2016; Unger et al., 2016; Hill-Burns et al., 2017; Sun et al., 2018).

Currently, the majority of studies use 16S rRNA amplicon sequencing technology to analyze gut microbiome diversity. However, the 16S rRNA primers used for different regions may lead to inconsistent results, because not only does the corresponding flanking conservative region have obvious binding affinity, but also the resolution of each variable region in the taxonomic group is also different (Soergel et al., 2012). Although shotgun metagenomics is expensive, it provides higher resolution and better strain identification potential, which enhances specific classification of the taxon and function (Norman et al., 2015). Only one study, conducted in Germany, has reported the use of this method in PD to date. This study produced results that could not be obtained by the use of 16S rRNA amplicon sequencing technology and revealed the differences in microbiome and microbiome metabolic pathways between L-DOPA–naive PD patients and the control group. Moreover, the study further analyzed the abundances of prophages, plasmids, and total virus (Bedarf et al., 2017). However, shotgun metagenomics has not been applied in studies of PD patients in Central China.

In China, a total of five institutions, in Beijing (Li et al., 2017c), Shanghai (Qian et al., 2018), Guangzhou (Lin et al., 2018), Changchun (Li C. et al., 2019), and Jinzhou (Li F. et al., 2019), have analyzed gut microbiome diversity using 16S rRNA amplicon sequencing technology. However, in consideration of the strong impact that geographic (Rehman et al., 2016; Kushugulova et al., 2018) and population (Deschasaux et al., 2018) factors have on the gut microbiome, shotgun metagenomics was used in this study to analyze the gut microbiome of PD populations in central China. Studies have shown that long-term habitual diets can change the structure of the gut microbiome (David et al., 2014; Krautkramer et al., 2016). Comparison of people from different families has shown that couples share a similar gut microbiome (Song et al., 2013). Therefore, in this study, PD patients’ spouses were recruited (the SP group) in order to minimize the impact of diet and living habits. Shotgun metagenomics analysis revealed significant differences in the gut microbiome composition and function between the PD patients and their spouses, further demonstrating the existence of proinflammatory dysbiosis in PD.



MATERIALS AND METHODS


Patient Cohorts

This was a cross-sectional study, and the study subjects were recruited from the Neurology Department of Xiangyang No. 1 People’s Hospital. The study was approved by the Ethics Committee of Xiangyang No. 1 People’s Hospital. All subjects gave their consent to participate in the study in accordance with the informed consent regulations of the institution where the research was conducted. In order to reduce the potential impact of diet, daily schedule, and other related factors, all the subjects were couples in which one spouse was a PD patient (PD), whereas the other was healthy for comparison purposes (SP). PD patients were diagnosed using the PD diagnostic criteria in the movement disorder society (MDS) 2015 (Li et al., 2017a). The core standard of diagnosis was to identify if the patient had PD symptoms. The patient was considered as having PD syndromes if he/she had bradykinesia in combination with static tremor and/or muscular rigidity. Upon diagnosis with PD syndrome, further diagnosis was made based on the inclusion and exclusion criteria and warning signs to ensure that the patient was a clinical PD patient. The exclusion criteria for the experimental group based on previous literature (Keshavarzian et al., 2015) were as follows: (1) administration or infusion of antibiotics or probiotics in the recent 3 months; (2) serious disease of the gastrointestinal tract; (3) severe mental disorder; (4) too low platelet count (80 × 109/L); (5) prothrombin time > 15 s; (6) History of hemorrhage in any of the visceral organs. There was no detailed dietary plan put in place for all the study subjects, and fecal samples were collected from the first defecation on the day. General demographic parameters and clinical symptoms of the study participants are shown in Table 1, while Supplementary Table 1 shows detailed patient clinical information.


TABLE 1. General demographic parameters and clinical manifestations.
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DNA Library Construction and Sequencing Using the BGISEQ-500 Platform

DNA was extracted from the fecal sample as previously described using the MetaHIT protocol (Qin et al., 2012). Qubit (Invitrogen) was used to estimate the DNA concentration. After DNA extraction, genomic libraries were prepared following the manufacturer’s standard instructions (MGI, China). To establish a paired-end library with the insertion of 350 bp, 500 ng DNA was used, and sequencing was performed using a BGISEQ-500 sequencer through PE100 mode (Fang et al., 2018). The 1,761.8 GB original sequencing data were deposited in the Sequence Read Archive under the accession number of PRJNA588035.



Taxonomical Analysis

All shotgun metagenomics data were handled according to the Microbiome Helper standard operating procedures (Comeau et al., 2017). FastQC tool1 was used to check the quality of raw reads of the metagenome. KneadData2 was used to trim the low-quality sequences (parameter: “SLIDINGWINDOW: 4: 20 MINLEN: 50”) and delete any unwanted human genome (HG19) reads (parameter: –very-sensitive –dovetail). The default parameters of MetaPhlAn 2.0 software (Truong et al., 2015) were used for taxonomic profiling and estimation of the reads’ abundance after processing. This software utilizes unique clade-specific marker genes to test the taxonomic clade present in the microbiome sample and estimate their relative abundance. Thus, relative abundances were multiplied by the number of sequences and rounded (Segata et al., 2011). Shannon and Chao1 indices were used to estimate α-diversity. β-Diversity was evaluated based on the Bray–Curtis dissimilarity index. The abundance of genera in all the samples was subjected to non-parametric permutational multivariate analysis of variance (PERMANOVA) to evaluate the sample cluster under various predictive factors such as disease status, gender, and age. Principal coordinate analysis (PCoA) was used to visualize the data. For PERMANOVA analysis, we used the “adonis” procedure in the vegan 2.5–4 package. Linear discriminant analysis (LDA) effect size (LEfSe) was used to identify biomarkers in the two groups. Only the taxa with p < 0.05 (Kruskal–Wallis test) and LDA score > 2 were considered to show statistically significant enrichment.

SeqKit software was used to convert fastq format to fasta format in order to evaluate the number of phages and plasmids (Bedarf et al., 2017). Further, the sensitive mode of Diamond software was used to map the reads to the ACLAME database (Leplae et al., 2010) after kneadData processing. Among them, the mapping reads with an e value < 1e-7 were considered to be valid hits. The reads’ quantity of each sample mapped to the plasmid and phage database was divided by clean reads to ensure standardization. The Mann–Whitney U test was used to test for the differences between groups in the R environment.



Enterotype Analysis

An enterotype is the objective aggregation effect of gut microbiome, which is presented in the high-dimensional feature space and is another general measure of the gut microbiome (Arumugam et al., 2011; Ding and Schloss, 2014). Jensen–Shannon divergence (JSD) distances and Partitioning Around Medoids (PAM) clustering algorithm were used for cluster analysis of all the samples based on the relative abundance of genera. The Calinski–Harabasz (CH) index was used to evaluate the optimal cluster number. The χ2 test was used to explore whether the distribution of enterotypes was influenced by disease status.



Gut Microbiome–Clinical Manifestation Correlation Analysis

Spearman correlation between the relative abundance of genera and clinical manifestation with more than 40% distribution among all patients was tested to evaluate the relationship between the gut microbiome and clinical manifestation. Only the genus with a clinical manifestation correlation parameter of p < 0.1 and ρ > 0.25 was used for visualization. This step was realized in the R environment, and the packages used included ggstatsplot (0.0.10), data.table (1.12.2), dplyr (0.8.0.1), tidyr (0.8.3), and ggplot2 (3.1.1).



Establishment of the Disease Classification Model

The RF model was established based on the relative abundance of genera of the gut microbiome in all subjects in order to confirm the features of fecal bacteria for disease classification of the metagenome samples. Leave-one-out cross-validation was used to verify the accuracy of the model (Bedarf et al., 2017; Wang et al., 2019). The number of decision trees in the RF was set to be 5,000 (ntree = 5,000), whereas the number of preselected features at each tree node was determined as the square root of the number of features minus one, and the seed was set to be 2,019,613. The variable with the strongest classification capacity was determined based on the mean decrease accuracy (MDA), and the RF model was established. Receiver operating characteristic (ROC) curve was developed, and the areas under the curve (AUCs) of ROC were calculated to evaluate the accuracy of the new criteria for disease prediction. The work was completed in R (4.6-14, RF package).



Gene Catalog Construction and Differential Gene Analysis

The assembly software MEGAHIT (v1.2.9) (Li et al., 2015) based on the principle of De Bruijn graphs was used to assemble the quality-filtered metagenomic sequences of each sample, and the obtained contigs were evaluated by QUAST (v5.0.2) (Gurevich et al., 2013). The prediction of protein-coding genes was performed using Prokka (v1.13) software (Seemann, 2014) with the “—metagenome –kingdom Archaea, Bacteria, Viruses” option. The open reading frame (ORF) of each sample was clustered using CD-HIT tool (v4.8.1) (Li et al., 2001) with parameters “-aS 0.9 -c 0.95 -G 0 -M 0 -T 9 -g 1” in order to obtain an initial non-redundant gene catalog (nrGC) with 95% sequence identity and 90% coverage. Unigene annotation was performed by running Diamond against the eggNOG database (Huerta-Cepas et al., 2019) and dbCAN2 database (Zhang et al., 2018). Salmon (v1.3.0) (Patro et al., 2017) was used to determine the relative abundances of genes in each sample successfully mapped to the initial nrGC. Protein abundances were quantified as counts per million, calculated by the raw valid counts (number of valid alignments) divided by the library sizes and multiplied by one million. Statistical analyses were performed using Statistical Analysis of Metagenomic Profiles (STAMP) (Parks et al., 2014).



Pathway Analysis

Compared with taxology analysis, functional analysis aims to quantify metabolic pathways contributed by known and characterless microbiome members (Franzosa et al., 2015). HMP Unified Metabolic Analysis Network (HUMAnN2) (Franzosa et al., 2018) directly determines the gene family abundance, metabolic pathway abundance, and metabolic pathway coverage of each sample from the read after preliminary treatment. In this study, emphasis was placed on analysis in the output of metabolic pathway abundance. STAMP software was used to identify the pathways for which statistical differences existed between groups (Parks et al., 2014). Welch t test was used to compare cases versus controls with a Storey FDR < 0.1 as a cutoff for significance.



RESULTS


Quality Metrics of Metagenomics Data

The gut microbiome of the two groups was analyzed and compared by shotgun metagenomics. After trimming and filtration using kneadData software, more than 4.05 × 109 100-bp high-quality paired-end reads were obtained, among which the total number of human reads was 4.52 × 107, accounting for 1.12%. After elimination of host contamination, the average number of reads per PD patient was 5.31 × 107 ± 1.58 × 107, and that for the SP group was 4.95 × 107 ± 2.26 × 107 (Mann–Whitney U test, p = 0.24) (Supplementary Table 2). The average number of host reads in the PD patients was 6.07 × 105 ± 1.01 × 106, and that of the SP group was 5.53 × 105 ± 1.71 × 106 (Mann–Whitney U test, p = 0.03) (Supplementary Table 2). Significant increases in host reads in PD patients may reflect alterations in intestinal permeability and pathological status.

The relative abundances in the gut microbiome were measured for each sample by MetaPhlan2. The complete information for the taxonomic levels is provided in Supplementary Table 3. The majority of the reads of the tested sample of the PD group and SP group were 98.61% ± 5.45% and 99.87% ± 0.41% (Mann–Whitney U test, p = 0.67), respectively, which were all mapped to the kingdom Bacteria. The ratio corresponding to the kingdom Virus was less than that for the kingdom Bacteria: 1.36% ± 5.42% in the PD group and 0.13% ± 0.41% in the SP group (Mann–Whitney U test, p = 0.89), whereas the kingdoms Archaea and Eukaryota were almost non-existent in the samples (Supplementary Table 3).



Differences in the Gut Microbiome

In this study, the microbiome Shannon and Chao1 indices were all analyzed at the genus and species levels, respectively. The genus Shannon (Mann–Whitney U test, p = 0.0002287) and Chao1 (Mann–Whitney U test, p = 0.007892) indices of the PD group were significantly higher than those for the SP group (Figures 1A,B). At the species level, the Shannon (Mann–Whitney U test, p = 0.02734) and Chao1 (Mann–Whitney U test, p = 0.0245) indices also showed similar trends (Figures 1C,D). The results revealed that the diversity of the gut microbiome in the PD patients was significantly higher than in the healthy group. Therefore, a higher gut microbiome Shannon and Chao1 indices may not be indicative of a healthy gut microbiome, but rather of an overgrowth of pathogenic bacteria in PD patients.
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FIGURE 1. Diversity analysis and quantity of phages and plasmids. (A,B) Shannon and Chao1 indices of the two cohorts at the genus level. (C,D) Shannon and Chao1 indices of the two cohorts at the species level. (E) PCoA analysis of Bray–Curtis dissimilarity index between samples at the genus level. The percentage of diversity explained by each axis is indicated on the figure. (F,G) Relative abundance of phages and plasmids between two groups. Asterisk represents statistical significance (*p < 0.05, ***p < 0.01).


β-Diversity was analyzed at the genus level based on the disease, age, and gender status in order to estimate community diversity between the samples, using PERMANOVA. Further, the relationship between the factors and gut microbiome composition was analyzed. Between-group differences were visualized in the PCoA using the Bray–Curtis dissimilarity. The results showed that the disease status was related to the change in the between-group gut microbiome. PCoA further revealed the separation between the healthy SP group and PD group. The resolution of the top two principal coordinates was 41.40 and 13.83%, respectively (Figure 1E). However, the effects of age and gender were independent (Supplementary Table 4). This implied that the gut microbiome dysbiosis in PD patients was mainly caused by the disease itself and was not related to age and gender.

All the clean reads were mapped to the ACLAME database and standardized to estimate the known mobile elements in the metagenome. There were no significant differences in plasmid abundance between the PD and SP groups (0.083 ± 0.052 vs. 0.073 ± 0.050, Mann–Whitney U test, p = 0.8223, Figure 1F). However, phage abundance in the PD patients was higher (0.029 ± 0.025 vs. 0.020 ± 0.014, Mann–Whitney U test, p = 0.01579, Figure 1G).



Taxonomic Changes in the Gut Microbiome

The gut microbiome was found to be mainly composed of three phyla, namely, Bacteroidetes (PD was 54.79% ± 16.42%, SP was 61.49% ± 12.88%, Mann–Whitney U test, p = 0.09), Firmicutes (PD was 28.90% ± 14.76%, SP was 30.34% ± 13.17%, Mann–Whitney U test, p = 0.47), and Proteobacteria (PD was 12.34% ± 17.36%, SP was 7.04% ± 6.82%, Mann–Whitney U test, p = 0.43) (Supplementary Figure 1). Two phyla that were present in small proportions, namely, Actinobacteria (PD was 1.54% ± 2.11%, SP was 0.56% ± 0.77%, Mann–Whitney U test, p = 0.01) and Synergistetes (PD was 2.52% ± 7.26%, SP was 0.33% ± 1.12%, Mann–Whitney U test, p = 0.01), exhibited significant differences, and the abundance in the PD group was significantly increased. These results showed that there were differences in the gut microbiome of the PD and SP groups at a high taxonomic level and that at a lower taxonomic level, corresponding changes could also be observed.

A total of 71 taxa were identified to have notable differences between groups. The LEfSe algorithm revealed differences in 1 phylum, 2 classes, 3 orders, 7 families, 14 genera, and 44 species; details are provided in Supplementary Table 5. The enrichment at the genus and species level is shown in Figures 2A,B, respectively. In the PD group, phylum Actinobacteria, class Actinobacteria, order Bifidobacteriales, family Bifidobacteriaceae, and genus Scardovia were enriched at different taxonomic levels in the same clade. In addition, class Deltaproteobacteria, order Desulfovibrionales, family Desulfovibrionaceae, genus Desulfovibrio, and genus Bilophila also showed consistent enrichment in the PD group (Figure 2C). In the SP group, family Bacteroidaceae and genus Bacteroides shared the same clade and showed a similar trend of enrichment (Figure 2C).
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FIGURE 2. The stool microbiota profile in PD and SP groups. Differential abundance of genera (A) and species (B) between PD and SP groups identified by LEfSe. (C) Cladogram of the gut microbial taxa associated with PD and SP; PD-enriched taxa are in red, and SP-enriched taxa are in green.




Enterotype Analysis

The classification of microbiome structures based on enterotypes has potential clinical significance. The existence of discrete enterotypes widely impacts on the study of microbiome-related human diseases. To date, studies have reported a phenotypic correlation between enterotypes (or major drive species) and human diseases (Qureshi and Mehler, 2013; Li et al., 2017b; Castano-Rodriguez et al., 2018; Cheng and Ning, 2019). Based on the microbiome, individualized diagnosis and treatment can be easily provided if patients are grouped according to enterotypes. In this study, all samples were divided into two clusters using the PAM clustering method (Figure 3A), and each cluster comprised PD patients and the control group (Figure 3B). The differences in enterotype discreteness between the patient and control were not statistically significant (Figure 3C, χ2 test, p = 0.1872). Enterotype 1 was dominated by genus Bacteroides, whereas enterotype 2 was dominated by the genus Prevotella (Figure 3D). Therefore, the enterotypes studied in PD should be further investigated in a larger patient population.
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FIGURE 3. Difference in community types and taxonomic biomarkers for judging health status between PD and SP. (A) CH index indicates optimal classification into two community types. (B) Plot for PCoA of enterotypes. (C) Distribution of the healthy control and PD patient samples in the two enterotypes. (D) Relative abundances of Bacteroides and Prevotella in each enterotype. (E) Top 20 MDA genera were identified by applying RF classifier. (F) The ROC curve for predicting the occurrence of PD in 78 samples. The genus abundance profile can be used to identify microbiota samples extracted from PD patients. The dotted line represents the performance of the probabilistic model, the yellow line represents the performance of top 20 MDA variables model, the blue line represents the performance of the top 10 MDA variables model, and the orange line represents the performance of all variables. Asterisk represents statistical significance (***p < 0.01).




Parkinson’s Disease Differentiation Based on the Composition of the Gut Microbiome

The RF algorithm was used to classify samples and establish a diagnostic model. One of the advantages of the RF model is that it can estimate the importance of each feature and the identification of the most important features in the classification process. Based on the measurement of the MDA, the five most important genera in the RF model were Bilophila, Scardovia, Bacteroides, Alistipes, and a novel unclassified genus of the family Ruminococcaceae. To improve the RF classifier results, the top 10 and 20 MDA variables were used as features to establish the model (Figure 3E). ROC curve and AUC were used to evaluate the performance of the binary classifier. We were able to distinguish the PD from the SP with AUC of 0.677 using all genera, whereas the AUC were 0.795 and 0.803 using the top 10 and 20 MDA variables, respectively, which improved diagnostic accuracy (Figure 3F). Therefore, based on these findings, differences in microbiome compositions can enable PD classification; furthermore, these can serve as biomarkers in PD diagnosis, prognosis, and therapeutic evaluation in central China.



Correlation Between the Relative Abundance of Genera and Clinical Manifestation

Parkinson’s disease clinical manifestations including PD duration and disease severity (UPDRS III and H&Y stage) were quantified in correlation analysis with gut microbiome composition. Based on the Spearman correlation matrix, the correlation between clinical manifestation and relative abundance in 57 genera in which the distribution of the tested samples was greater than 40% was validated. PD duration was positively correlated to Klebsiella (R2 = 0.573, p = 0.0001); a novel unclassified genus of the family Burkholderiales (R2 = 0.351, p = 0.028), Parasutterella (R2 = 0.327, p = 0.042), and Eubacterium (R2 = 0.321, p = 0.047); and a novel unclassified genus of the family Peptostreptococcaceae (R2 = 0.294, p = 0.069) and Coprobacillus (R2 = 0.279, p = 0.086) (Figure 4A). Hoehn and Yahr (H&Y) stage showed a positive correlation with Parasutterella (R2 = 0.430, p = 0.006), Klebsiella (R2 = 0.349, p = 0.030), Flavonifractor (R2 = 0.341, p = 0.034), Coprobacillus (R2 = 0.327, p = 0.042), Rothia (R2 = 0.314, p = 0.052), and Holdemania (R2 = 0.287, p = 0.076); a novel unclassified genus of the family Lachnospiraceae (R2 = 0.273, p = 0.093); and a negative correlation with Dialister (R2 = -0.291, p = 0.073) and Prevotella (R2 = -0.273, p = 0.093) (Figure 4B). UPDRS III score showed a positive correlation with a novel unclassified genus of the family Peptostreptococcaceae (R2 = 0.392, p = 0.013), Klebsiella (R2 = 0.362, p = 0.023), Holdemania (R2 = 0.361, p = 0.024), Ruminococcus (R2 = 0.300, p = 0.064), and Parasutterella (R2 = 0.296, p = 0.067) and a negative correlation with a novel unclassified genus of the family Ruminococcaceae (R2 = -0.315, p = 0.0515) and Prevotella (R2 = -0.298, p = 0.065) (Figure 4C). Based on these findings, Klebsiella and Parasutterella showed a positive correlation with PD duration and disease severity, whereas Prevotella showed a negative correlation with disease severity.
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FIGURE 4. Assessment of the correlation between gut microbiota and clinical phenotype in the PD group. (A) Correlation analysis between PD duration and the relative abundance of genera. (B) Correlation analysis between H&Y stage and the relative abundance of genera. (C) Correlation analysis between the UPDRS III score and the relative abundance of genera. The size of node represents the degree of correlation; the gradient ramp from purple to green represents the p value from larger to small values.




Significant Difference in Protein Abundance Between the Two Groups

This study aims to bridge the gap between previous 16S rRNA sequencing studies and functional studies by using high-resolution shotgun metagenomic sequencing to identify gut microbiome taxonomic and functional profiles. Given the high diversity between individuals, we performed de novo assembly on each sample independently. The data show that the total contig length is 14.24 Gb. The N50 of the PD group was 4,604 ± 1,596 bp, and the N50 of the SP group was 4,723 ± 1,782 bp (Supplementary Table 6). There was no statistical difference in the assembly results between the two groups (Mann–Whitney U test, p = 0.9761). The final non-redundant gut gene set in this study contained 3,365,331 ORFs, among which more than 100 amino acids accounted for 72.79%. All unigenes were aligned to the EggNOG Database and dbCAN2 to classify the functions of the predicted unigenes. Among them, 2,101,873(62.46%), 1,364,199(40.54%), and 301,563(8.96%) unigenes were annotated according to the Cluster of Orthologous Groups (COG) of protein database, KEGG Orthology (KO) database, and dbCAN2 database, respectively. STAMP was used to evaluate the relative enrichment of COG, KO, and carbohydrate-active enzymes (CAZymes) gene categories between the PD and control metagenomes. Enrichment analysis of COG-annotated proteins shows that transcription and secondary metabolite biosynthesis, transport, and catabolism were significantly higher in the PD patient group (Figure 5A). Based on the findings for the KO annotated proteins, 86 proteins were found to be significantly different between PD patients and controls (Figure 5B). In regard to CAZymes, the study found that GH43 was significantly reduced, whereas GH19 and CBM51 were significantly higher in PD patients (Figure 5C). The complete information is provided in Supplementary Table 7.
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FIGURE 5. Differentially abundant proteins and functional alterations between PD and SP. (A) Differences in relative abundances of COG functional categories. (B) Differences in relative abundances of KO functional categories. Only q values (false discovery rate–adjusted p value) of <0.03 are shown. (C) Differences in relative abundances of CAZyme functional categories. (D) Metagenomic profile comparisons of differentially abundant pathways between PD and SP group samples; features with q < 0.1 were considered significant and were thus retained. A positive difference between proportions denotes higher abundance in PD (red), whereas a negative difference between proportions shows higher abundance in SP (blue).




Pathway Analysis

A total of 474 biologically specific pathways (Supplementary Table 7) were identified in the two sample sets using the MetaCyc database in order to determine the differences in metabolic potential of the gut microbiome between PD patients and controls. The majority of the pathways were related to bacteria, and this was similar to the taxon results in MetaPhlAn2. PERMANOVA analysis based on the Bray–Curtis dissimilarity index showed that when the health status was used as the grouping variable, the difference in abundance of metabolic pathways distinguished the PD group from the SP group (P = 0.063, R2 = 0.039). In STAMP, 13 metabolic pathways were identified to have significant differences between the PD and SP groups (Welch t test, storey FDR q < 0.1) (Figure 5D). The L-rhamnose degradation I (RHAMCAT-PWY) and superpathway of thiamin diphosphate biosynthesis III (THISYNARA-PWY) were found to be enriched in the gut microbiome in the SP group, whereas gluconeogenesis I (GLUCONEO-PWY); L-histidine degradation I (HISDEG-PWY); superpathway of L-lysine, L-threonine, and L-methionine biosynthesis I (P4-PWY); acetyl-CoA fermentation to butanoate II (PWY-5676); superpathway of guanosine nucleotides degradation (PWY-6595); inosine-5′-phosphate biosynthesis III (PWY-7234); anaerobic energy metabolism (PWY-7383); superpathway of sulfur amino acid biosynthesis (PWY-821); aspartate superpathway (PWY0-781); gluconeogenesis III (PWY66-399); and adenosine nucleotides degradation II (SALVADEHYPOX-PWY) were found to be enriched in the PD group. These results show that there were significant differences in the generation of precursor metabolites and energies between the two groups and also in the biological synthesis of amino acids.



DISCUSSION


Main Findings

The gut microbiome is a vast and complex miniecosystem established in the human intestinal tract. It generates various metabolites that significantly affect the physiology, steady state of energy, inflammatory processes, and immunologic functions of the host, playing an important role in maintaining host health (de Clercq et al., 2016; Clavel et al., 2017; Espinoza and Minami, 2018). The advent of high-throughput sequencing technology has completely changed the understanding of the relationship between the gut microbiome and human health. In this study, the shotgun metagenomic sequencing method is used for the first time to analyze the gut microbiome in PD patients and their healthy spouses in central China. The findings reveal significant differences in the composition and function of the gut microbiome between the PD patients and their spouses. β-Diversity analysis identifies significant differences between the PD and SP groups, revealing that the differences in the gut microbiome are caused by disease status. Moreover, the bacteriophage abundance in the PD group is significantly higher than in the SP group. Therefore, the gut microbiome compositions in the PD and SP groups show significant differences at all taxonomic levels except at the kingdom level. Enterotype analysis, as one of the methods for the classification of microbial community structure, is likely to be used as an index for the evaluation of health status in the future (Hildebrand et al., 2013; Costea et al., 2018). However, no significant dispersion trend was observed between the two groups. At the genus level, the RF model, after selection of features, distinguished between the PD patients and the SP group with very high accuracy (AUC = 0.803). Correlation analysis of clinical manifestation and microbiome composition has significant value in the study of disease progression. In addition, our findings reveal differences in gene categories and microbiome metabolism, for example, branched-chain amino acid (BCAA) transport system–related proteins, GH43, and the acetyl-CoA fermentation to butanoate II pathway, which are related to the generation of precursor metabolites of SCFAs.



Analysis of the Microbiome

Previous studies comparing the gut microbiome between PD patients and the SP group have been mainly carried out at the level of genus and above because of limitations in research methods (Li et al., 2017c; Qian et al., 2018). In this study, significant differences were identified between the composition of the gut microbiome of the PD and the SP groups at all taxonomic levels except the kingdom level. Thus, our results further strengthen the “gastrointestinal hypothesis” of PD. In the following section, we focus on the differences between the two groups at family, genus, and species levels. At the family level, the PD group showed Bifidobacteriaceae enrichment. This is consistent with recent studies (Scheperjans et al., 2015; Hill-Burns et al., 2017; Hopfner et al., 2017; Lin et al., 2018). No study has reported a high abundance of Oxalobacteraceae, Desulfovibrionaceae, Rikenellaceae, and Clostridiales_Family_XI_Incertae_Sedis and a novel unclassified family of the order Clostridiales in PD. The genera enriched in PD showed evolutionary relationships with family levels to some extent; these genera were Desulfovibrio, Alistipes, Oxalobacter, Bilophila, and Scardovia. In a recent study, fecal analysis of regressive infantile autism patients by pyrosequencing technology showed that Desulfovibrio was more common among infantile autism patients relative to the control group (Finegold, 2011). Such bacteria can generate important virulence factors that can account for several pathologic features of infantile autism. Interestingly, PD patients also suffer from depression, cognitive disorders, and other non-motor symptoms (Chen et al., 2013). The genera enriched in PD that showed no evolutionary relationship included Butyricimonas, Butyrivibrio, Subdoligranulum, and Anaerotruncus. A previous study has shown that PD patients exhibit Ruminococcaceae family enrichment (Li F. et al., 2019); however, this was not the case in this study. Our results show that a novel unclassified genus of the family Ruminococcaceae was enriched in the SP group. In addition, we found that Bacteroides were enriched in the control group. Study has shown that Bacteroides can actively improve the intestinal environment, for example, by reducing intracellular oxygen levels, thereby allowing the growth of strict anaerobes (Wexler and Goodman, 2017). Of interest is that inflammation is a central component of PD pathology. Recently, there has emerged a clear understanding that several species of Bacteroides express an integrase that can rapidly recruit white blood cells to kill the immune cells that cause inflammatory bowel disease and prevent the occurrence of IBD (Hebbandi Nanjundappa et al., 2017). This study further identified PD microbial markers and established a diagnostic model from the 20 MDA biomarkers with high diagnostic accuracy. Therefore, gut microbiome analysis represents a tool for the development of targeted non-invasive biomarkers for PD diagnosis.



Key Species

It is still necessary to identify the key species in the gut microbiome that correlate with specific metabolites or disease phenotypes in order to understand the ecological interactions among them and between them and their hosts (Zhang and Zhao, 2016). We further identified enrichment of a species that has never been mentioned previously in the intestinal microbiota of PD patients, that is, Bilophila wadsworthia. This bacterium erodes the mucus layer of the colon, allowing bacterial entry into the lining cells (Ribaldone et al., 2018). A previous study has shown that the glycyl radical enzyme enhances the production of H2S by B. wadsworthia (Peck et al., 2019). H2S is highly toxicogenomic and causes ulcerative colitis and colorectal cancer (Attene-Ramos et al., 2010). This metabolite can also reduce the disulfide bond in the mucous layer of the enteric epithelium, thereby damaging the intestinal barrier (Ijssennagger et al., 2016). During aging, the increase in the permeability of the intestinal epithelium may aggravate damage to the integrity of the intestinal barrier (Camilleri et al., 2012), which could lead to PD under the combined action of several factors. Studies show that hydrogen may provide energy required for the growth of B. wadsworthia (da Silva et al., 2008). Thus, overgrowth of such bacteria may accelerate consumption of hydrogen in the intestinal tract. Notably, hydrogen gas selectively neutralizes toxic hydroxyl radicals, downregulates the expression of proinflammatory factors, and maintains cerebrovascular reactivity (Ostojic, 2018). Therefore, the changes in PD microbiome composition impact antioxidant processes in the gut.



Phage Analysis

Our study shows that phages were significantly enriched in the PD group. Currently, it is not known how phages affect the structure and function of the gut microbiome in the healthy human (Manrique et al., 2016). However, some evidence indicates that phages may reflect the health status of an individual (De Sordi et al., 2019; Hsu et al., 2019). A study found that the number of phages in the intestinal tract was significantly increased in type 2 diabetes patients, and many of these phages were of an unknown type (Ma et al., 2018). Intestinal-tract phages may have various possible roles in the pathogenic mechanism underlying PD, which provides potential novel ways to elucidate the mechanisms of the gut microbiome in PD patients.



Correlation of the Intestinal Microbiota With Clinical Manifestations of Parkinson’s Disease

In this study, some genera were related to clinical manifestations of PD, including disease duration and severity. Notably, Klebsiella and Parasutterella were positively correlated with clinical manifestations in PD, and Prevotella was negatively correlated with disease severity. Currently, there is no evidence supporting the relationship between hydrogen produced in the intestinal tract and PD. Some studies indicate that changes in the hydrogen-generating microbiome in PD may cause serious damage, compromising motor functions (Keshavarzian et al., 2015; Scheperjans et al., 2015). Our results also suggest that the abundance of hydrogen-generating Prevotella is negatively correlated with two clinical manifestations that reflect disease severity, namely, UPDRS III and H&Y stage. H2 is produced by intestinal microorganisms that may play a role in the pathogenesis of PD as a mediator of the brain–gut–microbiome axis (Ostojic, 2018). Although the data show that the correlation is not particularly strong, we believe that a trend exists. The above results may be due to the small number of participants, resulting in a certain degree of randomness. Larger population data are therefore needed for further research. In addition, this is a cross-sectional study, and a time-series study is required for further verification of the findings.



Gene Enrichment Analysis

The human body carries more than 10 times the number of microbes than human cells and 100 times more microbial genes than its own (Zhu et al., 2010; Thursby and Juge, 2017). It is the gene products of these microbiota that interact with the intestinal microecosystem, and their potential functions can provide some insights into the occurrence and development of diseases. From the results of the study, it can be observed that the function class “secondary metabolites biosynthesis, transport, and catabolism” was found to be slightly enriched in PD. It is worth noting that in KO-based annotations, BCAA transport system–related proteins increased significantly in the PD group, namely, BCAA transport system ATP-binding protein, BCAA transport system permease protein, and BCAA transport system substrate-binding protein. Valine, leucine, and isoleucine are considered essential amino acids because they cannot be synthesized de novo and must be obtained from the diet. They participate indirectly and directly in a variety of biochemical functions in the peripheral nervous system and CNS (Fernstrom, 2005; Brosnan and Brosnan, 2006; Sperringer et al., 2017). In addition, BCAAs are considered key nitrogen donors involved in interorgan and intracellular nitrogen shuttling. Although vital for normal physiological function, excessive amounts of BCAAs are considered toxic and can cause severe tissue damage, especially to the CNS, as evidenced from the neuropathology associated with maple syrup urine disease, an autosomal recessive metabolic disorder that is caused by excessive BCAA levels (Menkes et al., 1954). Studies have shown that amino acids can be used by intestinal bacteria for the production of SCFAs and BCAAs (Elsden and Hilton, 1978). Pathway analysis results showed that the amino acid synthesis pathway was enriched in the PD group. A limitation of our study is that it is observational, limiting our ability to establish a causal relationship between BCAAs and PD. If a causal relationship between BCAAs and PD can be found, PD can be prevented in the future by modulating the dietary intake and metabolism of these amino acids.

In this study, we also found that GH43 was significantly reduced in PD patients. Studies of the human gut microbiome have identified GH43 enzymes to be among the most abundant CAZymes present (El Kaoutari et al., 2013; Wu et al., 2015). It is well known that diet is a key determinant of the structure and function of intestinal communities. Phytochemicals that enter the circulatory system may be beneficial to health through the induction of stress resistance mechanisms (autophagy, DNA repair, mitochondrial biogenesis, and expression of detoxification and antioxidant enzymes) (Martel et al., 2020). The GH43 family has emerged as important in biomass deconstruction efforts, because studies have found this family in a number of plant cell wall–degrading microorganisms (Kohler et al., 2015). Generally, the carbohydrate composition in the intestine has a profound impact on and may be one of the main driving forces shaping the composition of the intestinal microbiota. The CAZyme profile reflects the adaptability of the gut microbial communities. Therefore, we evaluated the differences in the CAZyme profiles between the two groups to further clarify the possible effects of differences in protein function on physiological functions.



Pathways in Parkinson’s Disease

To explore dysbiosis of the microbiome according to taxonomic composition, we further analyzed metabolic pathways. Although 13 pathways differed between the two groups, this study focused more on SCFA production–related pathways. SCFAs, such as acetate, propionate, and butyrate, are products of dietary fiber fermentation by the gut microbiome and are thought to mediate microbiota–gut–brain communication (Dalile et al., 2019). They promote health by increasing the integrity of the enteric epithelium, specific antibody reactions, and the number of regulatory T cells in the colon (Arpaia et al., 2013; Smith et al., 2013). Of note is that a previous study found SCFAs to be sufficient for inducing α-syn pathology and microglial activation in α-syn–overexpressing mice (Sampson et al., 2016). Consistent with this, this study shows, for the first time, that the pathway by which acetyl coenzyme A is fermented to butyric acid II was enriched in PD patients. These results imply that at physiological concentrations in the intestinal tract, SCFAs may suppress inflammatory reactions.



Integration of Research in China’s Mainland

Integrating research data on PD and the microbiome in five cities of China, namely, Beijing (Li et al., 2017c), Shanghai (Qian et al., 2018), Guangzhou (Lin et al., 2018), Changchun (Li C. et al., 2019), and Jinzhou (Li F. et al., 2019) (Supplementary Table 8), revealed low microbiome overlap among regions and even contradictory results. Geographical factors exert a strong effect on the human intestinal microbiota, and this partly explains the inconsistent dysbiosis patterns reported in small-scale studies in some Chinese mainland cities. However, it is important to identify microbiota associated with cross-regional consensus risk, because consistent signals can be valuable for future research in large populations. The results of the study were consistent with those of previous studies to a certain extent. This study and the Guangzhou study (Lin et al., 2018) found that, at the family level, Desulfovibrionaceae and Bifidobacteriaceae are elevated in PD patients; at the genus level, findings for Alistipes in the Changchun study (Li C. et al., 2019) and Anaerotruncus in the Shanghai study (Qian et al., 2018) are consistent with this study and have been confirmed to be elevated in PD patients. Bacteroides has been shown to be decreased in PD patients in both the Jinzhou study (Li F. et al., 2019) and this study. Except for the impact of geographic location, this result is not surprising, given that the human microbiome is highly heterogeneous at the genomic level and varies among individuals. Several other factors may account for the different conclusions, such as the physiological state of host, selection of study subjects, sample type, experimental method, and bioinformatics analysis. In addition, none of the studies provide information on antibiotic use in early life or previous Clostridium difficile infections, which are known to have profound and long-lasting effects on gut microbiota.



CONCLUSION AND FUTURE PERSPECTIVES

In summary, in this study, we performed shotgun metagenomics analysis of the gut microbiome of PD patients in central China. To our knowledge, this is the first analysis of the PD gut microbiome in central China at the level of lower taxa. This study explains the changes in microbial composition, gene categories, and metabolic pathways based on analysis of fecal samples from PD patients. The principal objective of this study was to determine whether there is evidence for proinflammatory dysbiosis in PD. Further research is necessary to develop effective preventive and therapeutic strategies for PD based on microbiome manipulation.
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Actinorhizal plants host mutualistic symbionts of the nitrogen-fixing actinobacterial genus Frankia within nodule structures formed on their roots. Several plant-growth-promoting bacteria have also been isolated from actinorhizal root nodules, but little is known about them. We were interested investigating the in planta microbial community composition of actinorhizal root nodules using culture-independent techniques. To address this knowledge gap, 16S rRNA gene amplicon and shotgun metagenomic sequencing was performed on DNA from the nodules of Casuarina glauca. DNA was extracted from C. glauca nodules collected in three different sampling sites in Tunisia, along a gradient of aridity ranging from humid to arid. Sequencing libraries were prepared using Illumina NextEra technology and the Illumina HiSeq 2500 platform. Genome bins extracted from the metagenome were taxonomically and functionally profiled. Community structure based off preliminary 16S rRNA gene amplicon data was analyzed via the QIIME pipeline. Reconstructed genomes were comprised of members of Frankia, Micromonospora, Bacillus, Paenibacillus, Phyllobacterium, and Afipia. Frankia dominated the nodule community at the humid sampling site, while the absolute and relative prevalence of Frankia decreased at the semi-arid and arid sampling locations. Actinorhizal plants harbor similar non-Frankia plant-growth-promoting-bacteria as legumes and other plants. The data suggests that the prevalence of Frankia in the nodule community is influenced by environmental factors, with being less abundant under more arid environments.

Keywords: actinorhizal symbiosis, microbiome, endophyte, symbiont, plant-growth-promoting bacteria


INTRODUCTION

Casuarinaceae family comprises four plant genera (Allocasuarina, Casuarina, Ceuthostoma, and Gymnostoma) and approximately 86 species and 13 subspecies indigenous to Australia (Steane et al., 2003; Gtari and Dawson, 2011; Diagne et al., 2013; Normand et al., 2014) that are frequently introduced into approximately 150 tropical and subtropical countries where they play an important role for land reclamation, crop protection and as windbreaks (Diagne et al., 2013; Potgieter et al., 2014). Large-scale planting of casuarinas has proven to have a strong impact especially in China, Senegal, Egypt, and Tunisia (Gtari and Dawson, 2011). In arid and semi-arid areas, salinization of soils and groundwater is a serious problem causing a drastic reduction in agricultural production (Munns, 2005; Rengasamy, 2006)1. Over 800 million hectares of land throughout the world are salt affected. A common method for dealing with salt stress problems is to reclaim saline soils with multipurpose, fast-growing salt-tolerant tree species such as Casuarina tree. Casuarina are notable for high salt tolerance (Tani and Sasakawa, 2003) and have been used as a green barrier. Despite the applied interests, substantial global invasion consequences for Casuarina has noted in Florida and the Mascarene Islands (Potgieter et al., 2014).

Actinorhizal plants, like Casuarina, form a nitrogen-fixing symbiosis with the Actinobacteria Frankia that results in the formation of root nodule structures where the bacteria are located (Chaia et al., 2010; Normand et al., 2014). Besides Frankia, actinorhizal plants are known to associate with mycorrhizae including both ectomycorrhizal or endomycorrhizal fungi (Zhong et al., 1995; Duponnois et al., 2003; Diagne et al., 2013; Zhou et al., 2017). The symbioses with Frankia and mycorrhizae allow actinorhizal host plants to colonize harsh environmental terrains including highly contaminated, dry, poorly drained, nutrient-poor, and salinized soils (Diagne et al., 2013, 2015).

Besides Frankia, several other non-Frankia bacteria have been isolated as a by-product of Frankia isolation attempts (Ghodhbane-Gtari and Tisa, 2014). Large numbers of other bacteria were collected from these actinorhizal nodules, occupying the same microniche as Frankia. Most of these isolates were ignored or discarded as being irrelevant to the plants. However, these non-Frankia Actinobacteria have consistently been isolated from several actinorhizal plants including Casuarina (Guillén et al., 1993; Niner et al., 1996; Valdes et al., 2005; Ghodhbane-Gtari et al., 2010), and consist of Actinobacteria from Micromonospora (Valdes et al., 2005; Ghodhbane-Gtari et al., 2010), Nocardia (Ghodhbane-Gtari et al., 2010, 2019) and Streptomyces genera (Ghodhbane-Gtari et al., 2010). Similarly, non-symbiotic bacteria, such as Azospirillum, Bacillus, Pseudomonas, and Streptomyces, are known to be auxiliary bacteria in several Rhizobium-legume symbioses (Iruthayathas et al., 1983; Grimes and Mount, 1984; Li and Alexander, 1990). In this case, both wild and cultivated legume nodules are not exclusively inhabited by rhizobia, but contain diverse assemblages of non-rhizobial bacteria (Dudeja et al., 2012; Aserse et al., 2013; Martínez-Hidalgo and Hirsch, 2017). These nodule non-rhizobial communities may be influenced more by soil type rather plant genotype (Leite et al., 2017).

During the last decade, culture-dependent and –independent approaches have been used to intensively investigate these effects. For legume nodules, rhizobial, and non-rhizobial endophytes communities have been initiated (Martínez-Hidalgo and Hirsch, 2017; Zhang et al., 2018; Mayhood and Mirza, 2021), but very little is known about microbial communities and their structure associated with actinorhizal nodules. Endophytic bacteria can be found between cells, while others are associated in an intimate relation with the plant. For that intimate association to occur, complex relationships are required during the colonization of plant tissues. Plant endophytes are described as having the ability to restrain pathogen infection, to accelerate seedling emergence, and to promote plant growth. Thus, they can be considered as biocontrol agents (Ryan et al., 2008; Eljounaidi et al., 2016; Santoyo et al., 2016).

In this study, we investigated the structure and function of bacterial communities found in Casuarina glauca nodules and associated rhizosphere soils and bulk soils from three different bioclimates in Tunisia. We used both high-throughput amplicon (targeting of the 16S rRNA gene) and whole metagenome shotgun sequencing of C. glauca nodules found from the different bioclimates: humid, semi-arid and arid condition. For comparative purposes, high-throughput amplicon sequencing was performed on rhizosphere soils, and bulk soils for these three sites.



MATERIALS AND METHODS


Sampling

Samples of Casuarina glauca root nodules, rhizosphere, and bulk soils. Samples were collected in February 2015 from three sites in Tunisia that represented different bioclimatic regions (Figure 1). Sample sites were in Tamra (37°3′26″ N 9°14′17″ E), Sidi Bouzid (35°2′ 7.58″ N 9° 29′2.18″ E), and Medenine (33°21′17′′ N 10°30′19′′ E), representing Mediterranean-humid, semi-arid and arid bioclimatic regions, respectively. Three to four root nodules were used for each replicate and three replicate samples were taken for each site. For the soil and rhizosphere samples, triplicate samples of 5 g soil were collected from each site. Bulk soil was soil that was not in contact with the root system of any plant. Rhizosphere soil was collected by removing organic litter and 15 cm of the surrounding soil from around the C. glauca roots. Soil that was attached to roots after removal of the surrounding soil was collected. The samples were placed in sterile plastic tubes and stored at −20°C until analysis. DNA extractions were performed within 24 h of sampling.
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FIGURE 1. Map and schematic of amplicon survey sampling design: For each sample type from each site, 3 replicates were sampled. Modified from Hénia (2008).




DNA Extractions

For the rhizosphere and bulk soil samples, genomic DNA (gDNA) was extracted from 0.5 g of soil using the Qiagen DNA extraction kit as described previously (Ghodhbane-Gtari et al., 2010, 2014). For the C. glauca root nodule samples, three to four nodules were used per gDNA extraction and nodules were surface sterilized as described previously (Ghodhbane-Gtari et al., 2019). Root nodules were thoroughly rinsed with water. Surface sterilization conducted by shaking in 30% (v/v) H2O2 for 30 min. Sterilized nodules were rinsed thoroughly several times with sterile water. The final wash liquid was tested for microbial growth and only nodules resulting in a sterile final washing liquid were further considered for DNA extraction. The nodule was then aseptically powdered in liquid nitrogen using a sterile mortar and the resulting powder was used for DNA extraction using Qiagen DNA Plant Mini-kit following the manufacturer’s protocol.



Amplicon and Whole Genome Shotgun Sequencing

To investigate the prokaryotic community profiles of different DNA extracted, sequences corresponding to the V4 hypervariable region the 16S subunit rRNA gene were amplified by PCR using the Earth Microbiome Project 515F/806R universal primers under conditions described previously (Caporaso et al., 2012). For each sample, triplicate amplifications were performed. The triplicates were pooled, and all samples were normalized to equal DNA concentrations. Paired-end sequencing of the amplification product was performed using the Illumina HiSeq 2500 platform at the Hubbard Center for Genome Studies (University of New Hampshire, Durham, NH, United States). Read lengths of 250 bp were obtained and processed as described below.

To generate metagenomes for the C. glauca root nodule samples, whole genome shotgun sequencing was performed. Sequencing libraries for the samples were prepared using the Illumina NextEra Library Preparation protocol according to the manufacturer’s instructions and were sequenced on an Illumina HiSeq 2500. The same triplicate nodule DNA extractions were used for both the metabarcoding and metagenome shotgun sequencing methods, and metagenome libraries for both methods were sequenced at 150 bp read lengths at the Hubbard Center for Genome Studies (University of New Hampshire, Durham, NH, United States).



Amplicon Sequence Data Processing

The 16S rRNA gene amplicon sequences for each sample were initially processed with Quantitative Insights into Microbial Ecology (QIIME) pipeline (Caporaso et al., 2010b). Paired-end reads were joined using Fastq-join (Aronesty, 2011). Paired-end reads were truncated from positions where nucleotides received a Phred score of 20 or less. Reads with more than three consecutive low-quality nucleotides were discarded. Reads with less than 75% high-quality base-call scores were also discarded. This processing resulted in a total of 176,319 reads with an average length of 253 base pairs.

The reads were clustered as described in the open reference-based protocol provided in QIIME (version 1.9.0-dev) (Rideout et al., 2014). OTUs were clustered by UCLUST, using a 97% percent identity threshold to define an OTU (Edgar, 2010). Taxonomy was assigned to each OTU cluster using the UCLUST consensus taxonomy assigner by aligning the centroid sequence of each cluster to the Green Genes 13_8 rRNA database with PyNAST (DeSantis et al., 2006; Caporaso et al., 2010a; Edgar, 2010). OTUs that were unable to be aligned to the Green Genes 13_8 database were excluded from downstream analysis. OTUs that only contained one sequence (singletons) were also excluded from downstream analysis. The resulting OTU tables were filtered to exclude all unassigned sequences, and sequences that assigned to mitochondrial or chloroplast taxonomy.



Data Normalization

The OTU table resulting from the process above was rarified to an equal sampling depth based on the smallest library size (1,762 reads) by random sub-sampling of all samples. Alternatively, Cumulative Sum Scaling (CSS), available through the metagenomeSeq R package and facilitated through QIIME, was used to normalize the OTU table (Paulson et al., 2013). Because choice of normalization method has been shown to effect downstream analysis (McMurdie and Holmes, 2014), both methods were used to compare results of normalization techniques. For Alpha diversity analysis, the original OTU table was converted to closed-reference format and corrected for variation in 16S rRNA copy number using the online Galaxy server version of PICRUSt (Langille et al., 2013). This correction was also performed on CSS normalized OTU tables and raw OTU tables in order to assess effects on ordination results.



Amplicon Sequence Data Analysis

Alpha diversity for each sample was calculated based on the Shannon Diversity Index (Shannon, 1948) and significant differences in diversity based on sample type (Nodule, Rhizosphere, or Soil) were determined using ANOVA and the t-test in Microsoft Excel. Alpha diversity was also calculated in the similar manner for nodule samples from individual sampling locations. Community beta diversity among samples was measured by the UniFrac distance (Lozupone and Knight, 2005). Both the weighted (quantitative) and unweighted (qualitative) versions of the distance metric were used. Both of these metrics can yield different but complementary results from the same dataset (Lozupone et al., 2007). Distance matrices produced using these metrics were ordinated using Principle Coordinates Analysis (PCoA). Ordinations were created for distance matrices produced by CSS (for both 16S copy number corrected and not corrected), for raw OTU tables with 16S operon copy number correction and for evenly rarefied OTU tables.

Jackknifing, which is the repeated subsampling of a dataset, was used to determine the confidence level in Beta diversity analysis. This technique was performed by randomly subsampling 100 sequences per sample from the rarefied OTU table. For each subsampling, an Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree was created using the unweighted UniFrac distance matric between samples, based on those 100 randomly subsampled reads. This process was repeated 100 times. A consensus tree was built from the 100 trees with jackknife values for each node representing the number of times, out of the 100 jackknifed trees, that the consensus configuration was observed.

Nodule samples were analyzed by two-way cluster analysis to investigate the difference in nodule community structure across the environmental gradient in the sampling design. An OTU table was constructed that was corrected for 16S operon copy number abundance by PICRUSt and summarized to relative abundance at the genus level. The samples were grouped by hierarchical clustering using the average linkage method. The Bray-Curtis distance between each sample based on taxonomic composition was used for sample clustering. The taxa were clustered by their abundance patterns across samples using the Bray-Curtis distance between metric. Clustering was performed using the data for all genera present. However, for visualization purposes, only taxa that made up greater than 1% of the community were displayed.

Multi-Response Permutation Procedures (MRPP) were performed to determine if there were significant differences in phylogenetic distances based on the sample type (Nodule, Soil, or Rhizosphere). MRPP analysis was performed in R (Version 3.2.1) using the Vegan Library (Oksanen et al., 2016). MRPP To determine if nodules formed a statistically significant group based on the weighted and unweighted UniFrac distance matrices, the samples were partitioned into two categories, nodule (n = 9) and non-nodule (n = 18). Significance was calculated by permutation of the distance matrices 999 times to determine if the groups had within-group distances that were different to what would be expected by chance. All MRPP analysis was performed on the weighted and unweighted UniFrac distance matrices produced by the different normalization methods described previously (Lozupone et al., 2007; McMurdie and Holmes, 2014).

Soil and Rhizosphere samples were analyzed to test the hypothesis that C. glauca maintains a unique microbial community within the rhizosphere at the different sampling locations. Soil (n = 9) and Rhizosphere (n = 9) samples from all sites were pooled together and analyzed independently of nodule samples in the same fashion as described above. To determine if there were significant groupings between soil and rhizosphere by climate type, the soil and rhizosphere samples were grouped into a humid group (n = 6) and non-humid group (n = 18). MRPP was performed as above with this grouping using the unweighted UniFrac distance matrix. This metric calculates phylogenetic distance between samples based off of the presence or absence of taxa and is thus useful for identifying differences between samples that come from environments that host distinct communities.



Metagenome Assembly and Analysis


Sequencing Reads Preparation and Assembly

Trimmomatic was used to remove Nextera adapters and filter the raw reads based on quality (Bolger et al., 2014). The following parameters were used. Three base-pairs were trimmed from the tailing and leading ends of each read. The reads were scanned with a sliding window of four base-pairs, and sections of reads were discarded when the average quality score of the base-pairs was below 15. After this process, only reads that retained a minimum length of 36 base pairs were used for downstream processes. Of these resulting reads, only reads that retained both forward and reverse pairs were used for assembly.

In order to perform differential coverage binning of draft genomes, the read sets from each of the three sampling locations were combined in silico and a composite co-assembly was created. SPAdes (version 3.6.0) was used to assemble the combined reads using the metagenomic setting, without error correction (Bankevich et al., 2012). The assembly process used Khmer lengths of 22, 33, and 55 to produce the final assembled contigs.



Binning

Metagenomic Assembled Genomes (MAGs) of individual members of the metagenomic community were binned using the mmgenome package (Albertsen et al., 2013) for R2 using the Rstudio IDE3. This package facilitates distinguishing individual genomes from metagenomes primarily by the unique coverage values of assembled sequences belonging to organisms present in multiple samples, but at different abundances. Coverage values for each contig per-site was performed by individually aligning each read-set to the co-assembled contigs using the Bowtie2 alignment tool (Version 2.2.5) (Langmead and Salzberg, 2012). The resulting Sequence Alignment Map (SAM) files were converted to binary format and sorted to the left-most coordinates on the assembled sequences and depth of coverage per-base was calculated using SAMtools (Version: 0.1.19-96b5f2294a) (Li et al., 2009). The resulting files containing coverage per-base per-contig were converted to average coverage per-contig scripts in the Mmgenome package.

Additional information for assembled contigs was generated following the workflow as described by the mmgenome package developers (Albertsen et al., 2013). Open Reading Frames (ORFs) within the assembled metagenomic contigs were predicted and translated to amino acid sequence using the metagenomic setting of Prodigal (Version 2.6.2) (Hyatt et al., 2010). The translated amino acid fasta file of predicted ORFs was searched against Hidden Markov Models (HMMs) of 111 essential prokaryotic single copy genes provided in the mmgenome package using hmmsearch (Eddy, 1998). ORFs identified as essential genes were extracted from the co-assembly using Perl scripts provided by the mmgenome package.



Taxonomic Classification

Taxonomic information was assigned to each ORF identified as essential gene by searching against the RefSeq protein database using BlastP with an E value cutoff of 1e–5, with five maximum target sequences. The resulting BlastP output in XML format was uploaded into MEGAN (Version 5) (Huson et al., 2007). The Lowest Common Ancestor (LCA) algorithm was used to make a consensus taxonomic assignment for each ORF based off of the top five BlastP hits using the following settings: Top Percent = 5, Minimum Support = 1, Rank = Species. The resulting file was parsed using the hmm.majority.vote.pl script to derive a consensus taxonomic assignment for each assembled contig based off of the taxonomy of the ORFs that it contains.

The coverage and taxonomic information produced above was loaded into the Rstudio environment along with the composite metagenomic co-assembly using BioStrings4. The GC content and tetranucleotide frequency distribution of each assembled contig was calculated using the mmgenome R package. A principle component analysis (PCA) of normalized tetranucleotide frequencies of all contigs was performed in R using the mmgenome package. The composite co-assembly was visualized in Rstudio and binning was performed using the tools available in the mmgenome R package. The data that was produced as described above and accompanying rmarkdown files allow the reproduction of the binned draft genomes.



Functional Annotation

Reads from each site were assembled individually using SPAdes-3.6.0 using the metagenomic setting (Bankevich et al., 2012). The resulting assembled contigs were annotated using the Prokka annotation pipeline using the metagenomic settings (Seemann, 2014).




Calculation of Coverage and Relative Abundance

Coverage profiles of individual genomes with PCR duplicates removed were calculated to compare genome coverages at different sites. Reads were aligned to the metagenome assembly using the Bowtie2 alignment tool (Version 2.2.5) (Langmead and Salzberg, 2012). The SAM file resulting from alignment with Bowtie2 was converted to BAM format. The aligned reads were sorted to the left-most coordinate on the indexed metagenome assembly using SAMtools (Version: 0.1.19-96b5f2294a) (Li et al., 2009). Duplicate reads were removed using Picard Tools MarkDuplicates5. Coverage for the contigs was calculated from the resulting SAM file using Bedtools (v2.17.0) (Quinlan and Hall, 2010). The coverage calculations per-contig were averaged for all the contigs within a given genome bin. The average coverage for the entire genome was normalized by the amount of reads per data set corresponding to the different sampling sites. The percentage of the given read sets that aligned to plant-derived DNA was used to normalize each genome coverage value based on the differing amounts of plant-derived DNA in the different read sets.

The read sets, with plant-derived reads removed, were aligned to the Frankia genome using Bowtie2. The percentage of the reads that aligned to the Frankia genome bin were recorded from the standard output statistics in order to compare the relative abundance of Frankia in the shotgun data in comparison to the replicated amplicon data.



Mining of Metagenome for Plant-Growth-Promoting Genes and Secondary Metabolites

The Genome Feature File (GFF) produced by Prokka was parsed using a custom python script to evaluate the presence and taxonomy of plant-growth-promoting genes and genes involved in cellulose, chitin, and pectin degradation within the nodule community. Genes known for plant auxin production (Indole acetic acid and Phenyl acetic acid), phosphate solubilization (alkaline phosphatases and phytases), ACC Deaminase activity and degradation of chitin, cellulose and pectin were identified for each of the three data sets. The presence of these enzymes was identified by parsing the GFF file for the Enzyme Commission (EC) number assigned to a given ORF by the Prokka pipeline. Enzymes that were identified by their EC numbers were annotated by aligning the amino acid sequence of the entry against the RefSeq protein database using BlastP with an E value cutoff of 1e–5 and a maximum output of five entries. Cladograms of the BlastP output were constructed using the Lowest Common Ancestor (LCA) algorithm in MEGAN (Version 5.0) using the following settings: Top Percent = 5, Minimum Support = 1, Rank = Genus. A summary of the EC numbers used in this analysis is in Supplementary Tables 1–3. The antiSMASH pipeline (version 3.0) was used to identify secondary metabolites in the binned genomes (Weber et al., 2015). antiSMASH was run using the metagenomic setting to improve gene prediction for highly fragmented metagenomic assemblies.




RESULTS


Diversity of the Casuarina Nodule Community and Surrounding Soil

Three distinct sites in Tunisia (Figure 1) were chosen to assess the effect of environmental conditions on the microbial community structure and diversity for Casuarina nodules, rhizosphere and surrounding soil. These sites represented a humid well-developed forest at Tamra, a semi-arid, poorly evolved saline soils of Sidi Bouzid and an arid, poorly evolved saline soils of Medenine. Figure 2 shows representative Casuarina stands from each of these sites and nodules from those stands. There were no obvious differences in nodule shape or size among the three sites and the plants exhibited the same level of general health.
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FIGURE 2. Photograph of Casuarina tree stands at the sampling and representative nodules for those trees.


Preprocessing of the 16S rRNA gene amplicon sequences resulted in a total of 7,855 OTUs from the 149,879 paired reads. Individual library sizes ranged from 1,762 to 11,542 reads per sample, with a mean of 5,551 reads per sample. Rarefaction plots were performed in order to estimate the completeness of community sampling at the sequencing depth performed. The rarefaction plots for average observed OTUs per sample type is shown in Supplementary Figure 1. These plots show that the nodule samples were sequenced close to saturation, while increased sequencing depth could improve the documentation of rare OTUs for rhizosphere and soil samples.



Alpha Diversity

The Shannon Diversity Index (SDI) was used to measure alpha diversity. This metric was measured on the relative abundance after correction for 16S operon copy number. Diversity measures were grouped by sample type and are as follows; Nodules: 4.47 ± 2.29 (SD), Rhizosphere: 9.33 ± 0.233 (SD) and Soil: 9.52 ± 0.69 (SD), displayed in Supplementary Figure 2A. The alpha diversity was significantly less for nodules than for rhizosphere and soil samples (Students t-test, p = 0.00001). Alpha diversity was calculated for the nodule samples at the three different samples locations. Nodules from Tamra had an average SDI of 2.28 (SD = 0.584), nodules from Sidi Bouzid had an average SDI of 7.32 (SD = 0.389) and nodules from Medenine had an SDI of 3.82 (SD = 0.394) (Supplementary Figure 2B).

After correction for 16S operon copy number, the relative abundance of taxa present in the root nodules was analyzed. At the humid sampling site, the relative abundance of Frankia was an average of 80% of the nodule community. This prevalence dropped to 1.5% and 0.5% and the semi-arid and arid sampling sites, respectively. These data are like the shotgun sequencing data (Supplementary Figure 3), where reads mapping to the binned Frankia genome comprised 60% of the humid site read set and that level dropped to 1.71% and 1.63% for the semi-arid and arid sampling sites, respectively. Supplementary Figure 3 shows the relative abundance of Frankia at the three sampling sites using the shotgun and amplicon data. Figure 3A gives a taxonomic summary of the nodule samples at the class level. The taxonomic summary of the rhizosphere and bulk soils is shown in Figure 3B.
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FIGURE 3. Class level taxonomic summary of nodule, Rhizosphere and soil samples. (A) Nodules grouped by site. The relative abundance of the nodule samples was summarized at the class level after corrected for 16S operon copy number variation. The humid and arid samples are significantly less diverse than the semi-arid samples, as can be seen in (A). This can be seen here, as the humid site is dominated by Actinobacteria (the genus Frankia), and the arid site is dominated by Acinetobacter and Pseudomonas. (B) Rhizosphere and soil samples grouped by sampling site. These charts show relative abundance of taxa at the class level after correction for 16S operon copy number.




Beta Diversity

Beta diversity was analyzed by measuring the weighted and unweighted UniFrac distances (Lozupone and Knight, 2005). An Unweighted Pair Ground Method with Arithmetic Mean (UPGMA) consensus tree was built from the unweighted UniFrac distance matrix (Figure 4). Numbers on the nodes of the tree represent the percentage of trees out of 100 bootstrapped trees that had the configuration of the final consensus tree. The grouping on the tree shows that nodule samples from all sites form one clade when analyzed by the presence or absence of taxa in the samples, after removing one outlier (Sample ID: N3SIDI). This result shows that although the relative abundance of taxa within the nodule differed from sampling location (Figure 3 and Supplementary Figure 3), the nodules are distinct based on what taxa they host when compared to the soil and rhizosphere samples. The rhizosphere and soil primarily cluster based off the sampling location, this trend is also evident in ordinations of the data using the unweighted UniFrac distance metric (Supplementary Figure 4).
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FIGURE 4. Unweighted pair group method with Arithmetic Mean (UPGMA) Consensus Tree. The tree was constructed from the rarefied unweighted UniFrac distance Matrix. The consensus tree was built by creating 100 trees from 100 randomly subsampled reads from each sample. The numbers on the nodes represent the percentage of the 100 trees that conformed to this configuration. The red box outlines that all nodule samples form one cluster on the tree. The other clades on the tree show that the soil and rhizosphere communities cluster mostly by sampling site.


The beta diversity distance matrices were ordinated using PCoA. Distance matrices were constructed using the weighted and unweighted UniFrac distances on OTU tables that had been normalized by rarefaction, a raw OTU table with ribosomal operon copy number correction and by cumulative sum-scaling (with and without ribosomal operon copy number correction). PCoA ordinations of these distance matrixes can be seen in Figure 5 and Supplementary Figures 4, 5. For the sake of clarity, Figure 5 represents weighted UniFrac distances normalized by cumulative sum-scaling without ribosomal operon copy number correction. All of the methods gave similar results (Supplementary Figure 4). In all ordinations, nodule samples are separated from the soil and rhizosphere samples along the first Principal Coordinate, which explains the most phylogenetic variation in the data. Multi-response Permutation Procedures (MRPP) agreed with the results seen in the UPGMA tree, with significant grouping of nodules for every normalization type using the both forms of the UniFrac distance metric. Supplementary Table 4 summarizes the chance-corrected results of the MRPP analysis. The A Statistics, the chance-corrected within-group agreement, is a value between 1 and 0 that describes the within-group heterogeneity of a given group. If all samples in a group are identical A = 1, if the heterogeneity in a group is equal to what would be expected by chance A = 0 (Mielke and Kenneth, 2007).
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FIGURE 5. Principal coordinates ordination of CSS normalized UniFrac distance matrices: Ordinations where normalized using Cumulative Sum Scaling. Ordinations was made using the weighted UniFrac distance. Symbols represent: nodules (•), rhizosphere (■), and soil (▲). For all ordinations MRPP showed a statistically significant grouping of the nodule samples, as outlined in Supplementary Table 4.




Nodule Analysis

The results of the UPGMA Tree (Figure 4) and the PCoA ordinations (Figure 5 and Supplementary Figures 4, 5) show that nodules host a distinct prokaryotic community compared to the soil and rhizosphere samples. Ordination and MRPP results show that this grouping is statistically significant whether the unweighted UniFrac or weighted UniFrac is used.

Nodules form a distinct group based on the taxa they host, but the relative composition of this group of taxa changes drastically along the environmental gradient sampled (Figure 3A). In Figure 5, the ordinations show the grouping of nodule samples by location along the second principal coordinate, which explains the second largest amount of taxonomic variation in the dataset.



Rhizosphere and Soil Analysis

To understand differences in the rhizosphere and soil communities across the sampling sites, these samples were analyzed separately from the nodule samples. Rhizosphere soils from all sites were analyzed as one sample category to test the hypothesis that C. glauca hosts a distinct microbial community within the rhizosphere across environmental gradients. When soil and rhizosphere samples from all sites were grouped together by type, the MRPP results were inconsistent in their significance, depending on the OTU table normalization strategy. A summary of these results is found in Supplementary Table 5. Statistical significance (P < 0.05) was only observed with the evenly rarefied OTU table and the raw OUT table that corrected for 16S operon copy number Variation. Ordinations of these data (Supplementary Figures 4, 5) show that the rhizosphere and soil samples formed two clusters only on the raw OTU table and the evenly rarefied OTU table. CSS normalization produces different results with the soil and rhizosphere samples not forming distinct groups.

The ordinations using the unweighted UniFrac distance, which considers the presence and absence of taxa, show that soil and rhizosphere samples clustered based on climate. When the data is ordinated using this metric, two distinct clusters of rhizosphere and soil samples formed Supplementary Figure 6. These clusters correspond to the humid sampling site (Tamra) and the two arid sampling sites (Sidi Bouzid and Medenine). For all normalization types, a significant grouping was identified by MRPP (Supplementary Table 6), showing that the environmental conditions significantly change the taxa present between the humid and arid soils that were sampled. A taxonomic summary of these samples at the class level are presented in Figure 3B.



Shotgun Metagenomic Sequencing

Quality filtering of shotgun metagenomic reads resulted in a total of 83,027,118 paired end reads. The library for Sites 1, 2, and 3 were comprised of 33,051,352, 34,239,886, and 15,735,880 reads, respectively. In silico co-assembly of the reads resulted in an assembly contained 3,153,711 contigs totaling 56,964,841 base pairs in length. The statistics for the assembly produced by Quast (Gurevich et al., 2013) are outlined in Supplementary Table 7.



Metagenomic Assembled Genomes Reconstructed Using Differential Coverage Binning

Seven predominant genomes were binned using the mmgenome R package. A plot of the metagenomic assembly can be seen in Figure 6A. The binned genomes were identified being in the genera Frankia, Micromonospora, Bacillus (two isolates), Phyllobacterium, Paenibacillus, and Afipia.
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FIGURE 6. (A) Plot of metagenomic contigs larger than 5 kbp produced by the mmgenome R Package. The seven dominant genomes that were binned using the mmgenome R package are labeled with their annotated genus. The purple and black cluster in the center of the image are contigs derived from C. glauca DNA. (B) Normalized genome coverage of genome bins. Reads from each of the three sampling sites were aligned to the co-assembled contigs. SAMtools was used to sort and index the coordinates of the aligned reads and Picard MarkDuplicates was used to remove duplicate reads with identical coordinates. Bedtools was then used to calculate coverage per contig per site. Coverage values were normalized by millions of reads per data set and the relative amount of plant DNA that comprised each data set.


Two of the binned genomes annotated to the phylum Actinobacteria. The first genome bin contained 4,111 ORFs that annotated to the genus Frankia. The annotations for the ORFs in this bin had top hits on many of the Frankia clade 1c Casuarina infective strains. The most top annotations that hit on a single sequenced strain was 775 of the 4,111 ORFs annotated to Frankia sp. BMG5.23, a salt-tolerant Tunisian isolate (Ghodhbane-Gtari et al., 2014). Reads mapping to the binned Frankia draft genome comprised 60% of the reads in from the humid sampling site, Tamra. Of the reads from semiarid Sidi Bouzid and arid Gabes, 1.7% and 1.6% of the reads mapped to the Frankia genome bin, respectively. Genome bin two resulted in an assembly that contained 6,522 ORFs with 6,053 annotating to the genus Micromonospora. The ORFs that annotated to Micromonospora were mainly comprised of annotations to Micromonospora purpureochromogenes, with 4,565 ORFs. Three genomes that were binned annotated to the phylum Firmicutes. The first contained 6,268 ORFs with 5,866 of them annotating to the genus Paenibacillus. The second Firmicutes genome bin contained 4,275 ORFs, 4,060 of which annotated to the genus Bacillus. Of those ORFs annotating to the genus Bacillus, 3,416 of them annotated to B. simplex. The last Firmicutes genome had 4,215 ORFs that also annotated to the genus Bacillus with 3,313 of them annotating to B. aquimaris and 569 annotating to B. vietnamensis. Two of the binned genomes annotated to the phylum proteobacteria. The first binned genome contained 4,370 ORFs that annotated to the genus Afipia. The second proteobacteria genome bin contained 3,068 ORFs that annotated to the genus Phyllobacterium. General genome characteristics of the binned genomes are summarized in Table 1.


TABLE 1. General assembly characteristics of each binned genome.
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Coverage Values for Genome Bins

Genome coverage for binned genomes was calculated in order to compare coverage patterns across sites to the replicated 16S rRNA gene amplicon survey. The only binned genome which followed the same patterns as the replicated analysis was the genome bin that annotated as a member of Frankia (Figure 6A) compared to the relative abundance of Frankia between the two datasets. For those calculations, reads that aligned to plant-derived DNA was first removed. The resulting read sets for each site were aligned to the reassembled Frankia genome bin using Bowtie2. The percentage of those reads that aligned to the genome bin was recorded. The Frankia genome bin was the dominant member of the humid site, but coverage values were much lower for the semi-arid and arid sampling sites (Figure 6B).



Secondary Metabolites Identified in Binned Genomes

The MAGs reconstructed from the metagenomic dataset were analyzed for the presence of secondary metabolite biosynthetic pathways using AnitSMASH (Weber et al., 2015). The secondary metabolite biosynthetic clusters that were identified in the binned genomes are outlined in Table 2. Predicted biosynthetic clusters from the binned genomes were predicted to produce siderophores, terpenes, non-ribosomal peptide synthases and other secondary metabolites. The genome Frankia and Micromonospora genome bins contained the most secondary metabolite biosynthetic clusters about 25 for each bin genome, although only clusters which have a predicted product are listed here.


TABLE 2. Secondary metabolite biosynthetic gene clusters identified each genome bin by antiSMASH.
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Functional Mining of Metagenomes

The shotgun metagenomic data was mined for genes of interest with potential functional importance to the actinorhizal symbiosis and C. glauca health. Genes potentially responsible for plant–growth-promoting traits were mined from GFF files produced by the Prokka Annotation pipeline (Seemann, 2014). Figures 7–9 show the results of this analysis as outlined by site. Cladograms for the taxonomy of the genes identified are presented. The number of genes for each function is reported in each figure. The sampling sites 1, 2, and 3 had 159, 183, and 202 genes of interest, respectively. Since shotgun sequencing was not performed with replicates, these results are presented qualitatively as presence or absence data.
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FIGURE 7. Cladograms of functional genes from Site 1 (Tamra), that were produced by the LCA Algorithm in MEGAN (Version 5). The sizes of colored circles represent that relative contribution of a taxa to the functional genes analyzed in a given cladogram. Numbers in Brackets represent the number of genes that were annotated to a given taxon for that set of genes. (A) Potential indole acetic acid biosynthetic genes. Total genes, 24. (B) Cellulose degrading genes. Total genes identified, 89. (C) Alkaline phosphatase genes. Total genes identified, 26. (D) ACC deaminase genes. Total genes Identified, 2. (E) Chitin degrading genes. Total genes identified, 14. (F) Pectinase genes. Total genes identified, 2. (G) Phytase genes. Total genes identified, 2.
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FIGURE 8. Cladograms of functional genes from Site 2 (Sidi Bouzid), that were produced by the LCA Algorithm in MEGAN (Version 5). The sizes of colored circles represent that relative contribution of a taxa to the functional genes analyzed in a given cladogram. Numbers in Brackets represent that number of genes that annotated to a given taxon for that set of genes. (A) Phytase genes. Total genes identified, 8. (B) Pectinase enzymes. Total genes identified, 5. (C) ACC deaminase genes. Total genes identified, 3. (D) Potential indole acetic acid biosynthesis genes. Total genes identified, 27. (E) Cellulose degrading enzymes. Total genes identified, 97. (F) Chitin degrading enzymes. Total genes identified, 25. (G) Potential phenyl acetic acid biosynthesis genes. Total genes identified, 3. (H) Alkaline phosphatase genes. Total genes identified, 15.
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FIGURE 9. Cladograms of functional genes from Site 3 (Medenine), that were produced by the LCA Algorithm in MEGAN (Version 5). The sizes of colored circles represent that relative contribution of a taxa to the functional genes analyzed in a given cladogram. Numbers in Brackets represent that actual number of genes that annotated to a given taxon for that set of genes. (A) Cellulose degrading genes. Total genes identified, 108. (B) Alkaline phosphatase genes. Total genes identified, 19. (C) Potential indole acetic acid biosynthetic genes. Total genes identified, 30. (D) Potential phenyl acetic acid biosynthesis genes. Total genes identified, 5. (E) ACC deaminase genes. Total genes identified, 6. (F) Chitin degrading genes. Total genes identified, 24. (G) Pectinase genes. Total genes identified, 8. (H) Phytase genes. Total genes identified, 2.





DISCUSSION


Prominent Microbial Groups of Nodules, Rhizosphere, and Soil Associated to Casuarina glauca

The 16S rRNA gene amplicon analysis of the taxonomic community in nodules showed that they were largely dominated by Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria (Figure 3). The remaining sequences matched with Bacilli, Planctomycetia and Deltaproteobacteria. A remarkable change in microbial community dominance was observed across climate stages. In the humid climate zone, represented by Tamra site, Actinobacteria was the most dominant class, while the semiarid (Sidi Bouzid) and arid (Medenine) environments had Alphaproteobacteria and Gammaproteobacteria, respectively, as the most prominent class. This result was surprising because Frankia is Actinobacteria and would be expected to dominate the nodule environment.

However, the relative abundance of Frankia was drastically affected by the environmental gradient. Nodule occupancy was highest (80%) in plants at the Tamra (humid zone); but was drastically reduced in nodules from the semi-arid Sidi Bouzid (1.5%) and arid Medenine (0.5%). One possible explanation of this phenomenon is that the physical and chemical characteristics of semi-arid and arid environments are not beneficial for the maintenance of the actinorhizal symbiosis or Frankia persistence. Soils in the semi-arid and arid regions of Tunisia are poorly evolved calcareous soils (Mtimet, 2001). In these soils, phosphorous is known to be immobilized by formation of complexes with calcium cations (Tunesi et al., 1999). Low phosphorus levels decrease the frequency of C. cunninghamiana nodulation by Frankia (Yang, 1995) and nodule weight of Frankia-C. equisetifolia (Sanginga et al., 1989). Similarly, drying and heat are known to decrease the ability of some Frankia strains to infect C. equisetifolia (Sayed, 2011). Dryness, high temperature and low levels of available phosphorous are characteristics of soils in arid environments and these factors could be influencing the low abundance and absence of Frankia in nodules at these environments. Detecting Casuarina infective clades of Frankia through plant-trapping assays have proven difficult (Gtari et al., 2002, 2007) and the scarcity of detection of Casuarinaceae-infective Frankia outside of the plants native range has been demonstrated (Mirza et al., 2007). One possible explanation is that Casuarina-infective Frankia are more persistent in humid environments that are more similar to the riparian habitat that is preferred by Casuarina within their host range. These results are congruent with the need for intentional inoculation with a compatible Frankia strain necessary for nodulation in some land reclamation projects in Africa (Gauthier et al., 1985). However, this reasoning does not explain the absence of Frankia within mature nodules. The absence of detected Frankia in four of the nine nodule samples leads to one hypothesis that another member of the community may be responsible for the formation of nodules on C. glauca. Agrobacterium rhizogenes will induce pseudonodules on Elaeagnus angustifolia that are indistinguishable from Frankia – induced nodules (Berg et al., 1992). Our results show an OTU of genus Agrobacterium that was as differentially abundant in nodule samples. The genus Agrobacterium was present in eight of the nine nodule samples ranging from 0.01% to 2.8% relative abundance. This suggests that a member of this genus could play a role in nodule formation when Frankia is in low abundance. Another hypothesis is that this absence is a seasonal variation and part of the life cycle of Frankia under semi-arid and arid conditions. As the levels of Frankia decreases, other microbes could establish more dominance within the nodule. A seasonal study of the changes in community structure could address this hypothesis.



Distinct Nodule Community Across Sampling Sites

Multi-response permutation procedures analysis found that nodule samples formed a statistically significant group compared to the rhizosphere and soil samples (Figure 5 and Supplementary Figures 4–6). Nodule samples are separated from the rhizosphere and soil samples by the first principal coordinate axis, which explains the most taxonomic information in the samples. This result is also confirmed with the jackknifed UPGMA tree built from the unweighted UniFrac distance matrix (Figure 4), which shows a distinct clade where all nodule samples clustered, despite location. Alpha diversity of the nodule samples was also significantly lower than for the rhizosphere or soil samples (Supplementary Figure 1). These observations are similar to comparative analysis of the root microbiome of the model plant Arabidopsis thaliana, which has shown that endophytic communities from plants growing in chemically distinct soil types are highly overlapping and less diverse than surrounding soils (Lundberg et al., 2012). The community selected by C. glauca was distinct from the soil and rhizosphere communities across a steep environmental gradient and was significantly less diverse, which is like the pattern of the A. thaliana microbiome. The similar patterns of microbiome recruitment by C. glauca and A. thaliana suggests that phylogenetically distant plant groups tend to select for a particular endophytic community across environmental gradients.



Functions of Taxa in Nodules

From metagenome analysis, seven predominant genomes were identified by binning (Figure 6) and were assigned to six different genera: Frankia, Micromonospora, Bacillus (two isolates), Phyllobacterium, Paenibacillus, and Afipia. Reads from the humid sampling site Tamra, contains the most reads mapping to the binned Frankia draft genome (60%), then Sidi Bouzid (1.7%) and Medenine (1.6%). The less abundance of Frankia in semi-arid and arid sites can be related to the harsh conditions, dryness and poor composition of soils. Not surprisingly, the Frankia MAG closely matched the Frankia sp. strain BMG5.23 genome (Ghodhbane-Gtari et al., 2014). This strain was isolated from Tunisian soils and probably represents the local strain in this region.

By the use of the antiSMASH program (Blin et al., 2017), secondary metabolite biosynthetic pathways were predicted from the draft genomes rebuilt from the metagenomic data set (Table 2). Not surprisingly, the Actinobacteria, Frankia and Micromonospora, genomes contained the most secondary metabolite biosynthetic clusters. Actinobacteria are well known for their large assembly of secondary metabolic pathways producing a wide array of natural products.

The presence of non-Frankia bacteria within the nodules confirms other observations (Guillén et al., 1993; Niner et al., 1996; Solans and Vobis, 2003; Valdes et al., 2005; Trujillo et al., 2006; Solans, 2007; Ghodhbane-Gtari et al., 2010, 2014, 2019; Solans et al., 2011). In particular, the presence of Micromonospora is noteworthy having been identified as an endophyte of actinorhizal and leguminous plants (Trujillo et al., 2006, 2007; Solans et al., 2011) and considered a normal occupant of actinorhizal nodules (Carro et al., 2013). Two different Bacillus genomes were identified with one being closely related to B. simplex and the other being closely related to B. aquimaris and B. vietnamensis. Bacillus simplex is known for its adaptations to arid environments (Sikorski and Nevo, 2005) and has been shown to acts as a helper-bacteria for the symbiosis between Pisum sativum and Rhizobium leguminosarum bv. viciae (Schwartz et al., 2013). Bacillus isolates are helper-bacteria for the Frankia-Casuarina symbiosis (Echbab et al., 2004).

Paenibacillus genome revealed secondary metabolic clusters for siderophore production, ectoine, (an osmoprotectant), and bacillaene (an antibiotic). In a nursery trail, co-inoculation of C. equisetifolia with Paenibacillus polymyxa and Glomus geosporum results in the highest seedling quality (Muthukumar and Udaiyan, 2010), showing the potential benefits of this nodule occupant. One hypothesis is that these non-Frankia Actinobacteria act as helper-bacteria in the formation of the actinorhizal symbiosis (Ghodhbane-Gtari et al., 2010, 2019; Solans et al., 2011; Ghodhbane-Gtari and Tisa, 2014). The absence of Nocardia within these nodule communities was surprising. Nocardia strains (BMG51109 and BMG111209) were isolated from Casuarina glauca in Tunisia (Ghodhbane-Gtari et al., 2010) and shown to have plant-growth promoting properties (Ghodhbane-Gtari et al., 2019). Co-infection studies showed that Nocardia casuarinae strain BMG51109 plays a role as a “helper bacteria” promoting an earlier onset of nodulation (Ghodhbane-Gtari et al., 2019).

Besides generating metagenomes, the shotgun data set was functionally mined to identify potential plant-growth-promoting genes (PGPG) and to phylogenetically analyze these data (Figures 7–9) suggesting a wide berth of potential PGPG genetic capability for plant growth promotion. Besides this phylogenetic analysis, these coding regions were predicted to produce enzymes and metabolites of relevance to the benefiting plant health. All three metagenomes contained the 1-aminocyclopropane-1-carboxylate (ACC) deaminase gene. ACC deaminase plays an important role in the nodulation process of leguminous plants (Nascimento et al., 2019) and has been shown to improve plant growth under arid (Bessadok et al., 2020) or saline regions (Orozco-Mosqueda et al., 2020). Other major functions involved in nutrient recycling, suppressing phytopathogens and mineralization of organic matter were also highly abundant within all three metagenomes. The enzymes, chitinase, phytase, cellulase, pectinase and alkaline phosphatase are well known to be involved in the preservation of the plant fertility and maintaining the healthy plant growth (Neeraja et al., 2010; Maksimov et al., 2011; Jain and Singh, 2017). These hydrolytic enzymes serve as an important defense strategy to defend against phytopathogenic fungi (Lynd et al., 2002). These enzymes may serve to help the Casuarina to survive from fungal pathogens.

Genes for production of phytohormones were also present at all three sites in variable proportions. Genes for IAA and PAA production were significantly enriched in the semi-arid and arid climates. IAA and PAA play a key role in many aspects of plant growth and cell elongation and division (Champion et al., 2015; Sugawara et al., 2015). The increased number of IAA and PAA genes suggest that these phytohormones may alter the plant physiology to respond to these arid conditions.




CONCLUSION

The microbial community of the nodules appears to be shaped by the different bioclimates found in Tunisia. Beside Frankia microsymbiont, the niche builder of root nodules, other bacteria may occur within. However, further work is required to understand the PGP mechanisms of the different co-inhabitants of the nodule and more diverse samples from a wide range of actinorhizal plant nodules is needed to deepen this study.
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Deserts, as an unexplored extreme ecosystem, are known to harbor diverse actinobacteria with biotechnological potential. Both multidrug-resistant (MDR) pathogens and environmental issues have sharply raised the emerging demand for functional actinobacteria. From 2000 to 2021, 129 new species have been continuously reported from 35 deserts worldwide. The two largest numbers are of the members of the genera Streptomyces and Geodermatophilus, followed by other functional extremophilic strains such as alkaliphiles, halotolerant species, thermophiles, and psychrotolerant species. Improved isolation strategies for the recovery of culturable and unculturable desert actinobacteria are crucial for the exploration of their diversity and offer a better understanding of their survival mechanisms under extreme environmental stresses. The main bioprospecting processes involve isolation of target actinobacteria on selective media and incubation and selection of representatives from isolation plates for further investigations. Bioactive compounds obtained from desert actinobacteria are being continuously explored for their biotechnological potential, especially in medicine. To date, there are more than 50 novel compounds discovered from these gifted actinobacteria with potential antimicrobial activities, including anti-MDR pathogens and anti-inflammatory, antivirus, antifungal, antiallergic, antibacterial, antitumor, and cytotoxic activities. A range of plant growth-promoting abilities of the desert actinobacteria inspired great interest in their agricultural potential. In addition, several degradative, oxidative, and other functional enzymes from desert strains can be applied in the industry and the environment. This review aims to provide a comprehensive overview of desert environments as a remarkable source of diverse actinobacteria while such rich diversity offers an underexplored resource for biotechnological exploitations.
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INTRODUCTION

A serious global health problem caused by pathogenic microorganisms is threatening human lives and welfare at an alarming speed. Due to abusive uses of antibiotics and antimicrobial prescriptions, the effectiveness of drugs and vaccines has been sharply decreased. Worse yet, the reduced interest from large pharmaceutical companies has further compromised the drug development process. To date, growing resistant infections have seriously jeopardized several of the United Nations (UN) Sustainable Development Goals (SDGs) related to the economy, global health, food production, and environment (Medina et al., 2020). Infectious diseases, such as malaria, HIV/AIDS, tuberculosis, and other communicable diseases, continue to pose risks to global health. In 2018, more than half a million new cases were caused by multidrug-resistant (MDR) pathogenic infections, which remained the top deadly global disease during the past decade (World Health Organization, 2020). The large-scale use of antibiotics as growth promoters in agriculture also contributed to this crisis. As a result, more than 700,000 antimicrobial resistance-related deaths are predicted to happen annually worldwide in 2050, which could further reduce the global economy by $100 trillion as estimated by UN agencies (Medina et al., 2020). In particular, the pharmaceutical industry was unable to deliver effective drugs during the severe acute respiratory syndrome (SARS) epidemic between 2002 and 2003, causing a fatality rate of 11% (Chan-Yeung and Rui-Heng, 2003). Even today, 17 years later, there is still no anti-SARS drug available to cure the disease due to the slow progress in the development of post-epidemic drugs. Therefore, novel bioactive compounds to combat the threat of MDR pathogens and emerging diseases are urgently needed (Choudhary et al., 2016). Microbial natural products are considered as one of the important sources of bioactive compounds. Natural products are secondary metabolites (SMs) synthesized by bacteria and fungi and are not required for the growth, development, and reproduction of the producing organisms. In their native environments, these SMs may function as signaling molecules (Traxler and Kolter, 2015). SMs are attractive for drug discovery programs, in general, owing to their properties such as biochemical specificity, metabolic selectivity, structural diversity, and the potential to pass through eukaryotic outer membranes to block the production of cellular macromolecules and target enzymes (Baltz, 2008). To date, over 23,000 microbial natural products have been identified since the discovery of penicillin (Katz and Baltz, 2016).

Microorganisms isolated from extreme habitats are considered a significant reservoir for the search and discovery of new drugs. The most recent review revealed that 186 novel compounds were produced by 129 microbes (actinobacteria, cyanobacteria, fungi, and other bacteria) isolated from extreme habitats between 2010 and 2018 (Sayed et al., 2020). Cyanobacteria are known to generate antimicrobial (Micallef et al., 2015), antiprotozoal, and anti-inflammatory compounds (Vijayakumar and Menakha, 2015). Other bacteria reported to potentially synthesize bioactive metabolites are Thermus filiformis, which produced four antioxidant carotenoids, namely, all-trans-zeaxanthin, thermobiszeaxanthins, thermozeaxanthins, and zeaxanthin monoglucoside (Mandelli et al., 2012). Actinobacteria are shown to be the most frequent producer of specialized metabolites as compared to cyanobacteria and other bacteria (Sayed et al., 2020). The exploration of actinobacteria holds great promise in terms of diverse chemical libraries including antimicrobial compounds (erythromycin, gentamicin, vancomycin, daptomycin, and rifamycin), anticancer compounds (bleomycin, actinomycin D, and mitomycin), immunosuppressive compounds (rapamycin and tacrolimus), antiparasitic compounds (avermectins and spinosyns), and herbicidal compounds (bialaphos and glufosinate) and hence continued to drive innovative biotechnology (Krug and Müller, 2014; Katz and Baltz, 2016; Genilloud, 2017; Jose et al., 2021). Thus, actinobacteria are expected to play a significant role in biotechnological applications including in medical and agricultural sectors.



ACTINOBACTERIA: A UNIQUE SOURCE OF BIOACTIVE COMPOUNDS

Actinobacteria is one of the largest Gram-positive bacterial groups with high guanine-plus-cytosine (G + C) content (Barka et al., 2016). Many actinobacteria can produce mycelium, known as aerobic filamentous actinobacteria, and further reproduce by sporulation (Barka et al., 2016). Most actinobacteria are free-living microorganisms that can be found in terrestrial or aquatic habitats, including extreme environments such as caves, deep seas, deserts, and mangroves (Macagnan et al., 2006). These ecosystems are proven to be a prolific source of novel actinobacteria (Hong et al., 2009; Abdel-Mageed et al., 2010; Kamjam et al., 2017; Goodfellow et al., 2018; Bull and Goodfellow, 2019; Rangseekaew and Pathom-aree, 2019). Abundant bioactive metabolites have been produced by actinobacteria, such as antibiotics, anticancer drugs, immunosuppressive drugs, enzymes, enzyme inhibitors, and other therapeutic or biologically active compounds (Adeela et al., 2018; Rateb et al., 2018; Law et al., 2020; Almuhayawi et al., 2021; Jose et al., 2021). There are around 589 novel compounds with various chemical structures reported from actinobacteria between 2015 and 2020, more than half of them (52%) with potential bioactivities, such as antiparasitic, anti-quorum sensing, antiviral, and chelating activities (Jose et al., 2021). Remarkably, members of the actinobacterial taxa, including rare actinobacteria, are responsible for the production of over 10,000 pharmaceutical agents (Jose et al., 2021). With respect to aerobic filamentous actinobacteria, the genus Streptomyces is an extremely good source of novel specialized metabolites as it was reported to produce 39% of all known microbial metabolites (Sivalingam et al., 2019). To date, members of the genus Streptomyces are responsible for about two-thirds of the frontline antibiotics in clinical use, as well as other anticancer, antifungal, and anthelmintic compounds (Law et al., 2019; Al-Dhabi et al., 2020; Ser et al., 2020; Yi et al., 2020). Rare actinobacteria are generally defined as members of actinobacterial taxa that are difficult to isolate from the environment (Amin D. H. et al., 2020). Members of some rare actinobacteria are comparable to their Streptomyces neighbors in term of bioactive compound production. These prolific rare actinobacterial species belong to the families of Micromonosporaceae (1,061), Mycobacteriaceae (483), Pseudonocardiaceae (327), Streptosporangiaceae (154), and Thermomonosporaceae (633) (Selim et al., 2021). Other unclassified species with reported ability to produce bioactive metabolites belonged to the genera of Actinosporangium (30), Alkalomyces (1), Catellatopsora (1), Elaktomyces (3), Erythrosporangium (1), Excelsospora (3), Frankia (7), Kitasatoa (5), Microechinospora (1), Microellobosporia (11), Salinospora (1), Sebekia (3), Streptoplanospora (1), Synnenomyces (4), Waksmania (3), and Westerdykella (6) (Selim et al., 2021). Based on the metagenomic analyses and rank abundance analyses, diverse rare actinobacterial taxa are detected in the desert with their population significantly higher (over 34%) than that of validly published taxa (Idris et al., 2017a). This diversity has been poorly recovered by current culture-dependent techniques. The improved isolation method could allow researchers to obtain these abundant rare actinobacteria from deserts for bioprospecting programs.

The genome sizes of actinobacteria ranged from 1 to 12 Mb with potent biosynthetic gene clusters (BGCs) encoded by biologically active compounds (Větrovský and Baldrian, 2013). The term “gifted actinobacteria” is first coined by Richard H. Baltz for actinobacteria with a large genome size, coding for more SM production than other taxa (Baltz, 2017). Quantitative analyses of microbial genomes performed by antiSMASH 3.0 revealed that these gifted actinobacteria harbored 20 to 50 SM gene clusters, allocating 0.8–3.0 Mb of the entire genome to SM production (Baltz, 2017, 2018). For example, gifted strains of Amycolatopsis, Micromonospora, and Streptomyces have moderate (about 5.0–7.9 Mb) or large (over 8 Mb) genomes, harboring 19–20 and >30 BGCs, respectively (Baltz, 2017, 2018, 2019; Nouioui et al., 2019). Whole-genome analysis of these gifted genera usually revealed 20–50 BGCs encoding for both known and/or predicted specialized metabolites, which provides strong evidence that actinobacteria are promising producers of diverse novel compounds with various bioactivities (Bentley et al., 2002; Tang et al., 2016). For example, Streptomyces coelicolor A3(2) harbors more than 20 BGCs that encode for specialized metabolites such as blue-colored actinorhodin and red-pigment undecylprodigiosin (Bednarz et al., 2021). Similarly, the genome of Streptomyces sp. VN1 has shown diverse known and/or novel metabolites encoded by 34 gene clusters, involving a furan-type anticancer agent (Nguyen et al., 2020).

These genome sequence data also allowed the observation of genomic heterogeneity, which provides great insights into the ability of actinobacteria to synthesize diverse specialized metabolites (Jose et al., 2021). Generally, the genome size may correlate with a more complicated environment, implying that the genome encodes significant metabolic and stress-tolerant properties (Baltz, 2018). For example, Jiangella gansuensis YIM 002T isolated from Gansu Desert has a complete genome sequence that identified 45 biosynthetic clusters, suggesting it has high capacity to produce SMs. Compatible solutes, ion transporters, nitrite reductase, and nitrogen fixation proteins were also detected (Jiao et al., 2017). In addition, J. gansuensis YIM 002T has a smaller genome (5.59 Mb) compared to other Jiangella species (more than 7 Mb), yet it contains 2,504 functional proteins, implying that it may have discarded many genes for adaptation in the harsh desert environments through its evolution (Jiao et al., 2017). To defend against desert environmental stresses, superfluous and non-essential genes were discarded to improve survival efficiency, resulting in desert strains with higher metabolic capabilities compared with unevolved strains (Burke and Moran, 2011). Genome rearrangements were promoted by mobile DNA, which recombines inactive genes into functional genes, whereas inactivated genes were removed through deletion (Burke and Moran, 2011). This genomic evolution suggested that the reduction in genomic size of desert strains facilitated long-term adaptive evolution.



DESERT: AN UNEXPLORED RESERVOIR FOR NOVEL ACTINOBACTERIA

An increasing number of novel actinobacterial taxa continued to be reported from natural habitats, especially extreme biomes under harsh environmental conditions. These extreme habitats represent a potentially rich resource for novel compounds with biological properties. Particularly, the desert is the largest continental ecosystem on earth with approximately 30% of the total land area while 7% of it is a hyper-arid region with water constraints (Neilson et al., 2012). Desert ecosystems have attracted the increasing interest of microbiologists in the quest for novel bioactive compounds since they are considered an unexplored home of new extremophiles with high tolerance to extreme conditions. Desert environmental conditions are characterized by extremely high or low temperatures, lack of nutrients, very low organic carbon sources, high levels of oxidants and UV radiation or pH or salinity, high concentrations of metals, and other abiotic stresses (Horikoshi et al., 2010; Köberl et al., 2011; Bull et al., 2016; Idris et al., 2017a). The most explored desert soil sample has over 92% new actinobacterial species isolated. However, it is worth to note that the remaining 8% of novel species were found from desert plants, rhizosphere soil, and rock surfaces, respectively. Hence, such extreme conditions in the desert are considered as a selective pressure that shapes diverse actinobacterial communities.

Between 2000 and 2021, numerous diverse newly identified actinobacteria have been recorded from 35 deserts scattered over 11 regions, as summarized in Figure 1 and Supplementary Table 1. These deserts are distributed in the regions of East Asia (31%), Central Asia (3%), Asia (17%), the Middle East (4%), North Africa (26%), South America (3%), Central Africa (3%), North America (3%), South Africa (3%), South Pole (3%), and Oceania (3%).
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FIGURE 1. Distribution of desert biomes.



Deserts in East Asia

Most deserts (31%) are distributed in China, East Asia (Figure 1 and Supplementary Table 1), including Badain Jaran Desert, Fukang Desert, Gansu Desert, Gurbantunggut Desert, Hangjin Banner Desert, Isolaginsha Desert, Taklamakan Desert, Tengger Desert, Tibet Autonomous Color Desert, Turpan Desert, and Xinjiang Desert. Taklamakan Desert in southwest Xinjiang is home to the greatest number of new species (14). Despite being the largest desert in China, the Taklamakan Desert is the warmest and driest desert in the country, with an annual temperature of around 39°C (Rittner et al., 2016). Additionally, as the second-largest non-polar and sand-shifting desert in the world, the Taklamakan Desert also experiences an extremely cold temperature (−32°C) in winter and an extremely low average annual rainfall ranging from 10 to 38 mm (Rittner et al., 2016). Such severe environmental circumstances have attracted the attention of researchers for exploration of novel actinobacteria with exceptional tolerance in desert environments.



Deserts in Central and South Asia

Central Asia and South Asia are home to seven deserts, namely, Karakum Desert in Turkmenistan, Central Asia; Cholistan Desert in Pakistan; Kunjam Pass and Lahaul–Spiti Valley, two cold deserts in the Indian Himalayas; the saline desert of Kutch in India; Thal Desert in Pakistan; and Thar Desert in India (Supplementary Table 1). The Karakum Desert, in particular, was the isolation source of the most diverse (six genera) and numerous (11 new species) novel actinobacteria in Central and South Asia. It is one of the largest deserts in the world and the hottest desert in Central Asia (Ghassemi and Garzanti, 2019). In comparison to other deserts, the Karakum Desert is inhabited with animals and plants, mainly ephemeral plants, trees, and insects. Ninety-five percent of the area is more or less covered with vegetation, and the remaining 5% is sand dunes (Ghassemi and Garzanti, 2019). The annual average rainfall of Karakum Desert ranges from 70 to 150 mm. Its dry conditions are due to the fact that the coldest temperature of sand reaches −5°C, while the hottest temperature climbs from 55 to 88°C (Ghassemi and Garzanti, 2019). This dry but lively desert led many researchers to devise innovative projects that may benefit agriculture.



Deserts in the Middle East, North Africa, and South America

There are 12 deserts located in the Middle East, North Africa, and South America: Anatolia Desert in Turkey, Saudi Arabia arid area, Beni Suef Governorate Desert, Eastern Desert and saline–alkaline desert in Egypt, Béni Abbès Desert, Béni Isguen Desert and Sahara Desert of Algeria, Sahara Desert in Libya, arid-saline sediment, and Sahara Desert in Tunisia (Supplementary Table 1). The Atacama Desert in Chile, being the primary source of new actinobacterial species, accounts for around 20% of all new species (23) and half of all novel compounds (25) in the past two decades. The Atacama Desert is a hyper-arid or an extremely hyper-arid area according to the ratio of mean annual rainfall to mean annual evaporation of less than 0.05 or even below 0.002 (Bull et al., 2016). Being the driest desert in the world, the Atacama Desert has high temperatures during the day that can easily reach over 40–50°C. The soil sample in the desert is very similar to the sample from Mars, with extremely low vegetation and organic carbon (about 2–50 μg of carbon per gram of soil) and high levels of UV radiation (Bull et al., 2016). Microbiologists are interested in the Atacama Desert as despite its harsh conditions, it harbors abundant and diverse actinobacteria with biotechnological potentials.



Deserts in Other Regions

Other new actinobacteria were discovered from the Antarctic Desert (South Pole), arid Australian soils (Oceania), Baja California Desert in Mexico (North America), Namib Desert in Namibia (South Africa), and Sahara Desert in Chad (Central Africa) (Supplementary Table 1). The highest number of new species was recorded from the Sahara Desert in Chad (6) and arid Australian soils (5). The Sahara Desert is the world’s biggest hot desert, with extremely poor primary productivity, although it does sustain certain organisms that can adapt to arid environments, such as ephemerals (Schuster et al., 2006). The yearly precipitation in the Sahara Desert ranges from 0 to 7.62 cm, with some regions going for years without rain. The daily summer temperature of the Sahara Desert frequently exceeds 38°C during the day but drops to near freezing at night. Arid Australian soils are characterized mainly by mineral or skeletal soils almost without any organic matter (Morton et al., 2011). The hot and dry weather is typical for the Australian arid lands with low annual precipitation (380–635 mm), frequent heatwaves, and high levels of solar radiation.




DIVERSITY OF DESERT ACTINOBACTERIA FROM 2000 TO 2021

Extreme environmental conditions give rise to unique taxa (species and genera), where limited nutrient conditions significantly affect the structure of microbial communities (Hozzein and Goodfellow, 2007). From 2000 to 2021, 129 species in 9 orders, 24 families, and 52 genera were reported from deserts worldwide based on taxonomic studies (Table 1 and Figures 2, 3). Members of the order Actinomycetales (39%) represent the highest number of novel actinobacteria, followed by Pseudonocardiales (24%), Micrococcales (17%), Geodermatophilales (12%), Micromonosporales (4%), Motilibacterales (1%), Acidimicrobiales (1%), Kineosporiales (1%), and Nakamurellales (1%). Furthermore, members of the Pseudonocardiaceae family (23%) are the most abundant, followed by Streptomycetaceae (12%), Geodermatophilaceae (11%), Microbacteriaceae (7%), Nocardioidaceae (6%), Streptosporangiaceae (6%), Micrococcaceae (5%), Micromonosporaceae (4%), Dietziaceae (3%), Jiangellaceae (3%), Nocardiopsaceae (2%), Propionibacteriaceae (2%), Bogoriellaceae (2%), Intrasporangiaceae (2%), Motilibacteraceae (2%), Thermomonosporaceae (2%), Actinopolysporaceae (1%), Cellulomonadaceae (1%), Ilumatobacteraceae (1%), Kineosporiaceae (1%), Nakamurellaceae (1%), Nocardiaceae (1%), Ornithinimicrobiaceae (1%), and Promicromonosporaceae (1%).


TABLE 1. List of new actinobacteria isolated from desert environment from 2000 to 2021.
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FIGURE 2. Distribution of desert actinobacteria from different geographical regions: (A) East Asia, (B) Central Asia, (C) South Asia, (D) North Africa, (E) Middle East, and (F) South America.
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FIGURE 3. Percentage distribution of different orders of desert actinobacteria.


The two most dominant actinobacteria recovered from deserts are Streptomyces and Geodermatophilus. Streptomyces, the largest genus of actinobacteria, has the greatest number (16) of validly described desert actinobacterial species. To survive in desert environments, members of the genus Streptomyces have evolved a variety of tolerance mechanisms and bioactive compound potential. Currently, all reported bioactive compounds were derived from desert streptomycetes (Bérdy, 2005). For example, Streptomyces aburaviensis (Thumar et al., 2010), Streptomyces fukangensis (Zhang et al., 2013), and Streptomyces sannurensis (Hozzein et al., 2011) are alkaliphilic actinomycetes, with optimum growth at pH 9 to 11.5. S. aburaviensis (Thumar et al., 2010) and Streptomyces desertarenae (Li et al., 2019c) are halotolerant species that can adapt to living in high-saline environments (7–15% w/v NaCl), while Streptomyces asenjonii (Abdelkader et al., 2018) and Streptomyces leeuwenhoekii (Rateb et al., 2011a) were gifted for the synthesis of bioactive compounds with novel chemical structures. It should be noted that the majority of streptomycetes (7) was discovered from the Atacama Desert, including Streptomyces altiplanensis (Cortés-Albayay et al., 2019), Streptomyces atacamensis (Santhanam et al., 2012b), Streptomyces deserti (Santhanam et al., 2012a), and Streptomyces bullii (Santhanam et al., 2013), which adapted to the alkaline environments with optimum growth in pH of up to 11; Streptomyces aridus (Idris et al., 2017b) is capable of growth in a temperature range between 10 and 40°C, and S. asenjonii (Abdelkader et al., 2018) and S. leeuwenhoekii (Gran-Scheuch et al., 2018) produced antibacterial metabolites under desert growth conditions. Another dominant group of desert actinobacteria is the genus Geodermatophilus with nine new species identified within the same period. Members of this taxon have demonstrated radiation-resistant capabilities, such as Geodermatophilus pulveris BMG 825T and Geodermatophilus sabuli BMG 8133T which are both gamma radiation resistant, whereas Geodermatophilus tzadiensis CF5/2T is a UV-radiation-resistant actinobacterium (Hezbri et al., 2015; Hezbri et al., 2016).


Actinobacterial Diversity in East Asia

Most new actinobacterial species (39) were discovered from East Asia, and they were classified into 28 genera (Figure 2). The highest number of novel species was isolated from the Taklamakan Desert (14), belonging to 13 genera: Aeromicrobium, Desertihabitans, Labedell, Microbacterium, Mycetocola, Nakamurella, Nesterenkonia, Nocardioides, Nocardioides, Nocardiopsis, Planctomonas, Prauserella, and Streptomyces. Among them, two new species, Labedella phragmitis and Labedella populi, were obtained from the surface-sterilized flowers of Phragmites australis (reed) and branches of Populus euphratica, respectively (Li et al., 2019b). Surface-sterilized leaves of P. australis (reed) were the isolation source of an endophytic actinobacterium, Aeromicrobium endophyticum (Li et al., 2019a). In addition, two actinobacteria, N. deserti 12Sc4-1T and N. deserti SC8A-24T were collected from the rhizosphere of Reaumuria and Alhagi sparsifolia, respectively. The latter strain showed desiccation tolerance properties (Tuo et al., 2015; Liu et al., 2019a). NaCl tolerance is a common feature among desert actinobacteria; for example, Desertihabitans brevis 16Sb5-5T, isolated from a sand sample in the Taklamakan Desert, tolerates up to 10% NaCl (Liu et al., 2020a). Members of the following genera, Actinomadura, Kineococcus, Nocardia, Ornithinicoccus, Prauserella, Saccharothrix, and Yuhushiella, were isolated from Xinjiang Desert. Halotolerant actinobacteria are able to grow under salinity stress, for example, Ornithinicoccus halotolerans EGI 80423T from Xinjiang Desert which grew in up to 14% NaCl (Zhang et al., 2016). Four genera, Blastococcus, Desertimonas, Microbacterium, and Streptomyces, were isolated from the Gurbantunggut Desert. Actinoplanes, Aeromicrobium, and Arthrobacter were recovered from the Turpan Desert. One new species, Aeromicrobium halotolerans YIM Y47T is able to grow in 0%–7% NaCl (Yan et al., 2016). Members of the genera Cellulomonas and Desertihabitans were isolated from the Badain Jaran Desert, while Nesterenkonia and Streptomyces strains were reported from the saline–alkaline desert of Fukang. One new species, Desertihabitans aurantiacus CPCC 204711T from the sand of Badain Jaran Desert, could tolerate up to 5% NaCl (Sun et al., 2019). An alkaliphilic actinobacterium, Nesterenkonia rhizosphaerae YIM 80379T, was reported from the rhizosphere soil of Reaumuria soongorica grown in the saline–alkaline desert of Fukang (Wang et al., 2014). This strain could grow in up to 15% NaCl and pH 9–10. Another alkaliphile, S. fukangensis EGI 80050T, was also isolated from Fukang Desert with optimal growth observed at pH 9.0–10.0 and 2.5–5.0% NaCl (Zhang et al., 2013). Members of the genera Jiangella, Kribbella, Lentzea, and Streptomyces were reported from Gansu Desert, Hangjin Banner Desert, Isolaginsha Desert, and Tibet Autonomous Color Desert, respectively. In Hangjin Banner Desert, a strictly aerobic and non-motile actinobacterium, Kribbella deserti SL15-1T, was isolated from the rhizosphere of Ammopiptanthus mongolicus (Sun et al., 2017).



Actinobacterial Diversity in Central and South Asia

Eleven new species of the genera Jiangella, Kribbella, Desertiactinospora, Nonomuraea, Micromonospora, and Streptomyces have been discovered from the Karakum Desert in Central Asia. In South Asia, members of the genera Actinoalloteichus, Agrococcus, Kocuria, Ornithinimicrobium, and Rhodococcus were found from the Lahaul–Spiti Valley cold desert of the Indian Himalayas. Members of the genera Auraticoccus, Arthrobacter, and Motilibacter were recovered from the Cholistan Desert in Pakistan, while Saccharothrix and Yuhushiella were discovered from the Indian Thar Desert. Novel species belonging to the genera Dietzia, Nocardioides, and Streptomyces were isolated from the Kunjam Pass cold desert of the Indian Himalayas, the Thal Desert in Pakistan, and the Kutch saline Desert in India, respectively. S. aburaviensis strain Kut-8 isolated from the saline desert of Kutch is a halotolerant and alkaliphilic actinobacterium that could grow under saline (15% NaCl) and alkaline (pH 9) conditions (Thumar et al., 2010).



Actinobacterial Diversity in the Middle East, North Africa, and South America

In the Middle East, Nonomuraea terrae was isolated from the Anatolia Desert, Turkey, and six new species belong to four genera: Georgenia, Microbacterium, Saccharopolyspora, and Streptomyces, which were discovered from the Saudi Arabia arid desert. Three new species, Georgenia alba SYSU D8008T (grew in up to 7% NaCl) (Li et al., 2019d), Georgenia deserti SYSU D8004T (grew in up to 17% NaCl) (Hozzein et al., 2018), and Saccharopolyspora deserti SYSU D8010T (grew in up to 22% NaCl) (Liu et al., 2020), are reported as halotolerant actinobacteria. Representative members of 12 genera were obtained from nine deserts in North Africa. Members of the genera Actinophytocola, Saccharothrix, and Streptosporangium were isolated from the Sahara Desert in Algeria, whereas Citricoccus, Dietzia, Nocardiopsis, and Streptomyces were reported from the Eastern Desert of Egypt. A member of the genus Actinopolyspora, Actinopolyspora mzabensis H55T isolated from an Algerian Saharan soil, could tolerate up to 32% NaCl (Saygin et al., 2019a). Alkaliphiles include Citricoccus alkalitolerans YIM 70010T (pH 8–9) (Li et al., 2005), Nocardiopsis alkaliphila YIM 80379T (pH 9.5–10) (Hozzein et al., 2004), and S. sannurensis WS 51T (pH 9.5–10) (Hozzein et al., 2011), which were isolated from the Eastern Desert of Egypt. Saccharothrix algeriensis was cultured from a soil sample of palm groves in the Saharan Desert (Zitouni et al., 2004). Geodermatophilus and Promicromonospora strains were recovered from the Sahara Desert in Tunisia. Other genera, namely, Nocardiopsis, Janibacter, Kocuria, Prauserella, and Streptosporangium, were described from the Beni Suef Governorate Desert in Egypt, the arid-saline sediment in Tunisia, the saline–alkaline desert in Egypt, the Béni Isguen Desert, and the Béni Abbès Desert in Algeria, respectively. The alkaliphilic strain of Nocardiopsis benisuefensis WS65 was isolated from the Beni Suef Governorate Desert in Egypt (Hozzein et al., 2014), while a halotolerant actinobacterium Prauserella isguenensis H225T (grew in up to 25% NaCl) was recovered from the Béni Isguen (Mzab) desert in Algeria (Saker et al., 2015). Twenty-three new species belonging to nine genera (Amycolatopsis, Blastococcus, Geodermatophilus, Lechevalieria, Lentzea, Micromonospora, Modestobacter, Pseudonocardia, and Streptomyces) were reported and described from the Atacama Desert in Chile. One new species, Pseudonocardia nigra ATK03T, was isolated from the rock surface in the Atacama Desert (Trujillo et al., 2017). Two new species recognized as thermophiles, namely, Amycolatopsis ruanii NMG112T and Amycolatopsis thermalba SF45T, could survive under high temperatures (Zucchi et al., 2012a). Another new species, Modestobacter caceserii KNN 45-2bT from the Atacama Desert in Chile, highly adapted to high osmotic stress, cold shock, heat and desiccation, low nutrient, low organic carbon, and high levels of UV radiation (Busarakam et al., 2016b).



Actinobacterial Diversity in Other Regions

Actinomadura namibiensis was isolated from the Namibian Namib Desert in South Africa. Streptomyces netropsis was first discovered in North America in the Baja California Desert of Mexico. The Antarctic Desert at the South Pole yielded one new species of Modestobacter multiseptatus and Williamsia sp., where the former strain was a budding-like psychrophilic actinobacterium isolated from the rock of the Transantarctic Mountains (Mevs et al., 2000). Williamsia sp. D3 was considered as a psychrotolerant, able to grow under at a low temperature of 15°C (Guerrero et al., 2014). All new species from the Sahara Desert of Chad in Central Africa and the arid Australian Desert in Oceania were classified in the genera Geodermatophilus and Amycolatopsis, respectively. Six new species belonging to the Geodermatophilus genus are Geodermatophilus africanus (Montero-Calasanz et al., 2013b), Geodermatophilus arenarius (Montero-Calasanz et al., 2012), Geodermatophilus saharensis (Montero-Calasanz et al., 2013c), Geodermatophilus siccatus (Montero-Calasanz et al., 2013e), Geodermatophilus telluris (Montero-Calasanz et al., 2013d), and G. tzadiensis (Montero-Calasanz et al., 2013a). Two Geodermatophilus species, G. arenarius CF5/4T (Montero-Calasanz et al., 2012) and G. siccatus CF6/1T (Montero-Calasanz et al., 2013e) from the Sahara Desert in Chad, have high drought tolerance ability. Members of the genus Amycolatopsis were described as Amycolatopsis australiensis (Tan et al., 2006), A. deserti (Busarakam et al., 2016a), Amycolatopsis granulosa (Zucchi et al., 2012a), Amycolatopsis thermophila, and Amycolatopsis viridis (Zucchi et al., 2012b). Most of them were recognized as thermophiles that could survive under high temperature, including A. deserti GY024T, A. granulosa GY307T, A. thermophila GY088T, and A. viridis GY115T, as well as A. ruanii NMG112T and A. thermalba SF45T from the Atacama Desert in Chile.




ISOLATION AND TAXONOMIC CHARACTERIZATION OF DESERT ACTINOBACTERIA

A bioprospecting strategy to recover actinobacteria from the desert is summarized in Figure 4. Most procedures involve the selection of samples from the desert, isolation on selective media, and incubation and selection of representative colonies from the isolation plates for further study (Goodfellow, 2010; Goodfellow and Fiedler, 2010; Tiwari and Gupta, 2013). The low occurrence of rare actinobacteria on the isolation plates clearly reflected the limitations of isolation, cultivation, and maintenance using conventional approaches, which fail to provide optimal growth conditions for desert actinobacteria. Thus, a better or improved isolation method is significant for increasing the number of diverse actinobacterial taxa, which remains an effective strategy for natural product discovery (Jensen, 2010; Jensen et al., 2015).
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FIGURE 4. Bioprospecting strategy for desert actinobacteria (modified from Goodfellow and Fiedler, 2010).



Selective Isolation of Desert Actinobacteria


Serial Dilution vs. Sprinkling Technique

In general, selective isolation of actinobacteria from desert samples followed the procedure described by Okoro et al. (2009). Serial dilution is commonly used to prepare desert samples for inoculation. Aliquots of soil suspension prepared from serial dilutions were plated onto the selective isolation media, pre-dried in a laminar flow hood for 15 min (Vickers and Williams, 1987). However, there are certain errors associated with sample preparation using a serial dilution method (Ben-David and Davidson, 2014). The first error is related to the initial sample size. If the sample size is larger or smaller than the nominal diluent, under-dilution or over-dilution errors will occur. Similarly, diluent types, mixing method, and mixing time would also cause the same problems. Other errors may occur due to the pipetting technique. It is possible that a non-representative sample will be transferred to the new dilution and finally inoculated on the isolation plates. These errors would lead to a low number of colonies on the isolation plates. Recently, serial dilution, which is part of the conventional culture procedure (CCP), was clearly demonstrated to have limited selectively for even the isolation of members of the genus Streptomyces, the most dominant desert actinobacteria (Li et al., 2021).

The sprinkling technique is proposed here as an improved isolation method since few reports have found that it is a simpler and less error-prone way to obtain desert actinobacteria compared to the traditional serial dilution technique, especially for the desert taxa, which may prefer to develop in a reduced-moisture environment, similar to that of the desert, rather than a suspension in a diluent. For example, a greater number of actinobacteria were recorded from selective isolation media using the sprinkling inoculation technique as opposed to the suspensions of the desert sample from Atacama Desert as summarized in Table 2 (Xie, 2017). This comparative study was carried out using the same selective media supplemented with the same antibiotics under the same incubation conditions. The number of actinobacteria colonies obtained from sprinkling was 10–20 times higher than that acquired via serial dilution. Higher relative abundance was also observed from the sprinkling technique with actinobacterial count representing 85–100% of total bacteria on the isolation plates. The obtained actinobacteria showed antimicrobial activity that is effective against a panel of bacteria, namely, Bacillus subtilis, Escherichia coli, Pseudomonas fluorescens, Saccharomyces cerevisiae, and Staphylococcus aureus. It is evident that the sprinkling approach clearly provides a higher number of bioactive actinobacteria (141) compared to the serial dilution (97). Again, the number of endophytic actinobacteria acquired from the sprinkling technique is approximately 1.1 times higher than the total population obtained from two improved serial dilution procedures (Qin et al., 2009). Indeed, the isolation medium directly seeded with mineral particles from Atacama Desert soils was found to obtain a higher actinobacterial count than did the serial dilution plates (Idris, 2016). This sprinkling technique allows actinobacterial cells to attach to soil particles in direct contact with the culture media, which increases the isolation efficiency by promoting colony development on the isolation plates (Duddington, 1955; Bailey and Gray, 1989; Qin et al., 2009).


TABLE 2. Comparison of serial dilution and sprinkling technique with number and relative abundance of actinobacterial colonies (cfus per gram of dry weight environmental samples) growing on selective media prior to incubation at 28°C for 14 days (modified from Xie, 2017).
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Selective Isolation Media

To maximize the number of actinobacteria, a variety of culture media were employed for the isolation of desert actinobacteria. The effectiveness of the isolation media is closely related to the ecological characteristics of novel actinobacteria from the desert. The media must meet the growth requirements of the target taxa; for example, halophilic strains prefer growth in high-salt-containing media. Selective isolation media resembling the characteristics of the study site increase the success rate of isolation. Carbon and nitrogen sources, growth factors, mineral salts, vitamins, and water are all essential components for the growth of desert actinobacteria on any culture medium (Bonnet et al., 2019). In this aspect, media can be grouped into nutrient-rich media and nutrient-poor media. It is worthy to note that the most effective selective isolation media are specifically designed based on the needs and preferences of actinobacteria, notably nutrient requirements and tolerance preferences of the target taxa. Conventional nutrient-rich media have been widely used to cultivate actinobacteria with limited success. Glucose yeast extract (GYE) agar is recommended as the most suitable medium that can result in a high ratio of actinobacterial count (Agate and Bhat, 1963). Starch casein agar is preferable, especially for saccharolytic organisms, since it contains starch as the sole carbon source as well as sufficient minerals for protein production (Lee et al., 2014). However, recent studies showed that the normally slow-growing rare genera of Actinobacteria and Proteobacteria failed to grow on commonly used rich media, but growth was observed only from low-nutrient media (Asem et al., 2018; Salam et al., 2021). Approximately 100 novel actinobacteria have been isolated from nutrient-poor media (Salam et al., 2021). This information strongly suggested that nutrient-poor media are more effective for the growth of desert strains as compared to those previously used nutrient-rich media (Bérdy, 2005; Bredholdt et al., 2007; Hozzein et al., 2008). Nutrient-poor media such as soil extract media and a new minimal medium (MM), which reflect the extreme environmental conditions in the desert with low organic matter content, were superior to currently used isolation media for desert actinobacteria (Hozzein et al., 2008). Similarly, humic acid–vitamin (HV) media are also considered as low-nutrient media and are more effective for the isolation of sporulating actinobacteria than are high-nutrient media (Hayakawa, 2008).

Approximately 40 isolation media have been utilized over the last two decades to isolate diverse actinobacterial taxa from the desert (Supplementary Table 3). Reasoner’s 2A (R2A) agar was the most often used media for desert actinobacterial isolation, representing 25% of reported genera (13): Blastococcus (Yang et al., 2019), Geodermatophilus (Montero-Calasanz et al., 2013b), Georgenia (Li et al., 2019d), Jiangella (Saygin et al., 2020b), Microbacterium (Yang et al., 2018b), Micromonospora (Carro et al., 2019b), Nocardioides (Liu et al., 2020), Nonomuraea (Saygin et al., 2020c), Ornithinicoccus (Zhang et al., 2016), Saccharopolyspora (Yang et al., 2018a), Streptomyces (Li et al., 2019c), Tenggerimyces (Sun et al., 2015), and Williamsia (Guerrero et al., 2014). Other media often employed for the isolation of desert taxa include humic acid–vitamin agar and chitin–vitamin agar, which are low-nutrient media comparable to desert environments. Sometimes, media were specially formulated to adjust the nutrient contents to meet the requirements of desert actinobacteria, such as chitin medium, 0.1× tryptic soy agar (TSA) medium, tenfold-diluted trypticase soy broth (TSB) agar, modified 0.3× marine broth agar, and 1/5-strength R2A agar, which were successfully used to recover members of the genera Labedella (Li et al., 2019b), Desertimonas (Asem et al., 2018), Kineococcus (Liu et al., 2009), Mycetocola (Luo et al., 2012), and Tenggerimyces (Sun et al., 2015). It is worth noting that SM1, SM2, and SM3 agar were specifically designed for the isolation of the Amycolatopsis genus (Tan et al., 2006; Zucchi et al., 2012a), whereas medium A was used to recover the alkaliphilic and alkaline-resistant actinobacteria, such as C. alkalitolerans (Li et al., 2005), Nocardiopsis alkaliphile (Hozzein et al., 2004), and S. sannurensis (Hozzein et al., 2011). In addition, media such as starch casein agar and raffinose-histidine agar were used to promote the growth of desert taxa by employing casein and raffinose (selective macromolecules) as nitrogen and carbon sources, respectively. Saccharothrix tharensis (Thumar et al., 2010) and Yuhushiella sp. (Ibeyaima et al., 2016) were recovered from starch casein agar, while S. atacamensis (Santhanam et al., 2012b) and Streptomyces deserti (Santhanam et al., 2012a) were isolated from raffinose-histidine agar. Recently, a highly selective culture strategy for the isolation of Streptomyces spp. from desert samples was proposed based on the use of minimal medium, actinobacteria isolation agar, and starch casein agar in combination with a cocktail of selective inhibitors (Li et al., 2021). These authors claimed to increase almost fourfold the number and phylotypes of Streptomyces strains isolated from the Gurbantunggut Desert as compared to the conventional approach.



Selective Antibiotics

Another method for increasing the effectiveness of selective isolation of desert actinobacteria is to supplement appropriate antibiotics in the media to enhance the recovery of actinobacteria. Gram-positive (Bacillus spp.) and Gram-negative bacteria (Enterobacteria and Escherichia), as well as fungi (Alternaria, Aspergillus, Cladosporium, Fusarium, and Penicillium) and yeast, are all frequent contaminants (Bonnet et al., 2019). Thus, selective antibiotics are used to prevent the development of these unwanted fast-growing microorganisms (both bacteria and fungi) that may outcompete actinobacteria on the isolation plates (Entis, 2002; Bonnet et al., 2019). Various antibiotics have been employed to prevent the contaminants from reducing the growth of the desired actinobacteria, summarized in Supplementary Table 3. Williams and Davies (1965) initially recommended that a mixture of nystatin (50 μg/ml) and actidione (cycloheximide, 50 μg/ml) was suitable for the enumeration of soil actinobacteria, along with polymyxin B-sulfate (50 μg/ml) and sodium penicillin (10 μg/ml). After that, amphotericin B (20 μg/ml), actidione, calcium propionate (30 mg/ml), cycloheximide (25 μg/ml), nystatin (25 μg/ml), and potassium dichromate (45 mg/L) have been commonly used as antifungal and yeast agents. Penicillin G, bacitracin, and vancomycin were used against Gram-positive bacteria (Bonnet et al., 2019). Polymyxin B (25 mg/L), colistin (2 μg/ml), nalidixic acid (25 mg/l), and ceftazidime (8 μg/ml) were effective for growth inhibition of Gram-negative bacteria. Several antibiotics are active against both Gram-positive and Gram-negative bacteria, including cefalotin, cefamandole, cefixime, ticarcillin, trimethoprim, nitrofurantoin, chloramphenicol, rifampicin (5 μg/ml), oxytetracycline, erythromycin, neomycin (4 μg/ml), gentamicin, fosfomycin, and novobiocin (25 μg/ml) (Bonnet et al., 2019). For the isolation of members of the Amycolatopsis genus, SM1 agar was designed to be supplemented with neomycin (1 μg/ml) and cycloheximide and nystatin (each at 25 μg/ml); SM2 agar with neomycin (4 μg/ml), D (+) melezitose (1%, w/v), and nystatin (50 μg/ml); and SM3 agar with cycloheximide (50 μg/ml), nalidixic acid (10 μg/ml), novobiocin (10 μg/ml), and nystatin (50 μg/ml) (Tan et al., 2006). Cycloheximide (50 μg/ml), nalidixic acid (50 μg/ml), and nystatin (100 μg/ml) are often used and responsible for the isolation of 50% of the reported desert actinobacterial genera (27) as shown in Supplementary Table 3. Recently, a combination of cycloheximide (25 mg/l), nalidixic acid (25 mg/l), and potassium dichromate (25 mg/L) was used as part of a highly selective culture strategy for the isolation of Streptomyces spp. from Gurbantunggut Desert (Li et al., 2021).



Incubation Conditions

Incubation conditions, in particular temperature and incubation duration, are the other important factors in the improvement of isolation (Fang et al., 2017; Ríos-Castillo et al., 2020; Supplementary Table 3). It is obvious that the optimal temperature for most actinobacteria is 25–30°C, which could be used as a general incubation temperature for desert actinobacteria. However, extremophilic actinobacteria with specific preference for growth temperature do exist in the desert biomes. For example, one psychrophile, M. multiseptatus (Mevs et al., 2000), prefers to grow at a lower temperature (19–21°C), while a thermophile, Amycolatopsis vastitatis (Busarakam et al., 2016a), requires an incubation temperature of 45°C. Fourteen new species were recovered from the incubation temperature of 10–50°C. The highest number of new actinobacterial species was obtained at 25–30°C, which is the optimum growth temperature for the majority of desert actinobacteria. Another key factor for selective isolation is the incubation duration. The incubation time which allows actinobacteria to fully grow on the isolation plates ranged from 3 days to 3 months (Supplementary Table 3). The fast-growing species are generally allowed abundant growth after 3–14 days, such as Auraticoccus cholistanensis (Cheema et al., 2020), Blastococcus deserti (Yang et al., 2019), C. alkalitolerans (Li et al., 2005), G. deserti (Hozzein et al., 2018), Janibacter sp. (Khessairi et al., 2014), Kineococcus xinjiangensis (Liu et al., 2009), and K. deserti (Sun et al., 2017). Slow-growing genera such as Labedella (Li et al., 2019b), Motilibacter (Liu et al., 2020c), Modestobacter (Mevs et al., 2000), Nonomuraea (Saygin et al., 2020c), and Williamsia (Guerrero et al., 2014) may need more than 4 weeks to fully develop. Nevertheless, the majority of actinobacterial taxa grow well between 2 and 4 weeks. Thus, a specific incubation time allows the recovery of different groups of desert actinobacteria with varied growth rates.




Taxonomic Characterization of Desert Actinobacteria

In general, taxonomic characterization of desert actinobacteria is started with the acquisition of a pure culture of each isolate. Putative actinobacterial colonies from the isolation plates are purified through several rounds of transfer to suitable culture media. Pure isolates of actinobacteria usually develop with different morphological features after being incubated for 2–4 weeks. Morphological characterization of these pure isolated strains was generally observed according to the guidelines proposed by the International Streptomyces Project (ISP), including aerial spore mass, substrate mycelial and diffusible pigments, growth, and formation of melanin pigments (Shirling and Gottlieb, 1966). All isolates were further assigned to single- and multi-membered color groups based on the color of the aerial spore mass and substrate mycelial and diffusible pigments. Representative isolates from each morphotype of these assigned color groups are selected for comparative 16S rRNA gene sequence analysis.

The 16S rRNA gene sequencing analysis is routinely the first step for the identification of desert actinobacteria. Genomic DNA of representative isolates can be extracted by various methods such as the phenol-chloroform extraction (Sagova-Mareckova et al., 2008) or solid-phase DNA extraction method such as the bead beating technique (Fujimoto et al., 2004). Several DNA extraction kits are commercially available. The commonly used kits include the MN DNA extraction kit (Macherey-Nagel, Düren, Germany) (Nithya et al., 2018) and Qiagen Genomic 500 DNA kit (Qiagen, Hilden, Germany) (Jiao et al., 2017). Nucleotide primers for 16S rRNA gene amplification were summarized in Table 2 including primers 27F and 1492R, which are commonly employed in the study of actinobacteria from deserts.

The information from the 16S rRNA gene sequence is also valuable in delineating actinobacteria from the subspecies to genus levels (Hayashi Sant’Anna et al., 2019). Strains showing less than 98.7% similarity are generally assigned as potential new species (Chun et al., 2018). However, the 16S rRNA genes of members of some closely related species can be too conserved that they cannot be used to differentiate between strains at the species level. Strains of related species with almost identical 16S rRNA gene sequences might belong to different genomic species, as exemplified by members of the genera Amycolatopsis (Sangal et al., 2018) and Streptomyces (Idris et al., 2017b). It is recommended to obtain a genome sequence for comparison to circumscribe novel species. Nevertheless, 16S rDNA sequence data remain invaluable as they can be used to select appropriate reference strains for whole-genome analysis, thereby reducing the number of marker strains that need to be examined.

The description of new taxa is based on application of the polyphasic taxonomic approach based on a combination of genotypic and phenotypic data. Genotypic data are derived from analyses of nucleic acids and phenotypic data from cultural, chemotaxonomic, morphological, nutritional, and other expressed features. Phenotypic tests involve several biochemical properties and ranges of physiological properties such as pH, temperature, and the concentration of NaCl. Enzymatic activities are currently investigated using the API ZYM (bioMérieux) commercial system (Saygin et al., 2019a). For actinobacterial systematics, it is also critical to investigate the chemotaxonomic properties of new species across closely related taxa (Goodfellow et al., 2012). Developments in molecular systematics have been seen by some to question the continued significance of chemosystematics, but this view is unwarranted as the two approaches are complementary. The most valuable chemical characters are derived from analyses of cellular fatty acids, menaquinones, mycolic acids, muramic acid types, peptidoglycan types, polar lipids, and whole-organism sugars (Goodfellow, 1989). Some of these methods provide quantitative or semiquantitative data, as in the case of cellular fatty acid and menaquinone analyses, but others yield qualitative information, as exemplified by muramic acid, mycolic acid, peptidoglycan, phospholipid, and whole-organism sugar determinations.

Whole-genome sequencing provides the most comprehensive and reliable tool for comparative genome (Ekblom and Wolf, 2014). With the advent of whole-genome sequencing, the weakness of 16S rRNA gene sequencing is being compensated. The genome relatedness thresholds were established to determine whether the compared desert strains can be classified into the same taxon. The overall genome-related index (OGRI) is proposed to replace DNA–DNA hybridization for delineating new species (Chun et al., 2018). OGRI can be used to calculate the relatedness between the genome sequences of isolated strains and closely related strain types of a species. In this aspect, average nucleotide identity (ANI) and digital DDH (dDDH) are the two most widely used OGRI. The proposed and generally accepted species boundary for ANI and dDDH values are 95–96 and 70%, respectively (Goris et al., 2007; Richter and Rosselló-Móra, 2009; Meier-Kolthoff et al., 2013; Chun et al., 2018). These ANI and dDDH values represent a high correlation for the species delineation by a DDH cutoff value of 70% (Kim et al., 2014). Currently, genome sequences provided by Illumina (United States), Ion Torrent (Thermo Fisher Scientific, United States), and Pacific Biosciences (United States) platforms have been shown to generate high-quality DNA sequence data that meet the general standards for taxonomic purposes (Chun et al., 2018). It is evident that polyphasic taxonomy will be a standard approach for the taxonomic characterization of desert actinobacteria as it provides a reliable, reproducible, and stable delineation of taxa.




BIOTECHNOLOGICAL APPLICATIONS OF DESERT ACTINOBACTERIA

Desert actinobacteria generally undergo primary screening to have their interesting bioactivity profiles examined in vitro (Figure 4). For example, the obtained actinobacteria are subjected to a standard plug assay against a panel of wild-type microorganisms and B. subtilis reporter strains (Fiedler, 2004). Those exhibiting an extensive inhibition zone against Gram-positive and Gram-negative bacteria, fungi, and yeasts are assigned as potential antibacterial- or antifungal-producing strains. Similarly, plant beneficial traits, such as phytohormone production, siderophore production, and phosphate solubilization can be screened using qualitative assays to determine their agricultural potential (Allali et al., 2019). Potential actinobacteria are selected for the fermentation study of SMs followed by the purification of the obtained bioactive compounds. The chemical structure of the purified compounds will then be elucidated and tested for their biological properties. Desert actinobacteria with the unique ability to produce novel bioactive compounds could also be deposited as patent strains in public culture collections. In this section, we provide evidences for the potential applications of desert actinobacteria in agriculture, the environment, healthcare, and industry.


Healthcare Applications

Actinobacteria isolated from the desert are potential sources of diverse SMs through their unique metabolic pathways, which adapt for survival under extreme habitats. Recently, the extreme biosphere is the focus of research on the discovery of bioactive compounds to combat MDR pathogens and diseases such as cancer, dementia, and epilepsy (Bull and Goodfellow, 2019). During the past two decades, more than 50 novel natural products have been isolated and identified from desert actinobacteria worldwide (Table 3) with potential antiallergic, antibacterial, anticytotoxic, antifungal, anti-inflammatory, antitumor, and antiviral activities. Particularly, members of the genus Streptomyces are responsible for more than half of the reported novel compounds.


TABLE 3. Novel natural products from desert actinobacteria between 2000 and 2021.
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Antibacterial and Antifungal Compounds

Diverse novel bioactive compounds produced from several desert actinobacteria have potential antibacterial and antifungal activities. A halotolerant actinobacterium, J. gansuensis YIM 002T, was isolated from a desert soil sample of Gansu. Its whole-genome analysis identified 60 functional gene clusters with the potential to produce pristinamycin, a known antibiotic effective for staphylococcal infections, and other antibiotics (Jiao et al., 2017). One new anthraquinone, brasiliquinone E produced by Nocardia sp. XJ31 from the Xinjiang Desert, demonstrated modest anti-Bacillus Calmette-Guérin (BCG) activity in an antituberculosis (anti-TB) assay (Zhang et al., 2020). The anti-TB activity indicated that brasiliquinone E can be used as a potential treatment for MDR TB. Three novel dithiolopyrrolone antibiotics, butanoyl-pyrrothine (BUP), senecioyl-pyrrothine (SEP), and tigloyl-pyrrothine (TIP), along with the known benzoyl-pyrrothine, iso-butyropyrrothine (ISP), and thiolutine, were produced from S. algeriensis SA 233T (Lamari et al., 2002; Zitouni et al., 2004; Strub et al., 2008). Dithiolopyrrolones produced by this Saharan Desert (Algeria) strain were highly inhibitory against Gram-positive bacteria such as Bacillus coagulans, B. subtilis, and Micrococcus luteus. Three dithiolopyrrolones, ISP, and thiolutine are also effective against Gram-negative bacteria including Klebsiella pneumoniae. In addition, SEP and TIP showed greater activity against S. cerevisiae, Mucor ramannianus, and other phytopathogenic fungi (Fusarium culmorum, Fusarium oxysporum f.sp. albedinis, and F. oxysporum f.sp. lini), compared to thiolutine and ISP (Lamari et al., 2002). Two more Saharan Desert strains from Algeria are also capable of producing novel compounds. Saccharothrix strain SA198 generated two new antibiotics designated as A4 and A5, which inhibited both Gram-positive bacteria (B. subtilis, Enterococcus faecalis, and Listeria monocytogenes) and Gram-negative bacteria (E. coli, K. pneumoniae, and Pseudomonas aeruginosa) (Boubetra et al., 2013a). A4 and A5 also exhibited modest antifungal ability against filamentous fungi such as Ascochyta fabae, Aspergillus carbonarius, F. culmorum, Fusarium equiseti, M. ramannianus, and Penicillium expansum. By incorporating sorbic acid into its culture medium, S. algeriensis NRRL B-24137 produced five novel dithiolopyrrolone antibiotics: PR2, PR8, PR9, PR10, and PR11 (Merrouche et al., 2011, 2019). These five antibiotics showed antimicrobial activity against Gram-positive bacteria, filamentous fungi, and yeasts, including B. subtilis, B. coagulans, L. monocytogenes, M. luteus, S. aureus, A. carbonarius, F. oxysporum f.sp. lini, Fusarium moniliforme, F. equiseti, F. culmorum, Fusarium graminearum, M. ramannianus, P. expansum, Candida albicans, and S. cerevisiae.

Four strains obtained from the Atacama Desert were discovered to produce antibiotics with effective antibacterial and antifungal activities. S. asenjonii KNN 42.f generated asenjonamides A–C, three new bioactive β-diketones (Abdelkader et al., 2018). All compounds showed inhibitory activity against a panel of Gram-positive and Gram-negative bacteria, such as S. aureus, B. subtilis, E. coli, E. faecalis, and Mycobacterium smegmatis. Three new compounds named chaxalactins A–C (22-membered macrolactone polyketides), identified from S. leeuwenhoekii C34T, displayed strong inhibitory activity against Gram-positive bacteria (S. aureus, L. monocytogenes, and B. subtilis) and weak activity against Gram-negative bacteria (E. coli and Vibrio parahaemolyticus) (Rateb et al., 2011b). Another four new ansamycin-type polyketides, chaxamycins A–D, were shown to be active against S. aureus, E. coli, and a panel of methicillin-resistant S. aureus (MRSA) clinical isolates (epidemic MRSA and Scottish MRSA) (Rateb et al., 2011a). S. leeuwenhoekii C38 synthesized atacamycins A–C, three new 22-membered macrolactone antibiotics (Nachtigall et al., 2011). The antibacterial assay revealed that atacamycins were effective against Gram-positive and Gram-negative bacteria, including B. subtilis, Brevibacterium epidermidis, Dermabacter hominis, K. pneumoniae, Propionibacterium acnes, P. aeruginosa, S. aureus, Staphylococcus epidermidis, Staphylococcus lentus, and Xanthomonas campestris. Atacamycins A–C also slightly inhibited the growth of the phytopathogenic bacterium Ralstonia solanacearum DSM 9544 (Nachtigall et al., 2011). Four aminoquinone derivatives, abenquines A–D, isolated from Streptomyces sp. DB634, showed antibacterial and antifungal activities, in particular anti-dermatophytic fungi, against Trichophyton rubrum, Trichophyton mentagrophytes, and Microsporum canis, as well as slightly inhibiting B. subtilis and mouse fibroblasts (NIH-3T3 cell line) (Schulz et al., 2011).

Other desert actinobacterial strains also produced bioactive compounds, although their structures are unknown. Streptomyces sp. BS30 generated two undetermined compounds that are anti-Aspergillus niger 2CA936 and anti-yeast (Souagui et al., 2017). Streptomyces sp. Wb2n-11 has moderate antifungal, antibacterial, and antinematicidal activities against F. culmorum, Rhizoctonia solani, Verticillium dahliae, R. solanacearum, and root-knot nematode (Meloidogyne incognita) (Köberl et al., 2015). Several Thar Desert Streptomyces strains show bioactivity against MDR pathogens such as C. albicans, E. coli ATCC 3739, MRSA, P. aeruginosa ATCC 10145, and vancomycin-resistant Enterococcus (Masand et al., 2018). Three actinobacteria, S. aburaviensis Kut-8 (Thumar et al., 2010; Ramirez-Rodriguez et al., 2018), S. asenjonii KNN35.1bT (Goodfellow et al., 2017), and Yuhushiella sp. TD-032 (Ibeyaima et al., 2016), were reported to inhibit Gram-positive bacteria including S. aureus, Bacillus cereus, Bacillus megaterium, and B. subtilis. Micromonospora arida LB32T and Micromonospora inaquosa LB39T were found to have antibacterial and antifungal abilities, especially against MDR K. pneumoniae ATCC 700603 (Carro et al., 2019a). Nocardiopsis sp. 38-7L-1 was able to treat the pathogen P. aeruginosa (Chen et al., 2015).



Anticancer and Antitumor Compounds

Chaxamycins A–D derived from S. leeuwenhoekii C34T can be used as anticancer drugs based on their ability to inhibit the intrinsic ATPase activity of heat shock protein 90 (Hsp90) (Rateb et al., 2011a). Another strain, S. leeuwenhoekii C38, produced chaxapeptin, a new lasso peptide with a substantial inhibitory effect in the human lung cancer cell line A549 according to the cell invasion assay (Elsayed et al., 2015). Three antitumor compounds were also derived from S. leeuwenhoekii C38, atacamycins A–C, which moderately inhibited the enzyme phosphodiesterase (PDE-4B2) (Nachtigall et al., 2011). Furthermore, atacamycins A and B showed clear cytotoxic activities against a panel of 42 different human tumor cell lines. Atacamycin A was the most active in cell lines of colon cancer (CXF DiFi), breast cancer (MAXF 401NL), and uterus cancer (UXF 1138L), whereas atacamycin B showed significant antiproliferative activity against colon RKO cells (Nachtigall et al., 2011). Micromonospora chalcea LB4 and LB41 showed antitumor activity against human hepatocellular carcinoma (HepG2) cells (Carro et al., 2019a).



Anti-inflammatory Compounds

Jiangella gansuensis YIM 002T was collected from Gansu Desert in China and produced seven new compounds, jiangrines A–F and jiangolide, as well as pyrrolezanthine, a known compound (Han et al., 2014). Jiangrines A–E and jiangrine F are pyrrol-2-aldehyde derivatives and an indolizine derivative, respectively. All of them, including pyrrolezanthine, demonstrated significant anti-inflammatory activity by inhibiting NO production in LPS-treated RAW 264.7 macrophage cells. Jiangolide is a glycolipid with weak cytotoxicity based on a low inhibitory ratio (<20%) of the cell viability assay (Han et al., 2014). Abenquines A–D isolated from Streptomyces sp. DB634 showed moderate anti-inflammatory activity against phosphodiesterase type 4 (PDE4b), which can be used to treat inflammatory diseases, such as chronic obstructive pulmonary disease (Schulz et al., 2011).



Antiviral Compounds

Lentzeosides A–F are six new diene and monoene glycosides derived from Lentzea chajnantorensis H45T isolated from the Atacama Desert (Wichner et al., 2017). These novel compounds clearly inhibited HIV-1 integrase, one of the key enzymes in the HIV replication cycle. Thus, lentzeosides might be used as HIV integrase inhibitors for the treatment of HIV-1 infections, HIV-1 replication, and other virus strains resistant to multi-antiretroviral drugs (Wichner et al., 2017). Nocardia sp. XJ31, isolated from the Xinjiang Desert, generated nine new siderophores (nocardimicins J–R), which were found to inhibit viral infection by binding affinities with the four 3′′-RNA pockets of viral polymerases (>90%) (Zhang et al., 2020).



Antioxidant Compounds

Streptomyces sp. D25, isolated from Thar Desert, Rajasthan, showed antioxidant potential based on free radical scavenging activity using DPPH and nitric oxide assays (Radhakrishnan et al., 2016). It is also moderately effective against biofilm-forming bacteria, including Alcaligenes sp. M28, Alcaligenes sp. P8, Bacillus sp. M38, Bacillus sp. P13, Kurthia sp. P3, Lactobacillus sp. M6, Lactobacillus sp. M51, Lactobacillus sp. P4, Micrococcus sp. M50, Pseudomonas sp. P1, and Staphylococcus sp. M1.




Agricultural Applications

Actinobacteria from the desert showed a broad range of plant growth-promoting and biocontrol properties. Their ability to survive under extreme environments allows them to enhance the growth of plants under severe abiotic stresses, especially drought and salinity. Since 2013, 37 actinobacteria from the desert have been reported to have agricultural potential, mostly from members of the genus Streptomyces as summarized in Table 4. All these studies highlight the potential application of desert actinobacteria in agriculture under stress environments.


TABLE 4. Agricultural applications from desert actinobacteria between 2000 and 2021.
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Plant Growth Promotion

Plant growth-promoting properties displayed by desert actinobacteria include 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase production, auxin production, gibberellic acid (GA) production, indole-3-acetic acid (IAA) production, siderophore production, nitrogen fixation, and P and K solubilization. For example, a high-IAA-producing strain of Kocuria turfanensis 2M4 recovered from a saline desert in India significantly increased the total length and fresh biomass of groundnut after 15 days of germination by pot study (Arachis hypogaea L.) (Goswami et al., 2014). Streptomyces mutabilis IA1 from Saharan soil produced IAA and GA, which are responsible for the promotion of wheat growth after incubation in a phytotronic growth chamber for 10 days (Toumatia et al., 2016). Nocardiopsis dassonvillei MB22 was isolated from the Algerian Sahara soil and can stimulate the growth of durum wheat seedlings (shoot and root lengths and dry weight) by a variety of properties (chitinolytic activity, hydrogen cyanide production, IAA production, siderophore production, and inorganic phosphate solubilization) (Allali et al., 2019). Three plant growth-promoting Streptomyces isolated from the desert plant Pteropyrum olivieri could enhance the yield and biochemical contents of sunflower in greenhouse and field experiments under normal conditions (Zahra et al., 2020). These streptomycetes could also improve salt and drought tolerance in inoculated sunflower seedlings. In addition, they can act as plant probiotics by supplying the host plant with three major traits: acquisition of nutrients, growth hormone, and stress tolerance. Microbacterium sp. WLJ053 and Streptomyces sp. WLJ079 from the rhizosphere of A. sparsifolia harbored a nitrogen-fixation gene nifH, which improved maize growth by increasing stem and root lengths, fresh and dry weights after 1 month planting, and cultivation in the greenhouse (Wang et al., 2017). In addition, S. netropsis A-ICA from Larrea tridentata in the Baja California Desert of Mexico enhanced root elongation and development of wheat by the production of IAA, siderophores, and GA and phosphate solubilization after 4 days of germination in semisolid plates (Abdelmoteleb and González-Mendoza, 2020).



Mitigation Potential for Abiotic Stress in Plants

Streptomyces sp. AC5 from the semi-arid environment of Saudi Arabia could mitigate the negative effects of drought on the growth and physiology of maize, discovered from 6 weeks of cultivation in a controlled greenhouse (Selim et al., 2019). This IAA- and siderophore-producing Streptomyces sp. AC5 positively enhanced the growth and drought tolerance ability of maize by reducing H2O2 accumulation and lipid peroxidation through the production of antioxidants (total ascorbate, glutathione, tocopherols, phenolic acids, and flavonoids) and compatible solutes (sucrose, total soluble sugar, proline, arginine, and glycine betaine). The IAA and siderophores were suggested to promote root architecture and water and nutrient uptake from drought-affected soil (Selim et al., 2019). Similarly, Cellulosimicrobium sp. JZ28 was isolated from Panicum turgidum in the Saudi Arabia Desert, and its whole-genome sequence indicated that several genes were responsible for protecting the plant from environmental stresses, such as the ability to synthesize osmoprotectants and volatile compounds in order to withstand abiotic and biotic stresses (Eida et al., 2020).



Biocontrol Potential

Streptomyces mutabilis IA1 from Saharan soil exhibited biocontrol property to decrease severity (79.6%) and reduce occurrence (64.7%) of fungal infection caused by F. culmorum evaluated from 10 days young wheat (Triticum aestivum L.) seedlings in a phytotronic growth chamber (Toumatia et al., 2016). N. dassonvillei MB22, a powerful antifungal producing strain isolated from Algerian Sahara soil, could be used as a biocontrol agent to ensure crop health (Allali et al., 2019). This strain has the potential for controlling several soil-borne phytopathogens (Bipolaris sorokiniana LB12, R. solani LRS1, F. culmorum LF18, F. graminearum LF21 and F. oxysporum f.sp. radices lycopersici LF30). Streptomyces sp. UTMC 2482, UTMC 2483, and UTMC 3136 isolated from desert plant P. olivieri produced several lytic enzymes namely amylase, cellulase, chitinase, lipase and protease, which can inhibit growth of plant pathogens such as A. niger, F. oxysporum and Mucor hiemalis (Zahra et al., 2020). A rhizobacterium S. netropsis A-ICA from Larrea tridentata in the Baja California Desert of Mexico demonstrated high inhibitory activity on fungal growth (Alternaria alternata, Botrytis cinerea, Colletotrichum gloeosporioides, F. equiseti, F. oxysporum, Fusarium solani, and Macrophomina phaseolina) due to the production of hydrolytic enzymes (cellulases, chitinase, and glucanase) and antifungal compounds (Abdelmoteleb and González-Mendoza, 2020). The culture filtrate of S. netropsis A-ICA strongly suppressed the mycelial development of two fungal pathogens, Botrytis cinerea and Macrophomina phaseolina. The presence of chitinase genes suggested that Cellulosimicrobium sp. JZ28 isolated from P. turgidum in the Saudi Arabia Desert has a biocontrol potential against fungal pathogens, such as B. cinerea, F. oxysporum and V. dahliae (Eida et al., 2020).




Industrial and Environmental Application

To adapt for living in the extreme arid ecosystems, various functional enzymes were synthesized by actinobacteria, and these enzymes can be applied for industrial and environmental uses. Those studies shown below provide supporting evidence for potential applications of desert actinobacteria in the environment and industry.


Pentachlorophenol Remediation

Pentachlorophenol (PCP) is a commonly utilized technique in some industries, such as the preservation of wood and leather (Kao et al., 2004). However, PCP is also toxic, and its exposure can induce acute pancreatitis, cancer, immunodeficiency, and neurological problems, as well as inhibiting oxidative phosphorylation (Sai et al., 2001; Shen et al., 2005). A halotolerant Janibacter sp. FAS23 strain obtained from arid and saline Tunisia terrain can degrade PCP (Khessairi et al., 2014). Strain FAS23 was able to degrade PCP up to 300 mg/L and could be used for PCP bioremediation in PCP-contaminated environments.



Industrial Potential

Two new oxidative enzymes, type I Baeyer-Villiger monooxygenases (BVMOs), industrial potential biocatalysts were discovered from S. leeuwenhoekii C34, isolated from Atacama Desert. These new BVMOs enzymes with high melting temperature (45°C) and water-miscible cosolvents tolerance were capable of NADPH-dependent BV oxidation activity on ketones, sulfoxidation activity on sulfides (Gran-Scheuch et al., 2018). In Saudi Arabia, Streptomyces fragilis DA7-7 synthesized a thermostable α-amylase, an important enzyme with commercial potential in industries, including brewery, detergent, paper, food, starch saccharification and pharmaceuticals. (Nithya et al., 2017). Am-fluorinase, another thermostable enzyme, was found in A. mzabensis from Saharan soil in Algeria (Sooklal et al., 2020). This enzyme is responsible for incorporating fluorine into organic molecules to improve the bioactive and biophysical characteristics of compounds and has been widely used in the agrochemical, material and pharmaceutical industries. The Am-fluorinase from A. mzabensis catalyzed a C-F bond and displayed great thermostability with the optimum temperature at 65°C. Cellulosimicrobium sp. JZ28, isolated from P. turgidum also contains genes encoding for β-glucosidases enzymes (Eida et al., 2020). This enzyme could be applied to extract the juice and liberate aroma from wine grapes by hydrolyzing bitter compounds, for example, it can enhance the flavor of fruit juice, tea, and wine in food processing industries (Singh et al., 2016).





CONCLUSION AND FUTURE PERSPECTIVES

Diverse actinobacteria from the desert are undoubtedly potential resources for biotechnology. These actinobacteria which thrive under such extreme environmental conditions, exhibit the diversity and their exceptional adaptability from specialized metabolisms. This review explored 129 new species including alkaliphiles, halotolerant, thermophile and psychrotolerant from 35 deserts in the past two decades. Several species showed potential applications in biotechnology in particular bioactive compounds production, biocontrol properties, functional enzymes and plant growth promotion. The survival mechanisms of actinobacteria under extensive environmental stress in the desert offer tremendous possibilities to explore novel bioactive compounds with unique biosynthesis pathways. It is strongly supporting the view that gifted desert actinobacteria with their bioactive potential provide beneficial appropriate solutions to triumph over the increasingly serious threats from MDR pathogens, agricultural stress and environmental problems.

To recover untapped diversity of culturable actinobacteria from desert, it is extremely important and urgently need for develop improved techniques for selective isolation of target taxa. The progress of actinobacterial diversity depends on the development of such isolation methods which can reflect physicochemical characteristics of the desert environments. Growth of desert actinobacteria is mainly influenced by several physicochemical factors, such as the cation exchange capacity (CEC), the carbon and nitrogen sources, water retention capacity, hydrogen-ion concentration (pH) and temperature (Amin A. et al., 2020). To date, studies have revealed that the efficiency of actinobacterial isolation methods was positively related to the choices of selective media, supplemented inhibitors, inoculation techniques and incubation conditions, which mimics desert environments (Goodfellow, 2010; Goodfellow and Fiedler, 2010; Tiwari and Gupta, 2013). Selective media provide nutrient sources require for the growth and proliferation of target actinobacteria with the help of inhibitors to suppress the growth of unwanted bacteria. Most desert actinobacteria are slow-growing actinobacteria, with a preference for poor nutrient media over nutrient rich media (Li et al., 2021). The supplement of selective antibiotics was significantly promoted the isolation of desert taxa by sharply reduced the number of unwanted bacteria represented by the genus Bacillus. Media supplemented with these antibiotics far exceeded in obtaining the target actinobacteria than media without supplementation (Li et al., 2021). In addition, a higher number of isolates were recorded from the isolation media using the sprinkling technique for inoculation as compared with those corresponding plates prepared from the traditional serial dilution method (Idris, 2016; Xie, 2017). As opposed to the isolation plates seeded with soil suspensions, sprinkling technique allowed the mineral particles to be in direct contact with the nutrients in the media, which may stimulate spore germination and improve the growth of actinobacteria. More diversity was recovered from mineral particles inoculated onto selective media supplemented with inhibitor using sprinkling technique as exemplified by Idris (2016) and Xie (2017). Therefore, it is strongly recommended to use the sprinkling technique for the isolation of actinobacteria from desert associated samples.

In addition to culture-dependent studies, next-generation sequencing techniques and metagenomics are widely used in the identification and characterization of actinobacteria to gain an understanding of their diversity and functions in the desert. However, most desert microorganisms cannot be cultured as exemplified by only 1% of them are culturable (Martiny, 2019). Whole-genome sequences seem to be an effective way to resolve these taxonomic bottlenecks with increasing utilization in systematic studies. It provides a deep insight into the ecology and biotechnological potential of desert species. Currently, 16,763 reference genomes are available in the database (Shi et al., 2021). With the increasing availability of genome sequences, the information regarding genes and their functions provides insights into the metabolic potential of desert actinobacteria, which will greatly promote their biotechnology applications. A culture-enriched metagenomic approach named PLate Coverage Algorithm (PLCA) is developed based on the use of 16S rRNA gene sequencing of culture-enriched plates and shotgun metagenomics to identify the microbial community and their functions, which has been succeeded to recover bacteria including actinobacteria from the cystic fibrosis (Whelan et al., 2020). The PLCA improves the recovery of microbial diversity in the sample and provides a better understanding of the mechanisms between microbial communities and the host environment. This method can be used on any low-abundance microbial community in particular low-abundance actinobacterial taxa from desert, such as Desertiactinospora, Tenggerimyces. Another method for recovering unculturable actinobacteria is the cooperation of 16S rRNA gene metagenomics and commercially available media (Ito et al., 2019). These authors suggested that selective features of media are significantly influenced the recovery of slow-growing taxa on the isolation plates. Successful isolation of novel actinobacteria from commercially available media suggested that uncultured actinobacteria are potentially culturable. This method highlights the high possibility of the recovery of low-abundance taxa in laboratory culture. Besides, computational techniques are continuedly developed since several new algorithms, tools and databases are becoming available, aiming to explore both actinobacterial diversity, their functions and biotechnological potential (Medema, 2021). Several bioinformatics tools are designed specifically for the prediction of bioactive compounds with novel chemical structures from the whole genome sequences (Mikulak-Klucznik et al., 2020; Stokes et al., 2020). An effective biosynthetic pathway for such new compounds can be selected and mined through these genomic data for further engineering purposes. These exciting improvements will undoubtedly provide a tool for the recovery of novel taxa, their ecological functions and the discovery of un-hitherto biotechnological values of these desert actinobacteria. The more comprehensive knowledge should be built upon the principle of “embrace the genome” (Whitman, 2014), which would provide an immensely richer understanding of the biology of actinobacteria in desert environments.
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Environmental cues in an ecological niche are often temporal in nature. For instance, in temperate climates, temperature is higher in daytime compared to during night. In response to these temporal cues, bacteria have been known to exhibit anticipatory regulation, whereby triggering response to a yet to appear cue. Such an anticipatory response in known to enhance Darwinian fitness, and hence, is likely an important feature of regulatory networks in microorganisms. However, the conditions under which an anticipatory response evolves as an adaptive response are not known. In this work, we develop a quantitative model to study response of a population to two temporal environmental cues, and predict variables which are likely important for evolution of anticipatory regulatory response. We follow this with experimental evolution of Escherichia coli in alternating environments of rhamnose and paraquat for ∼850 generations. We demonstrate that growth in this cyclical environment leads to evolution of anticipatory regulation. As a result, pre-exposure to rhamnose leads to a greater fitness in paraquat environment. Genome sequencing reveals that this anticipatory regulation is encoded via mutations in global regulators. Overall, our study contributes to understanding of how environment shapes the topology of regulatory networks in an organism.

Keywords: evolution of anticipatory regulation adaptation, anticipatory regulation, Escherichia coli, laboratory evolution, rhamnose, paraquat


INTRODUCTION

Environmental cues are often cyclical in nature, for instance, temperature in day is higher and night is cooler. Thus, microorganisms have to continuously adapt to this changing environment. Moreover, the changing cues have a strong temporal element associated with them. That is, high temperature precedes the lower temperature of the night. Can the gene expression pattern of a microbial population be tuned to pre-empt the arriving cue? While examples of such anticipatory gene regulation are known from ecological contexts (Tagkopoulos et al., 2008; Mitchell et al., 2009), the dynamics of evolution of anticipatory regulation are not known.

The cellular response to a biological cue is based on specificity of recognition of the cue. Biological systems expend considerable effort toward reducing non-specific substrate binding and reducing crosstalk (Swain and Siggia, 2002; Siryaporn and Goulian, 2008; Skerker et al., 2008; Johnson and Hummer, 2011). However, anticipatory regulation requires that the gene expression is tuned in response to a yet-to-appear environmental cue. Moreover, regulatory crosstalk between cellular modules is ubiquitous in biology (Ravasz et al., 2002; Shen-Orr et al., 2002). One of the forms of specificity and crosstalk in regulation is between transcription factors and their recognition site on the DNA. Although each transcription factor binds its cognate regulatory site on the DNA, significant non-specific binding, and hence regulatory crosstalk, exists (Wunderlich and Mirny, 2009; Burger et al., 2010).

A particular form of crosstalk between two functional modules is when gene expression changes upon anticipation of an upcoming environmental shift. For example, in Escherichia coli, an increase in temperature elicits response to low oxygen conditions, mimicking how these two environments are sequentially encountered by the bacterium in the mammalian gastrointestinal tract (Tagkopoulos et al., 2008). Such anticipatory regulation was also demonstrated to occur between sugars lactose and maltose (Mitchell et al., 2009). Anticipatory regulation is seen in yeast too. Recent studies have demonstrated that yeast anticipates exhaustion of a primary carbon source, and thus, switches to the secondary source in the environment, even before the primary source is exhausted (New et al., 2014; Wang et al., 2015; Venturelli et al., 2015). Thus, fine-tuning of regulatory crosstalk between modules, leading to exhibition of anticipatory regulation, is done in accordance with the precise ecological niche of an organism.

Anticipatory gene regulation, as a strategy, is widespread in pathogens (Brunke and Hube, 2014). In Mycobacterium, the different two-component systems (TCSs) in the bacterium are wired so that activation of one leads to partial activation of the downstream TCSs (Agrawal et al., 2015). In Salmonella, flagella is assembled prior to assembly of a Type 3 Secretion System (T3SS) (Saini et al., 2010), and regulatory elements in the flagellar cascade are known to activate the SPI1-encoded T3SS genes (Chubiz et al., 2010). Burkholderia, in response to high cell density, anticipates stationary phase stress and triggers anticipatory response (Goo et al., 2012). Fungal pathogens have been shown to elicit anticipatory response for protection against attack from the immune system of the host (Pradhan et al., 2020).

Thus, repeated, temporal exposure of environmental cues may have led to evolution of regulatory crosstalk between cellular modules. Despite significant evidence that anticipatory gene expression provides an adaptive advantage to an organism, little is known about how anticipatory regulation can evolve in a population.

In this work, we ask the following question: if a population is exposed to two environmental signals, S1 and S2, sequentially and repeatedly, under what conditions can anticipatory regulation evolve as an adaptive strategy? To answer this question, we use a simple mathematical model to represent exposure of a population to two temporal stimuli [signal1 (S1) and signal2 (S2)] and identify the network and physiological parameters, which maximize fitness in the given conditions. Based on the inputs from our modeling results, we evolve E. coli under alternating exposure to a pentose sugar rhamnose (S1) and an oxidative stress molecule, paraquat (PQ) (S2) (see Supplementary Material 1 for more details).

Repeated, alternating exposure to S1 and S2 for ∼850 generations, leads to evolution of anticipatory regulation, where prior exposure to rhamnose provides an adaptive benefit when the population is shifted to paraquat. This benefit is observed only in lines, which were exposed to alternating S1 and S2; and is only seen when these cells are pre-exposed to rhamnose. Gene expression experiments demonstrate that one of the possible mechanisms of this adaptive benefit is partial activation of soxS, upon exposure to rhamnose. Our study thus demonstrates that, in controlled laboratory environment, anticipatory gene regulation can evolve in a short timeframe of a few hundred generations. Genome sequencing of the evolved lines reveals that anticipatory regulation can evolve via distinct molecular pathways, often involving mutations in global regulators.



MATERIALS AND METHODS


Model System Description

Two regulatory modules and their possible interaction was studied as follows. A microorganism experiences an environmental signal S1. Upon sensing this signal, it modulates gene expression. As part of this response, a transcription factor R1 gets activated and triggers expression of a target protein T1. After time t1, S1 is replaced by another signal S2. In response to S2, the cell activates a transcription factor R2. The activated R2 then positively controls expression of the target protein T2, which confers an adaptive benefit in S2. The signal S2 persists for time t2 (Figure 1).
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FIGURE 1. Regulatory designs without (A) and with (B) anticipatory regulation. In the prevailing environment, signal s1 is present from [0, t1] and signal s2 is present from [t1, t2]. In the first design, activated regulator R1* controls expression of target protein T1, and R2* controls expression of T2. In the second regulatory design, R1*, in addition to controlling expression of T1, also partially/fully controls expression of target protein T2.


In the first regulatory design, activated R1 is responsible for response to S1 (controlling expression of T1 only), and activated R2 controls expression of T2. We call this design a no-anticipatory regulation design (Figure 1A). In such a setting, when allowed to propagate in alternating S1 and S2 for a long time, the population will evolve and enhance fitness. In our mathematical framework, we solve for parameter values, which maximize fitness for the regulatory topology in Figure 1A.

On the other hand, in the design with anticipatory regulation, expression of T2 is controlled by active R1 as well as active R2 (Figure 1B). We solve for the values of these biochemical interaction that maximize fitness in this regulatory design. In particular, we are interested in identification of parameter values such that the fitness conferred by design in Figure 1B exceeds that by design in Figure 1A.

The equations dictating the synthesis and degradation rate of proteins in the cell, upon sensing signal S1 or S2 can be written as below.
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and,
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is represented as:
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and
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The dynamics of target protein T2 is represented as described in Equation 5. R2* is the transcription factor responsible for expression of T2, Km2 is the Michaelis–Menten kinetic constant for T2 production, b2 is the maximum production rate of T2, and kd2 is the combined degradation and dilution rate of T2 in the cell (Alon, 2006). The parameters kf1 (kf2) and kr1 (kr2) represent the rate constant of association and disassociation between the regulator R1 (R2) and the signal s1 (s2), respectively. We assume that expression of R1 and R2 is not contingent on the presence or absence of signals (but their activation is).
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However, in the case when anticipatory regulation controls gene expression (Figure 1B), the dynamics of T2 in the cell can be quantified as:
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Where,
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for each transcription factor-DNA interaction, and b1 (b2) is the maximal strength of the T2 promoter when driven by the activated transcription factor R1 (R2). In this manner, given the biochemical parameters of a network, we can quantify the dynamics of protein expression in a cell.



Cost-Benefit Framework

From the time-course data of protein expression, we use a cost-benefit model to understand the cellular fitness, as a result of the gene expression dynamics (Dekel and Alon, 2005; Zaslaver et al., 2006b; Roselius et al., 2014; Fritz et al., 2019). In this formulation, the benefit conferred to the cell by the target protein T2 is given by the following expression:

[image: image]

In addition, protein production is known to have a cost associated with it (Kafri et al., 2016). This cost is a linear function of the amount of protein being synthesized.
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The overall fitness of a cell is given by,
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Given a set of network topology and the biochemical parameters associated with it, this framework allows us to compute the benefit of production of T2 and track this quantity with time. In the context of this work, we compute the fitness conferred by T2 in the time window [t1, t2] and the total cost associated with synthesis of protein T2 in the window [t0, t2].



Solving for Optimal Fitness

We assume that the parameters associated with changing the regulatory patterns of gene expression (like, Km and b) are evolvable on a time scale faster than the time needed to change parameters associated with protein property (like, enzyme activity, degradation rate) (Babu et al., 2004; Wray, 2007; Wittkopp and Kalay, 2011; Rubinstein and de Souza, 2013). As a result, we let the parameters, which control regulation evolve, while keeping the others constant. Moreover, in our simulations, the value of each parameters is constrained by the thermodynamics associated with biological processes (Supplementary Material 2). The range chosen for each parameter represents the biologically permissible window in which they can take a value (Ozbudak et al., 2002; Rosenfeld et al., 2005, 2007; Mitrophanov and Groisman, 2008; Sneppen et al., 2010).

Given the above, we introduce “mutations” (change parameters) in the network and for each of the two regulatory designs (with and without anticipatory regulation, as defined above), find the parameter set which optimizes fitness. We are particularly interested in finding whether fitness is optimized via topology in Figures 1A or B.

All simulations were performed in Matlab 7.0.



Strain Used

Escherichia coli K12 MG1655 (ATCC 47076) (F– lambda–) was used in this study. The soxS mutant was generated using the primers 5′-CCCCAACAGATGAA TTAACGAACTGAACACTGAAA AGAGG GTGTAGGCTGG AGCTGCTTC-3′ and 5′-GAGCAATTACCCGCGCGGGAGT TAA CGCGCGGGCAATAAACATATGAATATCCTCCTTA-3′ from the parent strain, as per the method described by Datsenko and Wanner (2000).



Media and Reagents

M9 glycerol medium contained 0.2% glycerol unless otherwise stated. M9 salts, trace elements and casamino acids were prepared in concentrated stocks. Stock of a 5× M9 salts solution consisted of 64 g/L Na2HPO4.7H2O, 15 g/L KH2PO4, 2.5 g/L NaCl, and 5 g/L NH4Cl dissolved in Milli-Q filtered water. Casamino acids were prepared as 10× solution and were used at a final concentration of 0.05% (w/v) in the growth media. MgSO4 and CaCl2 were prepared at 1M stock solutions each. Stocks of rhamnose and paraquat was prepared at 20% and 5 mM, respectively, and sterilized by filtration through 0.22 μm filters.



Laboratory Evolution Experiment

Rhamnose (S1) and paraquat (S2) at a concentration of 0.2% and 40 μM, respectively, were used as the two stimuli. The evolution experiment was carried out in three replicate lines serially diluted 1:100 in alternating conditions of rhamnose and paraquat every 12 h, as described above. Control lines (in triplicate) were evolved in either 0.2% rhamnose only or 40 μM paraquat only. The control experiment were both the stimuli were added together did not grow beyond four dilutions, hence was dropped out of the experiment.

All cultures were grown at 37°C and 250 rpm. Sub-cultures in fresh media were done every 12 h (1:100) to ensure that cells did not enter stationary phase (Navarro Llorens et al., 2010). The evolution experiment was carried out for a total of 850 generations. Freezer stocks of intermediate time points were made in the experiment. Analysis of the stocks at 300 and 600 generations are presented in this work. Starting from the ancestor, three independent lines were evolved for each environmental condition.



Analysis of Evolved Lines for Anticipatory Regulation

All evolved lines and the ancestor were revived from freezer stocks into 2 ml LB and incubated for 12 h with shaking at 250 rpm at 37°C. The cultures were then sub-cultured 1:100 in 2 ml M9 medium, containing 0.2% glycerol as the carbon source, for 12 h. From each tube, cells were then sub-cultured 1:100 in 2 ml M9 glycerol media (a) with and (b) without 0.2% rhamnose, and allowed to grow for 12 h at 250 rpm at 37°C. After growth for 12 h, all lines were sub-cultured to the same initial OD (0.1) into 2 ml M9 glycerol with PQ (40 μM). A volume of 150 μL of these cultures were transferred to a 96-well clear flat-bottom microplate (Costar) in triplicates. The cultures were grown at 37°C in a microplate reader (Tecan Infinite M200 Pro), until they reached stationary phase. OD600 readings were taken every 30 min with 10 min of orbital shaking at 5 mm amplitude before the readings. A gas permeable Breathe-Easy (Sigma-Aldrich) sealing membrane was used to seal the 96-well plates. Growth rate (Malthusian parameter, r) was calculated from the time to reach an OD 1.0, assuming exponential growth in this duration. This growth rate is presented in the growth rates in Figures 4D, 5.
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FIGURE 2. (A) For intermediate values of the degradation rate kd for target protein, T2, conditioning is the optimal response. (B) For intermediate values of the degradation rate kd for target protein, T2, conditioning is the optimal response.
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FIGURE 3. Anticipatory regulation emerges as optimal solution as maximum benefit conferred by T2 increases. The shaded region in orange represents the range of the values of kd for protein T2, for which anticipatory regulation is the optimal regulatory design, at a given value of bmax.
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FIGURE 4. (A) Escherichia coli exhibits a growth defect in M9 glycerol media, when grown in the presence of 40 μM PQ. (B) Experimental plan for the rhamnose-PQ alternating evolution. Cells were exposed to rhamnose and then PQ for 6–7 generations for a total of 850 generations. (C) Anticipatory regulation evolves in rhamnose-PQ alternating lines. Cells from rhamnose-PQ evolved line (line Alt1) (left), rhamnose-only evolved line (line Rha1) (middle), and PQ-only evolved line (PQ1) (right) were grown in M9 minimal glycerol media with (blue) or without (red) rhamnose. The cells were transferred 1:100 to M9 glycerol media with 40 μM PQ, and their growth kinetics observed. (lines 1 from alternating rhamnose-PQ; only rhamnose; and only PQ.) (D) Anticipatory regulation provides a growth advantage in all rhamnose-PQ alternating evolved lines. Growth rates of the evolved lines in M9 glycerol media containing 40 μM PQ, when transferred from M9 glycerol media with (blue) or without (gray) 0.2% rhamnose. (***p-value < 0.01; **p-value < 0.02; *p-value < 0.15; two-tailed, paired t-test).
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FIGURE 5. Growth advantage because of evolution of anticipatory regulation takes place around and after 600 generations into the experiment. (A) Experimental design. Evolved lines were grown in M9 glycerol and M9 glycerol containing rhamnose separately. The two cultures were transferred to M9 media containing PQ, and growth kinetics monitored. Growth rate of lines 1 (blue), 2 (green), and 3 (red) in rhamnose-PQ alternating conditions (B), rhamnose-only (C), and PQ only (D). Solid and dashed lines represent growth rates of the lines, when transferred from M9 glycerol medium without or with rhamnose, respectively. (* represents p-value < 0.1; ** represents p-value < 0.0.1 in two-tailed, paired t-test).




Gene Expression Measurements

The evolved lines and wild-type were transformed with soxS-GFP, a plasmid-based promoter fusion from Thermo Scientific E. coli promoter collection (PEC3877) (Zaslaver et al., 2006a). For estimating the promoter activity, cells were revived from freezer stocks from the −80°C deep freezer into 2 ml LB containing 40 μg/ml Kanamycin and incubated for 12 h at 37°C. The saturated cultures were then sub-cultured 1:100 in 2 ml M9 glycerol medium for 12 h. All lines were then sub-cultured 1:100 into fresh M9 glycerol medium without/with 0.2% rhamnose and allowed to grow for 12 h at 37°C. After this period of growth, 150 μL of these cultures was transferred to a 96-well Black clear flat-bottom microplate (Costar) and Fluorescence (488/525 nm) and OD600 readings taken using a microplate reader.

For soxS-GFP expression in presence of paraquat, cells were transferred at a 1:100 dilution from M9 glycerol to M9 glycerol with/without 0.2% rhamnose. The culture were then allowed to grow for 12 h at 37°C. The resulting cultures were diluted to an initial OD600 of 0.1 in 2 ml M9 glycerol media with 40 μM PQ. A volume of 150 μL of these cultures were transferred to a 96-well Black clear flat-bottom microplate in triplicates. The cultures were grown at 37°C in a microplate reader, until they reached stationary phase. Fluorescence (488/525 nm) and OD600 readings were taken every 30 min with 10 min of orbital shaking at 5 mm amplitude before the readings. A gas permeable Breathe-Easy (Sigma-Aldrich) sealing membrane was used to seal the 96-well plates. In this assay, the cumulative promoter strength over a period of time is measured.

A two-tailed t-test was performed to compare two sets of data. The p-value corresponding to four degrees of freedom was obtained using the calculated t-statistic for each set.



Whole Genome Sequencing and Variant Calling


Sample Preparation and Sequencing

Genomic DNA of ancestral and evolved lines were isolated following standard zymolyase-based protocol using the kit from FAVORGEN Biotech Corporation. DNA concentrations and quality were measured using a Nano-spectrophotometer from Eppendorf and by gel electrophoresis. Samples were paired-end sequenced on an Illumina HiSeq, with an average read length of 150 bp. Each sample had a minimum coverage of 100×.



Mapping and Variant Calling

A cloud-based web interface system Galaxy1 was used to perform all sequence data analysis. Illumina paired-end reads were uploaded into the server. The quality of the reads was assessed using FastQC (Version 0.72) (Andrews, n. d.). The reads were mapped to E. coli str. K-12 substr. MG1655 genome (GCA_000005845.2) and variant calling was performed using the automated tool Snippy (Version 3.2) (Seemann, 2015), according to the recommendations for evaluating single nucleotide variant calling (Olson et al., 2015). Variants present in the ancestral strain were filtered out manually. Finally, all remaining indels and SNPs were verified using intensive manual curation.





RESULTS


Anticipatory Regulation Is an Adaptive Response for Intermediate Values of Degradation Rates of the Protein T2

We simulate the networks in Figures 1A,B for a set of parameter values, chosen from a window typically representing each biochemical interaction in a cell (Ozbudak et al., 2002; Rosenfeld et al., 2005, 2007; Suel et al., 2006; Mitrophanov and Groisman, 2008; Sneppen et al., 2010; Prajapat et al., 2016). For a given value of kd (degradation + dilution rate constant for protein T2), we find the regulatory design in Figure 1, which leads to a maximal fitness.

Maximal fitness is obtained via three distinct regulatory logics, depending on the degradation rate of the protein T2 (Figure 2A). These region corresponding to the three designs is as shown in the bands in Figures 2A,B (yellow, green, and blue). For small values of the kd of T2, the maximal fitness is achieved when control of T2 is entirely under the regulator R1. That is, R2 does not play any role in controlling expression of T2. This can be understood as follows. Expression of T2 by R1 leads to T2 production even before signal S2 is present in the environment. As a result, the T2 so produced does not confer any advantage to the cell. Thus, this preemptive production of T2 does not give any benefit to the cell, but does come at an additional cost associated with protein production in the cell. This cost, however, is offset by the enhanced T2 levels inside the cell (and consequently the benefit conferred to the cell), from the time when signal S2 is introduced to the system. When T2 is stable, the steady state T2 in the cell is high, and as a result, the fitness of the cell at the moment S2 is introduced to the system is also high.

At the other extreme, when the kd of T2 is high, the regulatory design that optimizes cellular fitness is one where control of expression of T2 is not by R1, but is instead entirely by R2. In such a context, the energetic cost of T2 production in the “futile” time-period [0, t1] prior to introduction of signal B, because of the high protein turnover, is high. In such a scenario, the cellular adaptive strategy is control of each target protein by its cognate regulatory partner.

However, at intermediate values of the protein T2 degradation rate constant, for maximal cellular fitness, both b1 and b2 are non-zero. This window of the values of the degradation rate constant of T2 represents the scenario where conditioning is the adaptive response in cellular functioning. Such a set up identifies conditions for a distributed regulatory design for control of gene expression (Saini et al., 2010). However, anticipatory regulation may or may not be accessible from a given starting point on the landscape (Blount et al., 2018; Brajesh et al., 2019; Fragata et al., 2019).

Changes in regulatory design can also be incorporated by changing the binding affinity of the transcription factor with the promoter region of the DNA. In the context of the model, we change the parameter k_on, which represents the affinity of the DNA for the transcription factor. Similar to the results obtained above, anticipatory regulation outperforms the regulatory design in Figure 1A for intermediate values of the degradation rate of protein T2, when we permit k_on to vary for protein T2 (Figure 2B).



Can Anticipatory Regulation Be Evolved in a Laboratory Set-up?

We use the model to text the conditions in which conditioning would be the optimum response (compared to non-conditioning response). When we scan the two parameter region defined by Emax (maximum benefit conferred by T2) and kd of protein T2, we note that as Emax increases, conditioning emerges as the optimal solution for an increasing window of the parameter range kd for protein T2 (Figure 3).

From these results, we predict that anticipatory regulation is most likely to evolve if the target protein confers a large fitness advantage to the cell. This is perhaps the single most important criteria for anticipatory regulation to emerge as an outcome of an evolutionary experiment. In other words, anticipatory regulation is more likely to be the optimal regulatory design when absence of T2 causes a significant fitness cost to the cell. Therefore, for experimental evolution of anticipatory regulation, we choose a cellular stress as S2.



Evolution of Anticipatory Regulation in Escherichia coli

From our modeling exercise, we note that the key parameter for evolution of anticipatory regulation is cost associated with not initiating a rapid response to signal S2. In view of these inputs, we chose a pair of environmental signals, which meet this criteria. We chose the pentose sugar rhamnose as signal S1 and an oxidative stress molecule, paraquat (PQ) as signal S2 (see Supplementary Material 1 for more details of the two systems). To the best of our knowledge, the two systems are not linked by any direct transcriptional regulation. A stress of 40 μM PQ induces a growth defect in E. coli (Figure 4A). Thus, any anticipated expression of the SoxRS regulon is likely to provide a large adaptive benefit to the individual. With this premise, we performed an evolutionary experiment where the cells were exposed to S1 and S2 alternatively for a total of about 850 generations (Figure 4B; see section “Materials and Methods”).

In such a context, anticipatory regulation can be said to have evolved when the following two conditions are met. First, after alternating exposure to rhamnose and PQ, pre-exposure to rhamnose confers a growth advantage when the cells are exposed to PQ. Second, that this advantage should only be present in the lines evolved in an environment of alternating rhamnose and PQ.

In Figure 4C, growth kinetics of one of the lines from the three experimental conditions are shown. Cells evolved in alternating rhamnose-PQ were pre-grown in (a) glycerol and (b) glycerol and rhamnose. The two cultures were transferred to a M9 glycerol media containing PQ, and the growth kinetics compared. As shown in Figure 4C, the cells pre-exposed to rhamnose exhibit a growth advantage in PQ environment. This advantage is absent in the lines evolved in rhamnose-only, or PQ-only. In Figure 4D, the growth rate for all three lines in each of the three environments is shown. Among all the lines, only rhamnose-PQ alternating evolved lines show a growth advantage, when pre-exposed to rhamnose. The relative amounts of the advantage vary between the three lines. As expected, the rhamnose-evolved lines show a considerably lower growth rate as compared to the PQ-evolved and the rhamnose-PQ alternating evolved lines.

To test the kinetics of the growth advantage during the course of our evolution experiment, two intermediate time-points (generation 300 and 600) in the evolutionary experiment were also checked for their growth rate. As shown in Figure 5, no growth advantage due to anticipatory regulation was observed at 300 generations. By 600 generations, anticipatory regulation was observed in two of the three rhamnose-PQ alternating lines. This trend was exaggerated by generations 850. The growth advantage, associated with a prior exposure to rhamnose, is not observed in rhamnose-only and PQ-only evolved lines. Interestingly, in two of the three rhamnose-evolved lines, fitness decreases in the PQ environment, indicating trade-off (Cooper and Lenski, 2000; Litchman et al., 2015; Ferenci, 2016).



Evolved Lines Lead to Faster Induction of SoxS

SoxS is one of the key proteins responsible for cellular oxidative stress response (Seo et al., 2015). To test if induction of SoxS differs in the evolved and ancestral lines, when the cells are exposed to rhamnose, we grew E. coli in M9 glycerol media in the absence and presence of 0.2% rhamnose. As shown in Figure 6, in all three lines evolved with alternating exposure to rhamnose and paraquat, soxS promoter is activated in presence of 0.2% rhamnose. This rhamnose-dependent activation of the soxS promoter is absent in the lines evolved in rhamnose only, or the lines evolved in paraquat only. In addition, rhamnose-dependent activation of the soxS promoter is absent in the ancestor strain.
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FIGURE 6. Lines evolved with alternating exposure to rhamnose and paraquat (Alt1, Alt2, and Alt3) exhibit a higher expression from the soxS promoter after growth for 8 h in the presence of rhamnose. This rhamnose-dependent activation of the soxS promoter is absent in the ancestor (WT), in rhamnose-evolved lines (Rha1, Rha2, and Rha3), and in paraquat-evolved lines (PQ1, PQ2, and PQ3) (** indicates p-value < 0.002, * indicates p-value < 0.02, two-tailed, paired t-test).


When lines Alt1, Alt2, and Alt3 were transferred from M9 glycerol media with and without rhamnose to M9 glycerol media containing paraquat, cells transferred from environments with rhamnose exhibited a faster induction of the soxS promoter (Supplementary Material 3).

This data demonstrates that in the lines evolved in alternating rhamnose and paraquat, anticipatory regulation evolves. This anticipatory regulation leads to a growth phenotype. Our results here demonstrate that one of the manifestations of evolution of anticipatory regulation is partial induction of the soxS promoter, when cells are grown in rhamnose. This partial induction leads to a faster transition to the ON state, when cells transition to an environment containing paraquat.



Molecular Basis of Anticipatory Regulation

Mutations in the evolved lines were identified from the genome sequencing results. A complete list of the mutations in the evolved lines is in Supplementary Material 4. All three lines had SNPs in glpK. Glycerol kinase (GlpK) is involved in the utilization of the glycerol moiety of phospholipids and triglycerides after their breakdown into usable forms (Lin et al., 1962; Zwaig and Lin, 1966; Zwaig et al., 1970; Thorner and Paulus, 1973; Herring et al., 2006; Joyce et al., 2006). In several adaptive evolution experiments, growth on glycerol has led to mutations in glpK coding region (Honisch et al., 2004; Herring et al., 2006; Applebee et al., 2008, 2011; Cheng et al., 2014). Our studies report three novel glpK alleles, which improve growth rate in minimal media containing glycerol.

Additionally, each of the three lines acquired other mutations. Adenylate cyclase (encoded by cyaA) catalyzes synthesis of cyclic AMP (cAMP). Mutations in cyaA has also been reported to confer high hydrostatic pressure resistance and increased antibiotic resistance in E. coli (Nishino et al., 2008; Gayan et al., 2017). Moreover, because of cyclic AMP receptor protein (CRP)-cAMP complex has a global affect on gene regulation, the gene expression patterns in the cell in a cya mutant are qualitatively different, compared to the wild-type (Delaney, 1990). A mutation identified in one of the lines (Alt3) is a SNP in the RNA component of the small subunit (30S subunit) of the E. coli ribosome. The 16S rRNA is targeted by a number of antibiotic agents (Thompson and Hearst, 1983; Stern et al., 1989; Brimacombe, 1992; Schneider et al., 2003). As a result of this mutation, the proteome profile in the cell is known to be changed, affecting expression levels of more than a hundred proteins. Line Alt2 acquired a mutation in rpoS, which regulates transcription of a large number of genes related to sugar metabolism and polyamine metabolism in response to cellular stresses. It also has important roles in nucleic acid synthesis, modification, and turnover (Maciag et al., 2011); and response to oxidative stress (Soo and Wood, 2013). Polymorphisms in rpoS that affect fitness across different environments are commonly found in E. coli (Notley-McRobb et al., 2002; Zinser and Kolter, 2004; King et al., 2006).

Another class of mutations was identified in line Alt1. These include a mutation in potA, which impacts susceptibility to oxidative stresses (Tabor and Tabor, 1964; Abraham, 1968; Mitsui et al., 1984; Schuber, 1989; Chattopadhyay et al., 2003). Line Alt1 also acquired a mutation in TrkH, a potassium ion transporter (Dosch et al., 1991; Schlosser et al., 1995). A mutation in trkH is often associated with aminoglycoside resistance in bacteria (Lazar et al., 2013; Apjok et al., 2019). It also plays important roles in osmotic response, modulation of membrane potential, pH maintenance, and overall fitness in a variety of bacterial species (Castaneda-Garcia et al., 2011; Ochrombel et al., 2011; Quintero-Yanes et al., 2019).

Overall, while the mechanistic explanation for the observed anticipatory regulation, and the corresponding increase in fitness is difficult to understand fully from the sequencing results, our results demonstrate how small mutations in global regulators of a cell can bring about fine-tuning of gene expression which leads to changes in timing and strength of gene expression, contributing to cellular fitness.




DISCUSSION AND CONCLUSION

Ecological niches often have cyclical cues – e.g., temperature increase followed by decrease in oxygen availability upon ingestion; nutritional cues are spatial in nature in the small intestine. Presumably, repeated exposure to these cues leads to evolution of anticipatory regulation. However, the timeline, mechanisms via which anticipatory regulation evolves is not known. This work is a first attempt toward this question.

Repeated exposure to two cues (rhamnose and PQ) lead to evolution of anticipatory regulation. While the phenomenology is reported in our study, the mechanistic details of this phenomenon is not identified. Our future work is directed toward answering this question. Our results suggest the possibility that via mutations in global regulators, the gene expression pattern of the cell is changed so that prior exposure to rhamnose leads to a fitness advantage when cells are exposed to oxidative stress. Interestingly, this phenomenon is observed without mutations in the rhaSR region or the soxSR region of the E. coli genome. The precise mechanistic details of the rhamnose-dependent upregulation of soxS remains unknown. Several possibilities exist in this regard. Expression of rhamnose utilization genes could lead to a pleiotropic effect on gene expression, leading to partial expression of genes involved in tackling oxidative stress. Alternatively, change in global regulators (as indicated in the mutations in Supplementary Table 1), and an altered metabolic state (due to presence of rhamnose) leads to upregulation of soxS and presumably, its regulon. Gene regulation can also be incorporated via post-transcription, translation, and/or post-translation mechanisms, while our model only considers transcriptional rewiring. Post-transcriptional modes of regulation can, structurally, be added to the modeling details. However, since most biochemical parameters are unknown, the utility of inputs from these models will likely be limited. On the other hand, our model, albeit simple, predicts the effect that use of a stress as a signal leads to a greater chance of anticipatory regulation to evolve.

In this work, we present experimental evidence of evolution of anticipatory regulation in bacteria. We demonstrate that by evolving E. coli in alternating environments of rhamnose and PQ, anticipatory regulation evolves, where prior exposure to rhamnose enhances fitness of the population in PQ. In our experimental set-up this adaptation evolves in the time scale of a few hundred generations. Anticipatory regulation involves mutations in global regulators (like cya, rpoS, ribosomal subunit), which likely lead to large-scale changes in transcriptional and translational profile of the cell. Mutations which confer a direct fitness advantage in the evolved environment are also reported (e.g., all three lines have a SNP is glpK). A previous attempt to evolve anticipatory regulation in yeast was made by choice of two stresses as environmental cues. However, disentangling the effect of the two stresses made the analysis of such a system challenging (Dhar et al., 2013). Overall, our study demonstrates clearly, that anticipatory regulation of gene regulation can evolve in a few hundred generations. Understanding this largely unexplored mode of regulation can help us understand the arrangement of global regulatory patterns in bacteria.
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A talented endophytic bacteria strain YINM00001, which showed strong antimicrobial activity and multiple antibiotic resistances, was isolated from a Chinese medicinal herb Peperomia dindygulensis Miq. Phylogenetic analysis based on 16S rRNA gene sequences demonstrated that strain was closely related to Streptomyces anulatus NRRL B-2000T (99.93%). The complete genome of strain YINM00001 was sequenced. The RAxML phylogenomic tree also revealed that strain YINM00001 was steadily clustered on a branch with strain Streptomyces anulatus NRRL B-2000T under the 100 bootstrap values. The complete genome of strain YINM00001 consists of an 8,372,992 bp linear chromosome (71.72 mol% GC content) and a 317,781 bp circular plasmid (69.14 mol% GC content). Genome mining and OSMAC approach were carried out to investigate the biosynthetic potential of producing secondary metabolites. Fifty-two putative biosynthetic gene clusters of secondary metabolites were found, including the putative cycloheximide, dinactin, warkmycin, and anthracimycin biosynthetic gene clusters which consist with the strong antifungal and antibacterial activities exhibited by strain YINM00001. Two new compounds, peperodione (1) and peperophthalene (2), and 17 known compounds were isolated from different fermentation broth. Large amounts and high diversity of antimicrobial and/or anticancer compounds cycloheximide, dinactin, anthracimycin, and their analogs had been found as predicted before, which highlights strain YINM00001 as an ideal candidate for further biosynthetic studies and production improvement of these valuable compounds. Meanwhile, several gene clusters that were highly conserved in several sequenced actinomycetes but significantly different from known gene clusters might be silent under proceeding fermentation conditions. Further studies, such as heterologous expression and genetic modification, are needed to explore more novel compounds from this talented endophytic Streptomyces strain.
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INTRODUCTION

The development of new drugs lags far behind the outbreak of infectious diseases and cancers. It is urgent to find novel natural products. Plenty of bioactive natural products were found from actinomycetes, including clinical and agricultural antibiotics, antitumor drugs, immunosuppressants, and other active drugs. Actinomycetes are responsible for about 10,100 of the 22,500 bioactive microbial metabolites that have been discovered so far; about 150 compounds were directly applied to humans, animals, and agriculture (Berdy, 2005; Newman and Cragg, 2020). However, with the accumulation of strains and compounds year by year, the probability of rediscovery of studied strains and known compounds is greatly increased. In addition, time-consuming and guideless traditional fermentation makes it difficult to find novel natural products. Using new research methods to explore new actinomycetes trains isolated from new habitats might be a new way to discover novel natural products (Shen, 2015; Newman and Cragg, 2020).

Endophytic bacteria, which live in almost all studied plants, are important components of the host ecosystem. Many endophytes could give beneficial feedback to their host in different ways, including growth promotion, pathogen suppression, contaminants remove, phosphate solubilization, nitrogen fixation, etc. (Assmus et al., 1995; Sessitsch et al., 2002; Hardoim et al., 2008). During the long time interaction with their host, Chinese medicinal herb derived endophytic bacteria, especially actinomycetes strains, could produce various bioactive natural products that make them valuable resources for drug leads discovery.

Chinese medicinal herbs have been used as anti-infection and anti-cancer drugs for thousands of years. Many natural products isolated from Chinese medicinal herbs showed considerable antibacterial, antifungal, antiviral, and antitumor activities (Lee, 2000). Peperomia dindygulensis Miq. is a fleshy herb mainly found in southern China. Compounds with antitumor, anti-inflammatory, and antiviral activities had been isolated from Peperomia dindygulensis, including Secolignans, tetrahydrofuran lignans, chromones, and acylcyclohexane-1,3-diones. It is commonly used for treatment of cough, asthma, measles, burns, and cancers in southwest China (Wang et al., 2012). However, the endophytic bacteria of Peperomia dindygulensis are still poorly characterized.

On the basis of the deepening understanding of the biosynthesis mechanism of some secondary metabolites, genome mining has become a new way to explore new natural products. By applying the knowledge of biosynthetic pathways, potential gene clusters can be mined from the genome, skeletal structure of the relative products can be predicted, and some gene clusters can be activated in a variety of ways, so as to discover new natural products. Meanwhile, because some bacteria can potentially produce many more metabolites than they do under determined conditions, the “one strain many compounds” (OSMAC) approach had been widely used in recent years (Bode et al., 2002; Romano et al., 2018). Therefore, using genomic mining and OSMAC approach together to investigate new actinomycetes strains from new habitats may get better results.

In this study, endophytic bacteria, including Streptomyces strains, were isolated from Peperomia dindygulensis Miq. One of the Streptomyces strains, designed YINM00001, showed strong antimicrobial activity and multi-antibiotics resistance and was chosen for secondary metabolites discovery by using genome mining and OSMAC approach. Totally, 19 natural products including two new compounds were found from different fermentation broths of strain YINM00001. Some compounds had been predicted by genome mining before isolation, and several active compounds were consistent with the activities exhibited by strain YINM00001. Our study showed the great potential of genome mining and OSMAC in natural products exploration from novel strains.



MATERIALS AND METHODS


Bacterial Isolation

Fresh Peperomia dindygulensis were collected from the Chinese medicinal herb garden in Kunming University, Yunnan Province, China. Ten healthy plants, including leaves, stems, and roots, were randomly chosen from the garden. All the samples were stored at 4°C and processed within 12 h. The whole plants were washed with tap water and distilled water several times, and then immersed in 70% ethanol (v/v) and sodium hypochlorite solution (0.5% available chlorine) for 1 min, respectively. After being washed with distilled water thoroughly three times, the whole plants were smashed into small pieces with a sterilized grinder (Ren et al., 2018). The juice and residues were plated onto ISP2 agar (soytone 4 g, malt extract 10 g, glucose 4 g, agar 20 g, H2O 1000 ml, pH = 7.2) and Gause’s synthetic agar (soluble starch 20 g, sodium chloride 0.5 g, ferrous sulfate 0.01 g, potassium nitrate 1 g, sipotassium hydrogen phosphate 0.5 g, magnesium sulfate 0.5 g, agar 15 g, pH = 7.2) supplemented with nystatin and nalidixic acid (50 μg/ml each) to isolate actinomycetes strains. Then, the plates were incubated at 28°C for up to a month. The actinomycete strains were picked out and purified on ISP2 plates with nystatin and nalidixic acid. The purified cultures were preserved in ISP2 slants and 20% (v/v) glycerol tubes and stored at 4 and −80°C, respectively, for further using. Genomic DNA isolation, 16S rRNA gene amplification, and sequencing were done as described before (Li et al., 2021).



Antimicrobial Activity and Antibiotic Resistance Assay

Fresh cultures of isolated strains were inoculated on ISP2 agar disks and incubated at 28°C for a week. The liquid cultures of activated pathogens, including Escherichia coli (CGMCC 1.2385), Pseudomonas aeruginosa (CGMCC 1.2387), Bacillus subtilis (CGMCC 1.1849), Staphylococcus aureus (CGMCC 1.2386), Mycobacterium tuberculosis (ATCC 25177), Fusarium oxysporum (MW149127.1), Candida albicans (CGMCC 2.2086), and Fusarium fulcrum (MW149128.1), were mixed well with Mueller-Hinton Agar (beef extract powder 2 g, casein hydrolyzate 17.5 g, starch 1.5 g, agar 12 g, pH = 7.3) 1:1 v/v and then spread on the top of ISP2 agar. Once the top agar had solidified, about 5 mm diameter ISP2 agar with a single colony of each isolated strains was placed on the top agar and incubated at 28°C for a week.

Fresh cultures of isolated strains were inoculated on ISP2 agar supplemented with chloramphenicol (50 μg/ml), kanamycin (200 μg/ml), levofloxacin (50 μg/ml), vancomycin (50 μg/ml), rifampicin (50 μg/ml), oxytetracycline (50 μg/ml), apramycin (50 μg/ml), and bacitracin (50 μg/ml) and incubated at 28°C for 5 days.



Genome Sequencing and Mining

A single colony of strain YINM00001 was inoculated into 50 ml Tryptic Soy Broth (TSB) medium (casein tryptone 17 g, soy peptone 5 g, sodium chloride 5 g, D-glucose 2.5 g, dipotassium phosphate 2.5 g, H2O up to 1,000 ml, pH = 7.3) for 36 h at 28°C with 200 rpm vigorous shaking. DNA isolation and purification in strain YINM00001 were carried out according to standard procedures (Pospiech and Neumann, 1995). The quality and quantity of purified genomic DNA were analyzed by using NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States) and 0.8% agarose gel electrophoresis.

For Pacbio sequencing, genomic DNA was sheared to 8–10 kb length fragments randomly and a genomic DNA library was constructed. Pacbio clean data were generated by sequencing platform; all the reads were assembled and checked using HGAP software (Rhoads and Au, 2015). For Illumina Hiseq sequencing, genomic DNA was sheared to about 400 bp length fragments randomly and a genomic DNA library was constructed. PE150 pair-end sequencing was carried out, and clean data were obtained. SOAPdenovo V2.04 (Luo et al., 2012) was used to check and assemble all the reads.

The DNA G+C mol% value was obtained from the genomic sequence. The protein coding sequences of the chromosome and plasmid were predicted by Glimmer (v3.02) (Delcher et al., 2007) and GeneMarkS, respectively (Besemer et al., 2001). tRNA and rRNA were predicted with tRNAscan-SE v2.0 (Chan et al., 2021) and Barrnap,1 respectively. EzTaxon-e database (Yoon et al., 2017) was used to identify phylogenetic neighbors of isolated strains. Phylogenetic tree of 16S rRNA gene was reconstructed based on neighbor-joining (NJ) (Saitou and Nei, 1987) in mega software (version 7.0.14) (Kumar et al., 2016). Evolutionary distances for the analyses were calculated using the Kimura two-parameter model (Kimura, 1980). The genome tree based on the concatenated sequences of 557 protein marker genes was reconstructed using RAxML (Stamatakis, 2014), and fast bootstrapping (Stamatakis et al., 2008) was used to generate the support values in the tree.

Clusters of Orthologous Groups of proteins (COG) and Gene Ontology (GO) programs (Tatusov et al., 2003; Gene Ontology Consortium, 2021) were used to analyze the function of annotated genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) PATHWAY analysis (Kanehisa and Goto, 2000) was carried out to determine the key potential pathways in strain YINM00001. CRISPR finder platform (Grissa et al., 2007) was used to identify CRISPR-Cas sequences on chromosome. PHAST (Zhou et al., 2011) was used to identify putative prophages on the chromosome. Tandem repeats finder (Benson, 1999) and Repeatmasker2 were used to identify simple tandem repeats and interspersed repeats, respectively. Genomic islands were predicted with IslandViewer 4 (Bertelli et al., 2017). Transposable elements were identified with ISEScan (Xie and Tang, 2017). ResFinder (Zankari et al., 2012) and the Comprehensive Antibiotic Resistance Database (CARD) (Jia et al., 2017) were used to predict resistance genes. The VFDB database (Chen et al., 2016) was used to predict bacterial virulence factors.

The biosynthetic gene clusters for putative secondary metabolites were identified using the antiSMASH 5.0 (Blin et al., 2019) and PRISM 4 programs (Skinnider et al., 2020) and then verified by manual inspection.



One Strain Many Compounds Strategy Fermentation

For small scale fermentation, the strain YINM00001 was activated in MS medium (soya flour 20 g, mannitol 20 g, agar 20 g, H2O up to 1,000 ml, pH = 7.0) at 28°C for 4 days. The activated strain was inoculated into 500 ml Erlenmeyer flasks containing 100 ml of TSB medium and cultured for 4 days at 28°C and 200 rpm. Then, 5.0 ml of the seed culture was transferred into 500 ml Erlenmeyer flasks containing 100 ml of 10 different types of fermentation media (1#–10#, data not show), respectively.

For large scale fermentation, seed cultures of strain YINM00001 were prepared as described above. Then, 5.0 ml of the seed cultures were transferred into 500 ml Erlenmeyer flasks containing 100 ml of 4# and 9# fermentation media (4# medium, soluble starch 40 g, corn extract 10 g, monopotassium phosphate 0.5 g, magnesium sulfate 0.25 g, zinc sulfate heptahydrate 40 mg, methionine 0.1 g, vitamin B12 0.1 g, calcium carbonate 5 g, H2O up to 1000 ml, pH = 7.2; 9# medium, glucose 10 g, glycerol 10 ml, corn extract 2.5 g, peptone 5 g, soluble starch 10 g, yeast extract 2 g, calcium carbonate 3 g, sodium chloride 1 g, H2O up to 1,000 ml, pH = 7.3), respectively, and cultured for 10 days at 28°C and 200 rpm (15 L each).



Isolation and Identification of Compounds

The broth was extracted with equal volume ethyl acetate (EtOAc) three times, and the solvent was removed under vacuum to obtain the EtOAc extract. The crude extract of 4# medium fermentation broth (10.2 g) was separated into four fractions (Fr.1–Fr.4) by LiChroprep RP-18 column, eluting stepwise with a MeOH-H2O gradient (30% MeOH, 50% MeOH, 70% MeOH, and 100% MeOH). Fr.1 was fractionated by a Sephadex LH-20 column with MeOH to afford Fr.1-1 to Fr.1-4. Then, Fr.1-1 was separated by a Sephadex LH-20 column with MeOH to obtain 10 (34.2 mg). Fr.1-3 was chromatographed using a silica gel column (petroleum ether-acetone, 150:1 to 20:1) to obtain 17 (20.5 mg) and 18 (26.3 mg). Fr.2 was separated by a Sephadex LH-20 column with MeOH to give 3 (36.8 mg) and 4 (15.9 mg). Fr.3 was divided into three parts (Fr.3-1 to Fr.3-3) by a Sephadex LH-20 column with MeOH. Fr.3-1 was purified by a silica gel column with CH2Cl2-EtOAc (80:1-9:1) to afford 15 (13.5 mg) and 16 (15.8 mg). Fr.3-2 was separated by a silica gel column (petroleum ether-acetone, 50:1 to 1:1) to obtain 1 (8.9 mg). Fr.3-3 was chromatographed using a silica gel column (CH2Cl2-MeOH, 100:1-10:1) to give 5 (8.5 mg) and 6 (8.5 mg). Fr.4 was divided into three parts (Fr.4-1 to Fr.4-3) by a Sephadex LH-20 column with MeOH. Fr.4-1 was fractionated by a silica gel column with CH2Cl2-MeOH (100:1-10:1) to afford 19 (16.5 mg). Fr.4-2 was separated by a Sephadex LH-20 column with MeOH to give 11/12 (20.6 mg) and 13/14 (17.9 mg). Fr.4-3 was chromatographed using a silica gel column (CH2Cl2-MeOH, 130:1-10:1) to yield 7 (9.5 mg), 8 (14.3 mg), and 9 (11.9 mg). The crude extract of 9# medium fermentation broth (9.1 g) was also separated into four fractions (Fr.1–Fr.4) by LiChroprep RP-18 column, eluting stepwise with a MeOH-H2O gradient (30% MeOH, 50% MeOH, 70% MeOH, and 100% MeOH). Fr.3 was divided into two parts (Fr.3-1 to Fr.3-2) by a Sephadex LH-20 column with MeOH. Fr.3-2 was chromatographed using a silica gel column (CH2Cl2-MeOH, 100:1-20:1) to give 2 (4.2 mg).

The 1D and 2D NMR spectra were measured on a Bruker Avance-400 MHz instrument (Bruker, Karlsruhe, Germany) with tetramethylsilane as the internal standard. HRESIMS data were obtained by an Agilent 1200 Q-TOF mass instrument (Agilent, Santa Clara, CA, United States). Silica gel (200-300 mesh, Qingdao Marine Chemical Group Co., Qingdao, China), Lichroprep RP-18 gel (40-63 mm, Merck, Darmstadt, Germany), and Sephadex LH-20 (GE Healthcare Bio-Science AB, Uppsala, Sweden) were used for column chromatography (CC). Thin-layer chromatography (TLC) was performed on silica gel GF254 plates (Qingdao Haiyang Chemical Co., Ltd., Qingdao, China) and visualized by spraying with anisaldehyde-H2SO4 reagent. All solvents used for CC were of analytical grade from Chengdu Titan Chron Chemical Co., Ltd. (Chengdu, China).




RESULTS AND DISCUSSION


Strain Isolation and 16S rRNA Gene Sequence

A total of 39 endophytic bacteria, including 12 actinomycetes, were isolated from Peperomia dindygulensis. Phylogenetic analyses of the 16S rRNA gene sequences showed that strains Streptomyces sp. YM9, Streptomyces sp. YM74, Streptomyces sp. YM75, Streptomyces sp. YM77, Streptomyces sp. YM79, Streptomyces sp. YM80, Streptomyces sp. YM81, Streptomyces sp. YM83, Streptomyces sp. YM84, Streptomyces sp. YM85, Streptomyces sp. YM86, and Streptomyces sp. YINM00001 were closely related to Streptomyces setonii, Streptomyces hydrogenans, Streptomyces coelescens, Streptomyces aurantiacus, Streptomyces bottropensis, Streptomyces cellulosae, Streptomyces lusitanus, Streptomyces albogriseolus, Streptomyces hydrogenans, Streptomyces speibonae, Streptomyces aureus, and Streptomyces fulvissimus, respectively. Probably due to the thin stems, roots, and leaves of Peperomia dindygulensis, a large number of vulnerable bacteria were killed by surface sterilization with ethanol and sodium hypochlorite solution. Only a few dozen bacteria were isolated. Streptomyces spores are highly resistant to sterilization, and isolation media ISP2 and Gause’s synthetic agar are suitable for the growth of actinomycetes, which might lead to separation of a variety of Streptomyces strains.



Antimicrobial Activity and Antibiotic Resistance of Streptomyces YINM00001

Strains of Streptomyces genius could produce various types of antibiotics. In this study, eight pathogens, including Escherichia coli (CGMCC 1.2385), Pseudomonas aeruginosa (CGMCC 1.2387), Bacillus subtilis (CGMCC 1.1849), Staphylococcus aureus (CGMCC 1.2386), Mycobacterium tuberculosis (ATCC 25177), Fusarium oxysporum (MW149127.1), Candida albicans (CGMCC 2.2086), and Fusarium fulcrum (MW149128.1), were chosen for antimicrobial activity screening. Among them, Streptomyces sp. YINM00001 showed strong inhibition activities against several gram positive bacterial and fungal pathogens, including S. aureus, M. tuberculosis, F. oxysporum, and C. albicans. Other strains showed certain antimicrobial activity against a few pathogens (Table 1). Antimicrobial activity test results indicated that Streptomyces sp. YINM00001 might have the capacity to produce different types of active antibiotics.


TABLE 1. Antimicrobial activity assay of Streptomyces strains.
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To avoid being killed by the antibiotics produced by the strains themselves, antibiotics resistant genes are often found within or beside the biosynthetic gene clusters. Testing the antibiotic resistance of the strains could unveil their possibility to produce antibiotics. Strain YINM00001 could grow well on ISP2 media with chloramphenicol, vancomycin, oxytetracycline, and bacitracin. Some of the remaining strains could grow on ISP2 media with different antibiotics (Table 2). Antibiotic resistance tests indicated that strain YINM00001 might produce chloramphenicol, glycopeptide, tetracycline, and polypeptide antibiotics. Based on the results of antimicrobial activity and antibiotic resistance screening, Streptomyces sp. YINM00001 was chosen for genome sequencing.


TABLE 2. Antibiotic resistance assay of Streptomyces strains.
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Genome Sequencing and Analysis of Streptomyces sp. YINM00001

The complete genome of strain YINM00001 was obtained by using Pacbio RSII and Illumina Hiseq platform. Approximately 1.62 Gb Pacbio and 1.08 Gb Illumina Hiseq clean data were generated. The average depth of genome coverage was 187-fold. The complete genome of strain YINM00001 was composed of a linear chromosome of 8,372,992 bp with a GC content of 71.72 mol% (accession no. CP086102) and a circular plasmid of 317,781 bp with a GC content of 69.14 mol% (accession no. CP086103).

The chromosome contained 7,506 predicted genes, including 18 rRNA genes, 67 tRNA genes, and 52 sRNA genes (Figure 1 and Table 3). Six 16S rRNA genes were identified in the chromosome of strain YINM00001. The sequence of the 16S rRNA gene was used for phylogenetic analysis. Phylogenetic analyses of the 16S rRNA gene sequences showed that strain YINM00001 was a member of the genus Streptomyces. It was evident from the NJ phylogenetic tree that strain YINM00001 formed a cluster with Streptomyces fulvorobeus NBRC 15897T and Streptomyces microflavus NBRC 13062T. It showed the highest 16S rRNA gene sequence similarity (99.93%) with Streptomyces anulatus NRRL B-2000T (Figure 2). The RAxML phylogenomic tree demonstrated that strain YINM00001 formed a cluster with strain S. anulatus NRRL B-2000T under the 100 bootstrap values (Figure 3).


[image: image]

FIGURE 1. Genome map of strain YINM00001. (A) Chromosome. (B) Plasmid. Tracks (from outer to inner): (1) genome size, (2) forward strand gene, colored according to COG classification, (3) reverse strand gene, colored according to COG classification, (4) rRNA and tRNA, (5) GC content, (6) GC skew.



TABLE 3. Genome features of strain YINM00001.
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FIGURE 2. The neighbor-joining phylogenetic tree of strain YINM00001 and its closest relatives from the genus Streptomyces based on 16S rRNA genes. Bootstrap values (>70%) based on 1,000 resamplings are given at the nodes. Kitasatospora arboriphila NRRL HKI 0189T (accession no. AY442267) was used as outgroup. Bar, 0.002 substitutions per nucleotide position.
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FIGURE 3. The RAxML phylogenomic tree of strain YINM00001 and its closest relatives from the genus Streptomyces based on marker genes. Bootstrap values (>70%) based on 1,000 resamplings are given at the nodes. Kitasatospora arboriphila NRRL B-24581 (accession no. GCA_000717275) was used as outgroup. Bar, 0.3 substitutions per nucleotide position.


Among the identified genes, 5,628 and 5,165 genes were classified into functional categories based on clusters of orthologous genes of proteins (COG) and GO designation, respectively (Supplementary Figures 1, 2). A total of 2,714 genes of KEGG pathways were assigned (Supplementary Figure 3). Fifty putative CRISPR repeat regions were identified on the chromosome of strain YINM00001 (Table 3). Two incomplete prophase remnants containing 70 and 25 coding sequences, respectively, were detected on the chromosome; the length of prophages ranges from 8,264 bp to 28,169 bp (Table 3). In total, 1,031 simple tandem repeats and 31 interspersed repeats were assigned (Table 3). Twenty genomic islands containing 459 genes which may contribute to the diversification and adaptation of microorganisms were found (Table 3). A total of 242 genes were assigned to be carbohydrate-active enzymes, including 27 auxiliary activities, 5 carbohydrate-binding modules, 58 carbohydrate esterases, 91 glycoside hydrolases, 55 glycosyl transferases, and six polysaccharide lyases (Table 3). One transposable element was found, which contains a 1,568 bp transposase (Table 3). In total, 446 genes were identified as antibiotic resistance genes, including one chloramphenicol resistance gene, 21 glycopeptide resistance genes, 31 tetracycline resistance genes, and 15 bacitracin resistance genes, which was consistent with the antibiotics resistance test results (Table 3). A total of 606 putative virulence factors were found (Table 3).

The circular plasmid contained 309 predicted genes, including 83 function assigned genes and 226 hypothetical proteins (Figure 1).



Genome Mining of Secondary Metabolites

Based on genome mining results, 52 putative biosynthetic gene clusters were found (Table 4), including 14 saccharides, 6 polyketides, 5 polyketide-non-ribosomal peptides, 5 terpenes, 4 non-ribosomal peptides, 4 fatty acids, 3 lantipeptides, 3 halogenated, 2 siderophores, 2 ectoines, 1 Ripps, 1 melanin, 1 butyrolactone, and 1 thiopeptide. Among them, 14 putative gene clusters showed high similarity (>70% of genes show similarity) to ectoine, dinactin, AmfS, melanin, cycloheximide, alkylresorcinol, SGR PTMs, geosmin, warkmycin, RP-1776, streptobactin, desferrioxamin B, and anthracimycin gene clusters. The presence of the putative cycloheximide (Yin et al., 2014), dinactin (Zhang et al., 2020), warkmycin (Helaly et al., 2013), and anthracimycin (Hensler et al., 2014) biosynthetic gene clusters was consistent with the strong antifungal and antibacterial activities of strain YINM00001. Three putative gene clusters showed moderate similarity (30–70% of genes show similarity) to hopene, nucleocidin, and acarviostatin gene clusters. The existence of these putative gene clusters indicated that strain YINM00001 offers the opportunity to produce these important antibiotics or their analogs. Twenty-three putative gene clusters showed low similarity (<30% of genes show similarity) to reported frigocyclinone, steffimycin D, formicamycins, C-1027, dechlorocuracomycin, stambomycin, collismycin A, enduracidin, phosphonoglycans, retimycin A, CDA, asukamycin, cyclothiazomycin, herboxidiene, coelimycin P1, kanamycin, herboxidiene, SF2575, caniferolide, ficellomycin, kanamycin, and calicheamicin gene clusters. The other 13 putative gene clusters were not conserved relative to any known cluster. Some putative gene clusters were highly conserved in several sequenced actinomycetes but were significantly different from known gene clusters. The existence of these cryptic secondary metabolite biosynthetic gene clusters implied that novel antibiotics might be found from strain YINM00001.


TABLE 4. Secondary metabolite clusters in strain YINM00001.
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Compounds Isolated Using Genome Mining and One Strain Many Compounds Approach

With the guidance of the genome mining results, strain YINM00001 was fermented using OSMAC approach. Two new compounds, peperodione (1) and peperophthalene (2), together with 17 known ones, were obtained (Figure 4). Their structures were established by extensive spectroscopic analyses.
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FIGURE 4. Structures of the compounds isolated from strain YINM00001.


The chemical investigations of the EtOAc extract of 4# medium fermentation of strain YINM00001 were performed. This led to the discovery of a new nonane-dione, peperodione (1), as well as 17 known compounds, actiphenol (3), 3-hydroxy-3-[2-(2-hydroxy-3,5-dimethylphenyl)-2-oxoethyl] glutarimide (4) (Sun et al., 2014), cycloheximide (5) (Schaeffer and Jain, 1963), isocycloheximide (6) (Casey et al., 1976), naramycin B (7) (Johnson et al., 1965), 4-[2′-(3″(R),5″(S)-3″,5″-dimethyl-2″-oxocyclohexylidene)ethyl]piperidine-2,6-dione (8), 4-[2′-(3″(S),5″(S)-3″,5″-dimethyl-2″-oxocyclohexylidene)ethyl] piperidine-2,6-dione (9) (Guo et al., 2009), anthracimycin (10) (Jang et al., 2013), (±)-nonactic acid (11/12), (±)-homononactic acid (13/14) (Huang et al., 2015), feigrisolide C (15), methoxy-feigrisolide C (16) (Kim et al., 2005), bis-nonactic-homononactic trilactone (17) (Rezanka et al., 2004), dinactin (18) (Xie et al., 2014), and (E)-3-(methylthio)propenoic acid (19) (Detterbeck and Hesse, 2002). In an attempt to expand the metabolic profile, the strain was cultivated on 9# medium. Then, the research of the extract yielded a new methylnaphthalene, peperophthalene (2).

Peperodione (1) was isolated as a colorless solid, and its molecular formula was determined to be C9H14O2 based on the HR-ESIMS data (m/z 177.0887 [M + Na]+, calcd for 177.0886), implying the presence of three degrees of unsaturation. The 1H NMR data of 1 revealed the presence of two olefin protons at δH 6.79 (1H, dt, J = 16.0, 6.4 Hz) and 6.06 (1H, d, J = 16.0 Hz). The 13C NMR data of 1 (Table 5), with the aid of DEPT and HSQC spectral analyses (Supplementary Figures 5, 7), revealed the presence of two carbonyls (at δC 209.8 and 198.7), two methyls (at δC 27.2 and 8.0), three sp3 methylenes (at δC 40.4, 36.2, and 26.4), and two sp2 methines (at δC 146.7 and 131.9). This analysis brought the total number of unsaturations to three, indicating the nature of being a chain molecule. The 1H-1H COSY spectrum (Figure 5) showed the presence of two independent spin systems, H-3/H-4/H-5/H-6 and H-8/H-9. The plane structure of 1 was confirmed by the HMBC correlations (Figure 5) from H-1 to C-2 and C-3, from H-3 and H-4 to C-2, from H-8 to C-6, as well as from H-5, H-6, H-8, and H-9 to C-7. Then, the J3,4 = 16.0 Hz for H-3, 4 suggested a trans double bond in compound 1 as depicted in Figure 4.


TABLE 5. 1H (400 MHz) and 13C (100 MHz) NMR data for peperodione (1) and peperophthalene (2) in CDCl3.
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FIGURE 5. Key 1H-1H COSY and HMBC correlations of peperodione (1) and peperophthalene (2).


Peperophthalene (2) was isolated as a white solid. A molecular formula of C13H14O3 was assigned by interpretation of positive HRESIMS (m/z 219.1018 [M + H]+, calcd for 219.1016), indicating 7 degrees of unsaturation. The 1H NMR data (Table 5) displayed characteristic signals for four aromatic singlets at δH 7.49, 7.14, 7.05, and 6.55. The 13C NMR and DEPT spectral data (Table 5 and Supplementary Figure 11) allowed 13 carbon resonances to be classified into six non-protonated carbons [at δC 154.6 (oxygenated), 146.44 (oxygenated), 146.35 (oxygenated), 134.3, 131.1, and 118.1], four methines (at δC 118.3, 109.0, 104.8, and 100.7), along with three methyls [at δC 56.1 (oxygenated), 55.6 (oxygenated), and 22.3]. On the basis of the multiple HMBC correlations (Figure 5 and Supplementary Figure 13) from H-1 to C-2, C-4a, C-8, and C-8a, from H-3 to C-2, C-4, and C-4a, from H-5 to C-4a, C-7, and C-8a, from H-7 to C-5 and C-8, combined with from H-10 to C-5, C-6, and C-7, established the methyl naphthalene skeleton in compound 2. Sequentially, the two methoxy groups attached at C-4 and C-9 were uncovered by the HMBC correlations from H-9 to C-4, and from H-11 to C-8, respectively (Supplementary Figure 13). The structure of 2 was therefore assigned as shown in Figure 4.



Compounds Consisted With Gene Clusters

Several isolated compounds are consistent with highly conserved gene clusters that are identified by genome mining in the chromosome of strain YINM00001.

Cluster 2 showed 100% similarities with cycloheximide gene cluster, which was consistent with the result that strain YINM00001 could produce cycloheximide and analogs (Yin et al., 2014). These compounds belong to the glutarimide-containing polyketide family, which have been pursued to be promising anti-metastatic drug due to their potent cell migration inhibition activity and cytotoxicity. Cycloheximide could inhibit protein synthesis in eukaryote cells by efficiently inhibiting translation elongation through binding to the 60S ribosomal subunits. It was widely used as fungicide, plant growth regulator, and protein synthesis inhibitor (Schneider-Poetsch et al., 2010). The high yield of cycloheximide and analogs probably accounted for the strong inhibition of strain YINM00001 against fungal pathogens.

Cluster 11 showed 100% similarities with dinactin gene cluster, which was consistent with the result that strain YINM00001 could produce dinactin and analogs (Kwon et al., 2001). These compounds belong to type II polyketide metabolites, which had been isolated from fermentation broth of several Streptomyces strains. These compounds use nonactic acid and homononactic acid as building units of ionophoretic character. Dinactin and analogs exhibited a very wide range of effects, including antibacterial, antifungal, antitumor, acaricidal, insecticidal, antiprotozoan, and antiparasitic activities (Zhang et al., 2020). The presence of these dinactins coincided with the antimicrobial activity of strain YINM00001.

Cluster 32 showed 100% similarities with anthracimycin gene cluster, which was consistent with the result that strain YINM00001 could produce anthracimycin (Alt and Wilkinson, 2015). Anthracimycin and analogs, belonging to decalin-containing tricyclic macrolides, were isolated from several marine-derived actinomycete strains. Anthracimycin showed strong antibiotic activities against Bacillus anthracis and methicillin resistant Staphylococcus aureus (MRSA). Spores of B. anthracis have been used as bioterrorism weapons, and MRSA has become a global health challenge. Meanwhile, anthracimycin exhibits anticancer activity (Davison et al., 2020). This is the first time that it has been found from endophytic Streptomyces of inland plants. The gene cluster of this compound may have been passed down from ancestors to different offspring long ago, and these strains evolved independently in different environments.

Although biosynthesis of cycloheximide, dinactin, anthracimycin, and their analogs has been studied before, some important biosynthetic mechanisms remain mysterious (Kwon et al., 2001, 2002; Heine et al., 2014; Yin et al., 2014; Alt and Wilkinson, 2015). Further studies on this talented strain would help us to uncover these secrets.




CONCLUSION

Endophytic bacteria were isolated from a Chinese medicinal herb Peperomia dindygulensis Miq. A Streptomyces sp. YINM00001 showed strong antimicrobial activity, and multiple antibiotic resistance was chosen for natural products exploration. After using genome mining and OSMAC approach to investigate this Streptomyces strain, two new compounds, peperodione (1) and peperophthalene (2), and 17 known compounds were isolated from different fermentation broth. Among them, cycloheximide, dinactin, anthracimycin, and analogs possess outstanding antimicrobial and/or anticancer activities, which had been pursued to be drug leads for a long time. The appearance of these compounds is not surprising due to the identification of their biosynthetic gene clusters through genome mining before fermentation. The large amount and high diversity of cycloheximide, dinactin, anthracimycin, and analogs produced by strain YINM00001 highlight this talented strain as an ideal candidate for further biosynthetic studies and production improvement of these valuable compounds. Other gene clusters might be silent under proceeding fermentation conditions. Further studies, such as heterologous expression and genetic modification, are needed to explore more novel compounds. Natural products from Peperomia dindygulensis endophytic bacteria, especially strain YINM00001, might provide a partial function of this medicinal herb to cure diseases, including cough, asthma, measles, burns, and cancers.

In conclusion, new drug leads research needs to be accelerated to counter the threat of dangerous infectious diseases and cancer. Endophytic Streptomyces sp. YINM00001 is a promising candidate to discover valuable secondary metabolites. Using genome mining and OSMAC approach together to investigate new strains from new habitats is a promising way to explore novel natural products.
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Pseudonocardia species are emerging as important microorganisms of global concern with unique and increasingly significant ecological roles and represent a prominent source of bioactive natural products, but genetic engineering of these organisms for biotechnological applications is greatly hindered due to the limitation of efficient genetic manipulation tools. In this regard, we report here the establishment of an efficient genetic manipulation system for a newly isolated strain, Pseudonocardia alni Shahu, based on plasmid conjugal transfer from Escherichia coli to Pseudonocardia. Conjugants were yielded upon determining the optimal ratio between the donor and recipient cells, and designed genome modifications were efficiently accomplished, including exogenous gene integration based on an integrative plasmid and chromosomal stretch removal by homologous recombination using a suicidal non-replicating vector. Collectively, this work has made the P. alni Shahu accessible for genetic engineering, and provided an important reference for developing genetic manipulation methods in other rare actinomycetes.
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INTRODUCTION

Bacteria in the rare genus of Pseudonocardia belong to Actinomycetes that are represented by Gram-positive bacteria with high G + C DNA content (Tiwari and Gupta, 2012). With recent rapid developments in genome sequencing, more and more Pseudonocardia genomic data have been accumulated in the database. Many Pseudonocardia-specific gene clusters are now available, and their functions, concerning, for example, synthesis of many natural bioactive products (Miyamoto et al., 2014; Caffrey et al., 2016; Won et al., 2017; Geddis et al., 2018; Fang et al., 2019; Strecker et al., 2019; Subramani and Sipkema, 2019), biodegradation of large amounts of industrially discharged environmental pollutants (Grostern et al., 2012; Sales et al., 2013; Inoue et al., 2016; Yamamoto et al., 2018; Qi et al., 2019), defense against invading genetic elements (Doron et al., 2018), have been and will continue to be deduced or demonstrated, showing great application potentials in human medicine, animal health, and crop protection, etc. Indeed, current applications of Pseudonocardia have been summarized very recently (Riahi et al., 2021). These beneficial potentials have attracted a great deal of interest in the Pseudonocardia genus. However, the generally poor efficiency or perhaps lack of genetic manipulation tools for Pseudonocardia has largely impeded deeper research and further application of this genus.

Introduction of DNAs into actinomycetes is generally difficult, possibly owing to the strong cell wall of such bacteria. Although strategies including protoplast transformation and electroporation of plasmids have been successfully used to introduce DNAs into some Streptomyces species, they are either of low efficiency or not adaptable for many of the less easy-to-handle non-model actinomycetes. Fortunately, easy and efficient DNA introduction from Echerichia coli to actinomycetes can be achieved via conjugal transfer. This method represents probably the most straightforward strategy for genetic manipulation in actinomycetes.

Conjugal transfer of different types of vectors, including replicative plasmids, integrative plasmids, and suicidal non-replicating vectors, has been applied in various actinomycetes. The replicative plasmids are useful for overproduction of heterologous proteins, but their host range is usually restricted to native strains and permanent selective pressure is required for their stable maintenance in the hosts. Advantageously, the other two types of vectors, integrative plasmids and suicidal non-replicating vectors, can introduce stable genomic alterations in many actinomycetes. Integrative plasmids contain genes encoding attachment/integration (att/int) functions, therein being capable of incorporating DNAs into chromosomes of a range of actinomycete species. Mechanistically, integrases derived from bacteriophages catalyze site-specific recombination between attachment sites, respectively, located on the genomes of phage (attP) and bacteria (attB), forming attL and attR hybrid sites (Combes et al., 2002). Currently, the suicidal non-replicating vectors have been extensively used to generate stable DNA inserts into any neutral genomic region, or deletion of genes of interest, via homologous recombination.

Here we report a rare actinomycete strain, Pseudonocardia alni Shahu, recently isolated from the sediment of a lake in the Shahu Park, Wuhan, China. In order to manipulate P. alni Shahu, we established an efficient conjugal transfer system, and via which, conjugal transfer of the pSET152 plasmid (Flett et al., 1997) and its derivatives from E. coli cells to P. alni spores were successfully achieved. Moreover, upon conjugation, the pSET152 derivatives have mediated the accomplishment of stable genomic alterations, including integration of an exogenous gfp gene into the chromosome and deletion of the pgl genes encoding key elements of a phage growth limitation antiviral defense system (Goldfarb et al., 2015). Collectively, these findings have allowed us to conduct genetic analyses of gene or system functions in P. alni Shahu, which, potentially, may serve as an important resource for both theoretical research and practical application in the future.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Pseudonocardia alni Shahu and derivatives constructed in this work, and E. coli strains, were listed in Supplementary Table S1. Pseudonocardia alni Shahu cells were grown at 30°C in an ISP4 medium (10 g/L soluble starch, 1 g/L K2HPO4, 1 g/L MgSO4·7H2O, 1 g/L NaCl, 2 g/L (NH4)2SO4, 2 g/L CaCO3, 0.001 g/L FeSO4·7H2O, 0.001 g/L MnCl2·4H2O, and 0.001 g/L ZnSO4·7H2O, and pH 7.0–7.4) or on ISP4 agar plates (15 g/L agar in ISP4), while E. coli strains at 37°C in Luria broth or on Luria agar plates. When required, the following antibiotics were used: 50 mg/L of apramycin, 25 mg/L of chloramphenicol, and 50 mg/L of kanamycin.



Construction of Plasmids

All the conjugation plasmids were constructed based on the pSET152 vector and listed in Supplementary Table S1. The site-specific integration plasmid pInt-green fluorescent protein (GFP) was generated by inserting a GFP-expression cassette into pSET152 at BamH I and Not I sites (Supplementary Figure S1). The GFP-expression DNA fragment was synthesized from GenScript (Nanjing, China). To construct the non-replicating suicidal plasmid, we first amplified three DNA fragments by PCR with each containing either the E. coli ori (primer set P1 + P2), or the aac(3)IV gene encoding the apramycin-resistance marker (P3 + P4), or the elements mediating plasmid transfer, i.e., traJ and oriT of RK2 (P5 + P6), using pSET152 as a template. These fragments were then ligated together using T4 ligase to generate a base vector, pTSF, for plasmid transfer. Subsequently, the upstream (Up, P7 + P8) and downstream (Down, P9 + P10) sequences of the target pgl genes were amplified from the genomic DNA of P. alni Shahu by PCR and inserted into pTSF as homologous recombination arms using EcoR I and Sal I, Hind III, and Pvu II sites, respectively, giving pKO-pgl (Supplementary Figure S1). All oligonucleotides were synthesized from GenScript (Nanjing, China) and listed in Supplementary Table S2. Restriction enzymes and T4 ligase were purchased from New England Biolabs (Beijing) Led (Beijing, China).



Intergeneric Conjugation With E. coli and Screening of Recombinants

Pseudonocardia alni Shahu spores and the methylation-deficient E. coli strain ET12567 containing pUZ8002 were used as the recipient and the donor, respectively, throughout this study. A culture of the donor cells containing a transfer plasmid was grown to an OD600 of 0.4 in the presence of 50 mg/L apramycin, 50 mg/L kanamycin, and 25 mg/L chloramphenicol. The cells were then washed twice with an equal volume of LB to remove the antibiotics and finally resuspended in 0.1 volume of LB. The P. alni Shahu spores were resuspended with 0.5 ml of 2 × YT broth (10 g/L yeast extract, 16 g/L trptone, and 5 g/L NaCl). Recipient spores and donor cells were mixed and spread on ISP4 agar plates. After incubation at 30°C for 12–13 h, the plates were overlaid with 1 ml of distilled water containing 0.75 mg nalidixic acid and 1.25 mg apramycin, and put at 30°C until colonies were observed. Recombinant candidates were screen by colony PCR using primers listed in Supplementary Table S2. The PCR products were analyzed by agarose gel electrophoresis and confirmed by Sanger sequencing (GneScript, Nanjing, China).



FACS Analysis

The protocol used for FACS analysis was as previously described with slight modifications (Zheng et al., 2019). The P. alni Shahu cells were washed with phosphate buffered saline (PBS) twice and then resuspended into PBS to a concentration of 107 cells/ml. Afterwards, the cells were analyzed via flow cytometry using Beckman CytoFLEX FCM (Beckman Coulter, Inc., United States) with PBS as the sheath fluid. A 488 nm laser was used as an FITC channel to detect the cell fluorescence of GFP.




RESULTS


Identification and Characterization of P. alni Shahu

In order to identify the isolate, based on the complete genome sequence that has been deposited into NCBI with the BioProject accession number PRJNA563468, the 1,540-bp 16S rDNA gene sequence (GenBank accession number MW405797, Supplementary Table S3) was phylogenetically characterized via BLAST (NCBI) search. In the constructed phylogenetic tree, the isolate falls into the cluster including members of P. alni, Pseudonocardia antarctica, and Pseudonocardia carboxydivorans with a reliability of 86% (Figure 1A), suggesting that it belongs to the genus Pseudonocardia. To further detail the species of this isolate, its genome sequence was then subjected to a taxonomic analysis with genomes of Pseudonocardia available in the NCBI Genome database to estimate pairwise Average Nucleotide Identity (ANI) score using the FastANI method (https://github.com/ParBLiSS/FastANI; Jain et al., 2018). The result showed that the genome of the isolate pairing with that of P. alni DSM44104T or that of Pseudonocardia sp. AL041005-10 had ANI values ≥95% (Figure 1B), a criterion determining the same species in an existing genus (Jain et al., 2018). Taken together, the isolate was identified to be P. alni and assigned the strain name Shahu.
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FIGURE 1. Identification of Pseudonocardia alni Shahu. (A) Neighbor-joining phylogenetic tree based on 16S rDNA sequences showing the phylogenetic relationships of P. anli Shahu and the selected Pseudonocardia species. Streptomyces coelicolor NBRC 12854T represents an outgroup reference. (B) Taxonomic analysis of P. anli Shahu with genomes of Pseudonocardia available in the NCBI Genome database. Pairwise Average Nucleotide Identity (ANI) score was estimated, and ANI score over 95% indicated with filled bars.


In order to determine a proper antibiotic resistance marker for P. alni Shahu, we investigated the resistance profile of this bacterium to common selective antibiotics, including apramycin (50 mg/L), kanamycin (50 mg/L), chloramphenicol (25 mg/L), tetracycline (50 mg/L), streptomycin (50 mg/L), and ampicillin (100 mg/L). About 106 pores were plated onto ISP4 agar containing one of the above antibiotics. At the tested concentrations, P. alni Shahu was sensitive to apramycin, chloramphenicol, and tetracycline, while fully resistant to kanamycin, streptomycin, and ampicillin.



Accomplishment of Conjugal Transfer Upon Determining the Optimal Donor-to-Recipient Ratio

Conjugal transfer represents one of the most straightforward and efficient methods for introducing foreign DNAs into rare Antinomycetes. We initially attempted conjugation between E. coli ET12567 (pUZ8002, pSET152) and P. alni Shahu following a standard conjugation protocol (Rebets et al., 2017), but failed in obtaining any exconjugant on the plate containing apramycin. This suggested that a modified protocol that specifically works for this strain is required to be established.

Previous studies have reported that an appropriate concentration of Mg2+ in the medium, or a suitable heat-shock treatment of the cells, or an optimal ratio of donor-to-recipient could give improved frequency of conjugation (Song et al., 2019; Zhang et al., 2019). We thus individually assessed each of such factors to attain successful conjugation. While, still, no exconjugant could be yielded, neither in the assay examining the various Mg2+ concentrations (0, 5, 10, 15, 30, and 50 mM), nor in that testing the heat-shocks with a temperature range from 37 to 65°C (data not shown). Fortunately, when we attempted changing the ratios of donor cells to recipient spores, we saw that different numbers of exconjugants appeared on the selective plates. The number of recipient cells played a more decisive role than that of the donor cells in the efficiency of conjugal transfer between E. coli and P. alni. When donor and recipient cells were 1 × 108 and 4 × 107, respectively, the highest conjugation efficiency reached 5.53 × 10−6 (Table 1). We therefore took this parameter in our following conjugation experiments.



TABLE 1. Effects of the donor (E. coli cells)-to-recipient (P. alni Shahu spores) ratio on transconjugation efficiency. At ratio, three independent conjugations were analyzed.
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Chromosomal Integration of an Exogenous Gene Using the ΦC31 att/int System

The apramycin-resistance ability of the obtained exconjugants is suggestive of the chromosomal integration of the pSET152 plasmid harboring the aac(3)IV apramycin resistance marker gene driven by the ΦC31 integrase (Figure 2A). Therein, integration of exogeneous genes into the P. alni Shahu chromosome could be achievable via the ΦC31 att/int system. To test such capability of the system, an integrative plasmid, pInt-GFP, was constructed by inserting a GFP-expressing cassette to pSET152 (Supplementary Figure S1). Then, conjugal transfer of pInt-GFP from E. coli to P. alni was conducted and its subsequent integration into the P. alni chromosome was examined.

[image: Figure 2]

FIGURE 2. Chromosomal integration of the exogenous gfp gene using the ΦC31 att/int system. (A) Schematic showing integration of the entire pInt-green fluorescent protein (GFP) plasmid into P. anli Shahu chromosome. (B) Colony PCR analyses of eight randomly taken exconjugants, and the wild-type strain (wt) as a reference, using primer sets of P11 + P12 and P13 + P14 as shown in (A). Predicted sizes of PCR products encompassing the created hybrid attL and attR sites after integration are indicated. M, DNA size marker. (C) Representative chromatographs of Sanger sequencing results of the attL and attR sites. Original sequences of attB in P. anli Shahu chromosome and attP in pInt-GFP plasmid, respectively, are shown. (D) Signal of GFP was detected in the pInt-GFP exconjugant whereas not in the pSET152 exconjugant by flow cytometry.


According to the determined optimal ratio, E. coli ET12567 (pUZ8002, pInt-GFP) cells were mixed with P. alni Shahu spores for conjugation. Of the conjugants appeared on the plate with apramycin, eight were randomly picked up and grown up in a liquid ISP4 medium containing 50 mg/L of apramycin. To illustrate the chromosomal integration of pInt-GFP in detail, total DNAs were individually extracted from the selected exconjugants and used as templates for PCR analyses with a primer set of either P11 + P12 or P13 + P14 amplifying DNA fragments encompassing the attL or attR site, respectively (Figure 2A). Since P11 and P14 target the genomic sequences while P12 and P13 are located on the plasmid, PCR products can be amplified only when chromosomal integration of plasmid occurs. Agarose gel electrophoresis of the PCR products suggested successful integration of pInt-GFP into the Shahu genome, as PCR products with the expected sizes were amplified from the chromosomal DNAs of the conjugants but not from that of the wild-type strain (wt; Figure 2B). Subsequent Sanger sequencing of the PCR products confirmed the generation of the hybrid sequences of attL and attR from attB and attP (Figure 2C). In addition, our results detected the fluorescence signal of GFP from all the pInt-GFP exconjugants by flow cytometry, suggesting that the heterologously integrated GFP protein was stably expressed. In contrast, the signal was not detectable in the reference pSET152 exconjugant (Figure 2D). All these combined results suggested that the ΦC31 att/int system could be used for efficient chromosomal incorporation of foreign DNAs in P. alni Shahu.



Generation of Gene Deletion Mutants of P. alni Shahu via Homologous Recombination

We next demonstrated removal of exogeneous genes from the P. alni Shahu chromosome by using a non-replicating vector to facilitate homologous recombination. A DNA stretch containing the pgl genes was chosen as an editing target, since it was reported to be non-essential for cell viability (Goldfarb et al., 2015). The entire sequence of the ΦC31 int gene, together with that of the attP site, was removed from pSET152; while homologous arms of 633 and 733 bp were inserted upstream and downstream, respectively, of the acc(3)IV gene, giving the suicidal plasmid, pKO-pgl, for knockout of the pgl genes (Figure 3A).

[image: Figure 3]

FIGURE 3. Gene deletion in P. alni Shahu via homologous recombination. (A) Scheme of deletion of the pgl genes using a suicidal non-replicating plasmid, pKO-pgl. Recombination between either the homologous upstream (Up) arms (Single crossover I), or downstream (Down) arms (Single crossover II), would result in integration of the entire plasmid into to the chromosome; while double crossover recombination was expected to occur, eventually leading to replacement of the target genes with the apramycin resistance marker, acc(3)IV. (B,C) PCR screening of pgl::acc(3)IV recombinants using primer sets of P15 + P16 (B) and P17 + 18 (C). Predicted sizes of PCR products in wild-type (wt) and recombinants of single or double crossover recombination are indicated. M, DNA size marker.


After conjugal transfer of pKO-PGL into P. alni Shahu, colonies were observed on the selective plate containing apramycin, indicative of integration of the acc(3)IV gene into the host chromosome. We picked up 16 of the appeared colonies and analyzed their genotypes by PCR and Sanger sequencing. Using the primer set of P15 + P16, DNA products were amplified from total DNAs extracted from the strains that were expected to contain mutant alleles with a predicted size of 2,994 bp. However, the 2,994-bp band was amplified in only 11 of the tested colonies, while, interestingly, a predicted 8,228 bp band was amplified in the remainder (Figure 3B). Reasonably, double crossover has resulted in the replacement of the target region (2,260 bp) with the expression cassette of the acc(3)IV gene (1,010 bp), allowing for amplification of the 2,994-bp fragments (vs. the wild-type 4,244 bp); whereas a single crossover through either of the homologous arms would occur, leading to chromosomal integration of the entire plasmid and hence explaining the detected 8,228-bp DNA products.

To further corroborate the above observations, we designed an additional primer set, P17 + P18 with each, respectively, targeting a sequence located within the homologous arms, for PCR analyses of the same samples. As expected, PCR products of 3,002 and 1,752-bp were yielded in the wild-type cells and the double crossover recombinants, respectively; while both fragments were amplified in the colonies where single crossovers occurred (Figure 3C). These results thus confirmed the homologous recombination events deduced and showcased in Figure 3A.




DISCUSSION

Although successful examples of genetic engineering of some model actinobacteria have been accumulated in the literature (Deng et al., 2017; Kormanec et al., 2019), it is, in general, still more difficult to generically manipulate many rare actinomycetes. Methods to genetically manipulate the genome of rare actinomycetes, for example Pseudonocardia, might open new avenues toward the demonstration, development, and application of the valuable bacteria. Despite of the importance, until this work, there had been no detailed description of establishing a genetic manipulation system for genome modifications in any Pseudonocardia species.

The major challenges could include the transfer of the vector harboring the foreign DNAs into the host and the incorporation of DNA into the host chromosome. Intergeneric conjugation has been proven to be one of the most efficient approaches for gene transfer into actinomycetes, and has been already successfully applied to Streptomyces species as an example (Netzker et al., 2016; Kormanec et al., 2019). However, it was suggested that conjugation protocols have to be customized for individual species before accomplishing successful conjugation (Marcone et al., 2010), and indeed, our work has confirmed that the standard conjugation protocol (Rebets et al., 2017) is not suitable for P. alni Shahu. We figured out the optimal parameters for conjugation and successfully achieved transfer of the pSET152 plasmid and its derivatives from E. coli into P. alni, therein, making it possible to deliver the powerful CRISPR-Cas machinery and others of interest, into this bacterium by this very approach for high-throughput genome engineering in the future.

We did observe the integration of the transferred pInt-GFP, a pSET152 derivative, into the genome at an attB site. Based on the confirmed attL and attR sequences, we deduced the 51-nt sequence of the attB site (Figure 2C) and traced it back to the genome of P. alni Shahu, seeing that it laid within an OFR coding for a pirin-homolog. This was very similarly to the case of Streptomyces species where attB sites were exclusively located within pirin-encoding ORFs. We found that this attB sequence showed an 89% nt identity to the canonical attB sequence possessed by Streptomyces coelicolor A3(2) from which the antinophage ΦC31 was originated (Lomovskaya et al., 1972). The sequence identity between the attB site of S. coelicolor A3(2) and that of other actinomycetes seemed to play an important role in determining conjugation efficacy (Supplementary Figure S2). For example, plasmid transconjugation into S. ambofaciens harboring an attB sequence identical to that of S. coelicolor A3(2) (100% identity) yielded an efficiency of 1.4 × 10−2, while into S. clavligerus yielded an efficiency of 3 × 10−5 as the attB identity was 96% (Kim et al., 2008). Furthermore, when the plasmid was transconjugated into a non-Streptomyces species Kitasatospora setae with a 78% attB identity, the efficiency was dropped to 2 × 10−7 (Choi et al., 2004). This thus explained the observed efficiency of foreign DNA integration into P. alni Shahu genome (5.5 × 10−6, Table 1) via the ΦC31 int/att system in our work, and might provide a possibility to enhance the conjugation efficiency via engineering the attB sequence of P. alni Shahu to make it as identical as that of S. coelicolor A3(2).

An obvious shortcoming of this genetic manipulation system could be the lack of a counterselection marker. Currently, several suicide genes, e.g., sacB, glkA, pyrF, and rpsL, have been available as counterselection markers in different bacteria. The sacB gene, conferring sucrose sensitivity, was ever used for unmarked gene deletion in actinobacteria species (van der Geize et al., 2001, 2007). However, it was reported that this method was not applicable for S. lividans due to lack of sucrose sensitivity of this actinobacterium (Jager et al., 1992). The glkA, pyrF, and rpsL, and others, did play their roles in counterselection but only in the corresponding null mutants (van Wezel and Bibb, 1996; Hosted and Baltz, 1997; Knipfer et al., 1997). Additionally, some toxic genes, such as mazF (Zhang et al., 2006), can also be used as suicidal markers, which, however, rely on tightly controlled inducible promoters, thus limiting their applicability in strains with poorly developed molecular toolkits. Other methods may also include the application of temperature-sensitive replicons. For instance, the replicon of pIJ101 has been widely applied in some Streptomyces species (Mo et al., 2019). These methods might be also possibly applicable in P. alni Shahu, albeit, of course, necessitating the examination and determination of optimal parameters.

It would be also interesting to introduce the advanced CRISPR-Cas-based technologies into this actinobacterium. One of advantages of the technologies is that no selection marker is required due to the potent killing effect of the CRISPR-Cas systems on the bacterial cells. However, we could not get any transconjugant in the conjugation using a plasmid carrying a Cas9-expression cassette, even without a targeting guide RNA (data not shown). Possibly, the Cas9 nuclease per se is toxic to the host cells. Similar observations have been reported for other bacteria (Zheng et al., 2020; Hao et al., 2022). Interesting, we found that the chromosome of P. alni Shahu encodes a native CRISPR-Cas system. We believe that in the near future this system would be harnessed as a powerful genetic manipulation tool, although thorough demonstration of this system would be essentially needed.

Nevertheless, this work has enabled the generation of stable genome modifications in a rare actinomycetes P. alni Shahu with a considerably high efficiency, and thus making this strain amenable to the discovery and design of novel bioactive natural products by genetic engineering.
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Isolate genus Closest annotation Assembly length Open reading frames GC%

Frankia Frankia sp. BMG5.23 4.92 Mbp 4111 70.25%
Micromonospora M. purpureochromogenes 7.28 Mbp 6,622 72.26%
Bacillus (1) B. simplex 4.64 Mbp 4,060 40.0%
Bacillus (2) B. aquimaris/vietnamensis 4.7 Mbp 4,215 41.53%
Phyllobacterium Phyllobacterium sp. UNC302MFCol5.2 4.8 Mbp 3,068 59.42%
Afipia A. broomeae 5.3 Mbp 4,370 61.64%
Paenibacillus Paenibacillus sp. HGF5 7.0 Mbp 5,866 49.56%

The assembly length and GC content were calculated by Quast. Open reading frames were predicted using Prodigal. Closest annotations were determined after aligning
all ORFs to the RefSeq protein database.
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Bin Genus Type Most similar known Percent

cluster identity
Frankia Terpene Sioxanthin 60%
Type-Two PKS Frankiamicin 100%
Lassopeptide- Maklamicin 13%
Type-One
PKS
Terpene Hopene 38%
Other Streptolydigin 7%
NRPS Triostin 16%
Type-One PKS Divergolide 13%
Terpene Collismycin A 7%
Type-Two PKS Medermycin 30%
Ketide Synthase- Abyssomicin 10%
Butyrolactone
Other A47934 10%
Type-Three Feglymycin 52%
Polyketide
Synthase
Micromonospora
T1PKS Maklamicin 19%
NRPS-T1PKS Nostopeptolide 37%
Other Diazepinomicin 75%
Oligosaccharide- Brasilicardin A 54%
PKS-Terpene
Siderophore Desferrioxamine B 80%
T2PKS Xantholipin 16%
Terpene Nocathiacin 4%
Lantipeptide Pentalenolactone 15%
NRPS Friulimicin 12%
T3PKS Alkyl-O- 1%
Dihydrogeranyl-
Methoxyhydrogquinone
Nrps-T1pks- Bleomycin 12%
Lantipeptide
Terpene Sioxanthin 80%
Nrps-Lantipeptide- ~ Naphthyridinomycin 14%
T1pks-Others
T1PKS Calicheamicin 13%
Terpene- Lymphostin 30%
Bacteriocin
T1pks-Nrps Rifamycin 35%
T1pks Leucanicidin 100%
Paenibacillus Ectoine Ectoine 75%
Nrps Bacillibactin 53%
Trans-At Pks Bacillaene 21%
Bacillus (1) Siderophore Desotamide 9%
Nrps Koranimine 87%
Bacillus (2) Terpene Carotenoid 33%
Siderophore 16%
Afipia Terpene Malleobactin 11%

Phyllobacterium Nrps Vicibactin 77%
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Selective medium Serial dilution Sprinkling

Number of Relative abundance Number of Number of Relative abundance Number of
actinobacte- (%, compared to the bioactive actinobacte- (%, compared to the bioactive
ria total bacteria) actinobacte- ria total bacteria) actinobacte-
ria ria

Valle de la Luna composite sample (VL1 + VL2 + VL3)

Gauze’s no. 1 agar + nalidixic acid (10 pg/ml) 12 65 5 rad 85 2
Starch casein agar 31 72 3 87 62

HV agar 5 50 0 80 86 10
Valle de la Luna rock scrappings (VLR)

Gauze’s no. 1 agar + nalidixic acid (10 pg/ml) 11 57 3 177 100 6
Starch casein agar 31 45 8 190 76 21
HV agar 1 29 0 123 95 14
Paranal/Paposo composite sample (POP1 + POP2)

Gauze’s no. 1 agar + nalidixic acid (10 pg/ml) 6 75 0 53 76 8
Starch casein agar 39 41 1 393 60

HV agar 5 5 0 107 89 7
Yungay composite sample (Y6, 2 and 30 cm)

Gauze’s no. 1 agar + nalidixic acid (10 pg/ml) 196 83 35 513 86 27
Starch casein agar 72 50 18 453 59 25
HV agar 63 43 24 310 85 12

The bolded number indicates the highest value in the comparison of serial dilution and sprinkling technique under the same column items. All media were supplemented
with cycloheximide and nystatin (each at 25 wg/mi).
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Butanoyl-pyrrothine (BUP)
Senecioyl-pyrothine (SEP)
Tigloyl-pyrrothine (TIP)
Crotonyl-pyrrothine
Sorbyl-pyrrothine
2-Hexonyl-pyrrothine
2-Methyl-3-pentenyl-pyrrothine
Iso-hexanoyl-pyrrothine
Co9Hz00s

CaoH3203
-Diketones

New 22-membered
macrolactone polyketides

New ansamycin-type
polyketides

Novel lasso peptide

New family of 22-membered
antitumor macrolactones

New lasso peptide
New streptogramin-type

antibiotics

New pyridine alkaloid

Aminoquinone derivatives

New anthracyclines

New anthracycline glycoside
New macrolide
New anthracycline glycoside
New macrolide
New macrolide

Compound

Jiangrines A-E

Jiangolide
Jiangrine F
Lentzeosides A-F

Nocardimicins J-R
Brasiliquinone E

Dithiolopyrrolone
antibiotics

Dithiolopyrrolone
PR2

Dithiolopyrrolone
PR8

Dithiolopyrrolone
PR9

Dithiolopyrrolone
PR10

Dithiolopyrrolone
PR11

Antibiotic A4

Antibiotic A5

Asenjonamides
A-C

Chaxalactins A-C

Chaxamycins A-C

Chaxamycin D
Leepeptin

Atacamycins A-C
Chaxapeptin
Acetyl-griseoviridin
Desulfurizing
griseoviridin
Pyridine alkaloid:
pyridine-2,5-

diacetamide
Abenquines A-D

Non-named

Bioactivity

Anti-inflammatory

Weak cytotoxicity
Anti-HIV-1 integrase activity

Virus polymerase inhibitory
Anti-Bacillus Calmette-Guérin
(BCG) activity

Antibacterial and antifungal
activities

Antibacterial, antifungal, and
anti-yeast activities

Antifungal and antibacterial
activities

Antibacterial activity

Antibacterial activity

Anti-intrinsic ATPase activity of
heat shock protein 90 (Hsp),
anti-methicillin-resistant
Staphylococcus aureus
(MRSA), and antibacterials

ND

Antibacterial, antitumor, and
cytotoxic activities

Anti-human lung cancer cell line
A549

No antibacterial activity

Antibacterial activity

Antimicrobial activity

Antibacterial,
anti-dermatophytic fungal, and
anti-phosphodiesterase type 4b
activities

Anticancer activity

Antibacterial activity

References

Han et al., 2014,
Jiao et al., 2017

Wichner et al.,
2017

Zhang et al., 2020

Lamari et al., 2002,
Zitouni et al., 2004,
Strub et al., 2008

Merrouche et al.,
2011

Merrouche et al.,
2019

Boubetra et al.,
2013a

Abdelkader et al.,
2018
Rateb et al., 2011b

Rateb et al., 2011a

Gomez-Escribano
etal., 2019

Nachtigall et al.,
2011

Elsayed et al., 2015

Wang et al., 2021

Nithya et al., 2018

Schulz et al., 2011

Masand et al., 2018
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Organism

Arthrobacter sp. AF3

Cryobacterium sp. S5
Frondihabitans sp. R8
Microbacterium spp. M1-B and M2-A

Paeniglutamicibacter spp. L1D and
L2D

Pseudarthrobacter spp. M1, M3, M2,
and L2

Rhodococcus sp. D4
Streptomyces sp. M1-A
Cellulosimicrobium sp. JZ28

Kocuria turfanensis 2M4
Microbacterium sp. WLJ053

Streptomyces sp. WLJO79
Nocardiopsis dassonvillei MB22

Streptomyces mutabilis 1A1

Streptomyces netropsis A-ICA

Streptomyces sp. AC5

Streptomyces sp. MM40

Streptomyces sp. RD1 and RD5
Streptomyces sp. MNB-1, MNB-2,
MNB-3, MNC-1, MNC-2, MNC-3,
MNC-4, MNT-1

Streptomyces sp. PT2

Streptomyces sp. UTMC 2482, UTMC
2483, and UTMC 3136

Streptomyces sp. Wb2n-11

Location

Atacama Desert, Chile

Saudi Arabia, Jizan and Al

Wahbah

Saline desert of Little Rann

of Kutch, Gujarat, India

The rhizosphere of desert

plant Alhagi sparsifolia

Sahara, Algeria

Saharan, Algeria

Baja California, Mexico

Saudi Arabia, Jouf

Monte Desert, NW of
Patagonia, Neuquén

Merzouga, Morocco

The Algerian Sahara
Salt Lake Qom, Iran

Sinai Desert, Egypt

PGP traits

Siderophore production, auxin (AIA)

production, nitrogen fixation, ACC
deaminase activity and phosphate
solubilization

Chitinase activity

B-Glucosidases

Osmoprotectants

Volatiles: hydrogen sulfide
IAA

Plant growth-promoting activity

Biocontrol activity

IAA, siderophore, hydrogen
cyanide, chitinolytic activity, and
solubilized inorganic phosphates
Biocontrol activity

IAA and GA3

Antifungal activity

Inorganic phosphate solubilization
IAA, GA

Flavonoid, phytohormone, and
siderophore production

Auxin, cytokines, zeatins, and
siderophores

Exoenzymes: proteases,
phospholipase, and lipases
Phosphorous solubilization

IAA, siderophore production, Na
fixation, P and K solubilization

Crude IAA

IAA, ethylene via ACC deaminase,
and siderophores
Antifungal

Antibacterial
Antinematicidal

Target
ND

Pathogens

Degradation of cellulose
biopolymers

Oxidative, osmotic, and salinity
stresses

Biotic and abiotic stress
Groundnut (Arachis hypogaea
L)

Maize

Common root rot pathogen
caused by Bipolaris sorokiniana
LB12

Durum wheat (cv. Vitron)

Temperate crop

Soft wheat (Triticum aestivum
L)

Macrophomina phaseolina,
Fusarium oxysporum, Fusarium
solani, Fusarium equiset,
Botrytis cinerea, Alternaria
alternata, and Colletotrichum
gloeosporioides

ND

Tomato (Solanum
lycopersicum)

Maize (Zea mays L.) under
drought condition

ND

Native vegetation
ND

Tomato
Sunflower

Fusarium culmorum;
Rhizoctonia solani; Verticillium
dahliae

Ralstonia solanacearum
Meloidogyne incognita
(soilborne phytopathogens)

References

Gaete et al., 2020

Eida et al., 2020

Goswami et al., 2014

Wang et al., 2017

Allali et al., 2019

Toumatia et al., 2016

Abdelmoteleb and
Gonzalez-Mendoza,
2020

Selim et al., 2019

Solans et al., 2021

Nafis et al., 2019

Goudjal et al., 2013
Zahra et al., 2020

Koéberl et al., 2015

ND, not determined.
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Order Family Genus Species References
Acidimicrobiales llumatobacteraceae Desertimonas Desertimonas flava Asem et al., 2018
Actinomycetales Actinopolysporaceae Actinopolyspora Actinopolyspora mzabensis Meklat et al., 2013
Cellulomonadaceae Cellulomonas Cellulomonas telluris Shi et al., 2020
Dietziaceae Dietzia Dietzia kunjamensis Mayilraj et al., 2006d
Dietzia lutea Li et al., 2009
Rhodococcus Rhodococcus kroppenstedtii Mayilraj et al., 2006a
Williamsia Williamsia sp. Guerrero et al., 2014
Jiangellaceae Jiangella Jiangella asiatica Saygin et al., 2020b
Jiangella aurantiaca
Jiangella ureilytica
Jiangella gansuensis Han et al., 2014
Nocardioidaceae Aeromicrobium *Aeromicrobium endophyticum Lietal., 2019a
Aeromicrobium halotolerans Yan et al., 2016
Kribbella Kribbella deserti Sun et al., 2017
Kribbella turkmenica Saygin et al., 2019b
Nocardioides Nocardioides deserti Tuo et al., 2015
Nocardioides thalensis Khan et al., 2017
Nocardioides vastitatis Liu et al., 2020b
Tenggerimyces Tenggerimyces mesophilus Sunetal., 2015
Nocardiopsaceae Nocardiopsis Nocardiopsis alkaliphila Hozzein et al., 2004
Nocardiopsis benisuefensis Hozzein et al., 2014
*Nocardiopsis sp. Chen et al., 2015
Promicromonosporaceae Promicromonospora Promicromonospora panici Guesmi et al., 2021
Propionibacteriaceae Auraticoccus Auraticoccus cholistanensis Cheema et al., 2020
Desertihabitans Desertihabitans aurantiacus Sun et al., 2019
Desertihabitans brevis Liu et al., 2020a
Streptomycetaceae Streptomyces Streptomyces aburaviensis Thumar et al., 2010
Streptomyces aridus |dris et al., 2017b
Streptomyces asenjonii Goodfellow et al., 2017
Streptomyces altiplanensis Cortés-Albayay et al., 2019
Streptomyces atacamensis Santhanam et al., 2012b
Streptomyces cahuitamycinicus Saygin et al., 2020c
Streptomyces desertarenae Lietal., 2019¢c
Streptomyces deserti Santhanam et al., 2012a
Streptomyces dengpaensis LiY. et al., 2018
Streptomyces bullii Santhanam et al., 2013
Streptomyces fukangensis Zhang et al., 2013
Streptomyces fragilis ithya et al., 2017
Streptomyces leeuwenhoekii Rateb et al., 2011a
*Streptomyces netropsis Abdelmoteleb and Gonzélez-Mendoza, 2020
Streptomyces sannurensis Hozzein et al., 2011
Streptomyces taklimakanensis Yuan et al., 2020
Streptosporangiaceae Desertiactinosopra Desertiactinospora gelatinilytica Saygin et al., 2019a
Nonomuraea Nonomuraea deserti Saygin et al., 2020d
Nonomuraea diastatica
Nonomuraea longispora
Nonomuraea mesophila
Nonomuraea terrae Ay, 2020
Streptosporangium Streptosporangium algeriense Boubetra et al., 2016
Streptosporangium becharense Chaouch et al., 2016
Thermomonosporaceae Actinomadura Actinomadura deserti Caoetal., 2018
Actinomadura namibiensis Wink et al., 2003
Geodermatophilales Geodermatophilaceae Blastococcus Blastococcus atacamensis Castro et al., 2018a

Blastococcus deserti

Yang et al., 2019
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Kineosporiales

Micrococcales

Micromonosporales

Motilibacterales

Nakamurellales
Pseudonocardiales

Kineosporiaceae

Bogoriellaceae

Intrasporangiaceae

Microbacteriaceae

Micrococcaceae

Omithinimicrobiaceae

Micromonosporaceae

Motilibacteraceae

Nakamurellaceae
Nocardiaceae

Pseudonocardiaceae

Geodermatophilus

Modestobacter

Kineococcus

Georgenia

Janibacter
Ornithinicoccus
Agrococcus
Labedella

Microbacterium

Mycetocola
Planctomonas
Arthrobacter

Citricoccus
Kocuria

Nesterenkonia
Ornithinimicrobium

Actinoplanes
Micromonospora

Motilibacter

Nakamurella
Nocardia
Actinoalloteichus
Actinophytocola

Amycolatopsis

Geodermatophilus africanus
Geodermatophilus arenarius
Geodermatophilus chilensis
Geodermatophilus pulveris
Geodermatophilus sabulis
Geodermatophilus saharensis
Geodermatophilus siccatus
Geodermatophilus telluris
Geodermatophilus tzadienisis
Modestobacter altitudinis
Modestobacter caceresii
Modestobacter excelsi
Modestobacter multiseptatus
Kineococcus xinjiangensis
Georgenia deserti

Georgenia alba

Janibacter sp.
Ornithinicoccus halotolerans
Agrococcus lahaulensis
*Labedella phragmitis
*Labedella populi
Microbacterium album
Microbacterium deserti
*Microbacterium halophytorum
Microbacterium suaedae
Microbacterium karelineae
Mycetocola manganoxydans
Planctomonas deserti
Arthrobacter deserti
Arthrobacter mobilis
Citricoccus alkalitolerans
Kocuria aegyptia

Kocuria himachalensis
Nesterenkonia populi
Nesterenkonia rhizosphaerae
Ornithinimicrobium kibberense
Actinoplanes deserti
Micromonospora acroterricola
Micromonospora arida
Micromonospora inaquosa
Micromonospora deserti
Motilibacter aurantiacus
Motilibacter deserti
Nakamurella deserti
Nocardia sp.
Actinoalloteichus spitiensis
Actinophytocola algeriensis
Actinophytocola gilvus
Amycolatopsis australiensis
Amycolatopsis deserti
Amycolatopsis granulosa
Amycolatopsis ruanii
Amycolatopsis thermalba
Amycolatopsis thermophila

ontero-Calasanz et al., 2013b

ontero-Calasanz et al., 2012

Castro et al., 2018b

Hezbri et al., 2016

Hezbri et al., 2015
ontero-Calasanz et al., 2013c
ontero-Calasanz et al., 2013e
ontero-Calasanz et al., 2013d

ontero-Calasanz et al., 2013a
Golinska et al., 2020b
Busarakam et al., 2016b
Golinska et al., 2020a
evs et al., 2000
Liu et al., 2009
Hozzein et al., 2018
Li et al., 2019d
hessairi et al., 2014
Zhang et al., 2016

ayilraj et al., 2006e
Li et al., 2019b

Yang et al., 2018b

LiY.R. etal., 2018
Zhu et al., 2019
Zhu et al., 2021
Luo et al., 2012
Liu et al., 2019b
Hu et al., 2016
Ye et al., 2020
Li et al., 2005
Li et al., 2006
ayilraj et al., 2006b
Liu et al., 2015b
Wang et al., 2014
ayilraj et al., 2006¢
Habib et al., 2018
Carro et al., 2019b
Carro et al., 2019a

Saygin et al., 2020a
Liu et al., 2020c

Liu et al., 2019a

Zhang et al., 2020
Singla et al., 2005
Bouznada et al., 2016b
Sun et al., 2014

Tan et al., 2006
Busarakam et al., 2016a
Zucchi et al., 2012a

Zucchi et al., 2012b
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Amycolatopsis viridis

Amycolatopsis vastitatis

|dris et al., 2018

Lechevalieria Lechevalieria atacamensis Okoro et al., 2010
Lechevalieria deserti
Lechevalieria roselyniae
Lentzea Lentzea isolaginshaensis Wang et al., 2019
Lentzea chajnantorensis |dris et al., 2017¢c
Prauserella Prauserella endophytica Liu et al., 2015a
Prauserella isguenensis Saker et al., 2015
Prauserella shujinwangii Liuet al., 2014
Pseudonocardia Pseudonocardia nigra Trujillo et al., 2017
Saccharopolyspora Saccharopolyspora deserti Yang et al., 2018a
Saccharothrix *Saccharothrix algeriensis Zitouni et al., 2004
Saccharothrix deserti Liu et al., 2020
Saccharothrix ghardaiensis Bouznada et al., 2017
Saccharothrix hoggarensis Boubetra et al., 2013b
Saccharothrix isguenensis Bouznada et al., 2016a
Saccharothrix tamanrassetensis Boubetra et al., 2015
Saccharothrix tharensis Ibeyaima et al., 2018
Yuhushiella Yuhushiella deserti Mao et al., 2011

Yuhushiella sp. Ibeyaima et al., 2016

*Species isolated from plants in desert area.
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PD group SP group
Demographics
No. of participants 39 39
Age (years, mean + SD) 63.95 + 6.92 64.82 +£6.86
Male 21 18
BMI (kg/m2, IQR) 23.15 (20.67-25.39) 24.2 (20.2-26.02)
Clinical data

Age at onset (years, mean + SD)
Duration (years)
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