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Many marine sponges harbor dense communities of microbes that aid in the chemical defense of these nonmotile hosts. Metabolites that comprise this chemical arsenal can have pharmaceutically-relevant activities such as antibacterial, antiviral, antifungal and anticancer properties. Previous investigation of the Caribbean giant barrel sponge Xestospongia muta revealed a microbial community including novel Actinobacteria, a phylum well known for its production of antibiotic compounds. This novel assemblage was investigated for its ability to produce compounds that inhibit M. tuberculosis by using a bioinformatics approach. Microbial extracts were tested for their ability to inhibit growth of M. tb and genomes of the 11 strains that showed anti-M. tb activity including Micrococcus (n=2), Micromonospora (n=4), Streptomyces (n=3), and Brevibacterium spp. (n=2) were sequenced by using Illumina MiSeq. Three assembly algorithms/pipelines (SPAdes, A5-miseq and Shovill) were compared for their ability to construct contigs with minimal gaps to maximize the probability of identifying complete biosynthetic gene clusters (BGCs) present in the genomes. Although A5-miseq and Shovill usually assembled raw reads into the fewest contigs, after necessary post-assembly filtering, SPAdes generally produced the most complete genomes with the fewest contigs. This study revealed the strengths and weaknesses of the different assemblers based on their ease of use and ability to be manipulated based on output format. None of the assembly methods handle contamination well and high-quality DNA is a prerequisite. BGCs of compounds with known anti-TB activity were identified in all Micromonospora and Streptomyces strains (genomes > 5 Mb), while no such BGCs were identified in Micrococcus or Brevibacterium strains (genomes < 5 Mb). The majority of the putative BGCs identified were located on contig edges, emphasizing the inability of short-read assemblers to resolve repeat regions and supporting the need for long-read sequencing to fully resolve BGCs.
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Introduction

Marine sponges are found in all parts of the ocean, ranging from warm, shallow tropical waters to polar waters and even the deep ocean (Hooper and van Soest, 2002; Hentschel et al., 2006). Similarly, actinomycetes are found in a wide range of terrestrial, freshwater and marine environments (van der Meij et al., 2017). Marine sponges can harbor a huge amount and remarkable diversity of microbial symbionts both intracellularly and extracellularly within the mesohyl matrix (Vacelet, 1975; Vacelet and Donadey, 1977; Hentschel et al., 2002). Additionally, there is evidence that sponges actively select for the presence of species-specific symbiotic microbial communities (Taylor et al., 2004; Hentschel et al., 2006; Taylor et al., 2007; Lee et al., 2010; Montalvo and Hill, 2011). Although a minimal core community has been identified to exist among sponges of various species and habitats, the majority of the microbial diversity present within a given sponge host is species-specific (sponge-specific or monophyletic), and generally distinct from the microbial diversity present in the surrounding seawater as evidenced by both culture-dependent and independent studies (Wilkinson, 1978; Webster and Hill, 2001; Hentschel et al., 2002; Taylor et al., 2004; Taylor et al., 2005; Hill et al., 2006; Taylor et al., 2007; Lee et al., 2010; Montalvo and Hill, 2011; Schmitt et al., 2012). Furthermore, studies assessing the intra- and interspecies variability of these microbial communities over distant geographic locations and temporal changes have found striking stability in at least a subpopulation of these communities (Taylor et al., 2004; Webster et al., 2004; Taylor et al., 2005; Montalvo and Hill, 2011; Schmitt et al., 2012). Depending on the density of symbiotic bacteria harbored by sponges, they can be classified as being either of low microbial abundance (LMA) or high microbial abundance (HMA, aka ‘bacteriosponge’) (Vacelet and Donadey, 1977; Reiswig, 1981; Hentschel et al., 2003) LMA sponges have a similar bacterial density to that of the surrounding seawater (105-106 bacteria per gram of sponge wet weight), while HMA sponges can harbor a density of 108-1010 bacteria per gram of sponge wet weight (Reiswig, 1981; Hentschel et al., 2003). As these bacterial members constitute such a significant portion of their host by volume, it is not surprising that they play a critical role in nutrient cycling, of which actinomycetes contribute to nitrogen and phosphorus cycling as well as decomposition of organic material (Goodfellow and Williams, 1983; Hentschel et al., 2006; Sabarathnam et al., 2010; Weigel and Erwin, 2017; Zhang et al., 2019). The largest known sponge species, fittingly named the giant barrel sponge, Xestospongia muta (Schmidt 1870) is an HMA sponge commonly found in coral reef communities in the Caribbean (Hentschel et al., 2006; McMurray et al., 2008). Xestospongia muta has been reported to reach up to 2 m in height in the natural environment (ranging from Florida to Brazil) and is believed to be long-lived, with some individuals estimated to be anywhere from 100 to 1,000 years old (van Soest, 1980; Hechtel, 1983; Kerr and Kelly-Borges, 1994; Montalvo et al., 2005; Hentschel et al., 2006; McMurray et al., 2008). Previous analysis by Montalvo et al. (2005) found Actinobacteria to dominate the microbial community composition of X. muta individuals isolated from the Florida Keys and identified a novel assemblage of actinobacteria isolates. Given that actinomycetes are such a prominent source of antibiotics, this novel assemblage was investigated for its potential to produce compounds with antimycobacterial activity with a primary focus on inhibition of M.tb.

Specifically considering the possibility that marine actinomycetes will synthesize antimycobacterial compounds, research suggests this likelihood is based on more than just random chance due to sheer abundance of actinomycetes harbored within host tissue. In a recent study, 11 Mycobacterium species, together with an antimycobacterial Salinispora species, were isolated from the sponge Amphimedon queenslandica (Izumi et al., 2010). Several Salinispora species, including the strain isolated in the 2020 investigation, are capable of synthesizing rifamycins, a group of antibiotics that includes one of the top-line anti-TB drugs, rifampicin (Kim et al., 2006; Wilson et al., 2010). The authors of the study hypothesize that production of antimycobacterial compounds by marine actinomycetes may function in competition between the cohabiting sponge symbionts. Furthermore, several anti-TB compounds have already been isolated from marine sponges and associated actinomycetes. In addition to marine-sponge derived rifamycin-producing Salinispora strains (Kim et al., 2006), macfarlandins (anti-TB diterpenoids) were isolated from a Samoan Chelonaplysilla sponge (de Oliveira et al., 2020), and haliclonadiamines derivatives (antimycobacterial alkaloids) were isolated from an Okinawan Haliclona sponge species (Abdjul et al., 2018). It is important to note that only crude Haliclona and Chelonaplysilla extracts were tested for growth inhibition, and thus, the possibility cannot be ruled out that the isolated antimycobacterial compounds actually derive from associated microbes. Interestingly, the first marketable antibiotic isolated from an actinomycete (streptomycin) effectively inhibited M.tb (Schatz et al., 1944; Woodruff, 2014). Unfortunately, as is the case with many antibiotics, resistance to this drug developed soon after it became available (Pyle, 1947). In 2020, almost 10 million people became infected with M.tb, 1.5 million of whom died as a result of infection (World Health Organization, 2021). In the previous year, approximately 500,000 cases developed rifampicin-resistant infections, 78% of which further evolved into multi-drug resistant TB (World Health Organization, 2020). The current status of TB clearly demands an urgent need for novel antibiotics to treat the disease.

After screening microbial extracts, a bioinformatics approach was undertaken to identify the genomic pathway(s) most probably associated with any compounds responsible for observed anti-TB activity, as well as to assess the full biosynthetic potential of interesting strains. These compounds, known as natural products, can be classified into various categories based on their chemical structure, the most common being polyketides (PKs), nonribosomal peptides (NRPs), ribosomally synthesized and post-translationally modified peptides (RiPPs), terpenoids and alkaloids (Medema et al., 2015; Hug et al., 2020). Directly studying the genes responsible for synthesizing these natural products enables assessment of the full biosynthetic potential of specific microbes despite the inability to culture the bacteria or lack of production of a particular product in the laboratory. This powerful approach is achievable by virtue of the fact that several classes of natural products (PKs, NRPs) are encoded by genes laid out in a recognizable pattern collectively known as a biosynthetic gene cluster (BGC) (Martín & Liras, 1989). The assembly-line nature of their synthesis facilitates their detection through genome-mining efforts (Van Lanen & Shen, 2006; Zerikly & Challis, 2009). Quick detection of BGCs by computational methods enables rapid dereplication, avoiding the unfortunate but common occurrence of reisolating an already discovered compound (Woodruff & McDaniel, 1958; Baltz, 2005). Furthermore, assessment of the putative BGC repertoire of a genome enables prioritization of strains for further analysis (Zhang et al., 2017; Ward & Allenby, 2018).

The GC-rich nature of actinomycete genomes makes sequencing and assembly very challenging (Benjamini and Speed, 2012; Rajwani et al., 2021). To optimize the success of this genome mining strategy, three assembly pipelines were compared for their particular ability to efficiently assemble reads and minimize gaps in actinomycete genomes. Based on successful strategies described in the literature, the following pipelines were evaluated: SPAdes (SPAdes, RRID : SCR_000131) (Bankevich et al., 2012), Shovill (shovill, RRID : SCR_017077) (Seemann, 2020) and A5-miSeq (A5-miseq, RRID : SCR_012148) (Tritt et al., 2012; Coil et al., 2015) (Klein et al., 2016; Koenigsaecker et al., 2016; Schorn et al., 2016; Durrell et al., 2017; Egidi et al., 2017; Kincheloe et al., 2017; Bellassi et al., 2020; Blackwell et al., 2021; Soldatou et al., 2021; Tarlachkov et al., 2021). All three pipelines assemble raw Illumina data with slightly different processing steps. SPAdes involves four major stages: assembly graph construction, k-mer adjustment, paired assembly graph construction, and contig construction (Bankevich et al., 2012). The Shovill pipeline utilizes SPAdes genome assembler to assemble reads but involves modified pre- and post-assembly steps, and is optimized for smaller genomes (Seemann, 2020). The A5-miSeq workflow consists of five steps: read cleaning, contig assembly, crude scaffolding, mis-assembly correction, and final scaffolding. Similar to SPAdes, all steps are automated, but what makes this pipeline unique is the fact that all parameters are fixed, without the option to adjust (Coil et al., 2015). The following programs were employed post-assembly to detect putative BGCs: antiSMASH (antibiotics & Secondary Metabolite Analysis Shell) (Blin et al., 2019) and NP.Searcher (Li et al., 2009). The most comprehensive of these programs, antiSMASH, can detect biosynthetic genes associated with more than 20 natural product classes including PKs, NRPs, terpenes, and bacteriocins (Medema et al., 2011; Medema and Fischbach, 2015). The antiSMASH program uses Hidden Markov Models (HMMs) via HMMer3 (Hmmer, RRID : SCR_005305) to detect possible clusters through alignment of the translated nucleotide sequence with proteins or protein domains determined to be exclusively present in particular BGCs and maintains an extensive database of known BGCs to facilitate comparative cluster analysis. NP.Searcher utilizes BLAST to rapidly scan genomes and determine substrate specificities of adenylation and acyltransferase domains in nonribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs), respectively. This program also conveniently provides the Simplified Molecular Input Line Entry Specification (SMILES) output of expected products and links results with programs that predict the associated 2D and 3D chemical structures of the natural product (Li et al., 2009).



Materials and methods


Cultivation of actinomycetes and Mycobacterium strains

Strains were previously isolated from X. muta samples collected at a depth of 20 m by SCUBA at Conch Reef, Key Large, Florida in July 2001 and June 2004 (latitude 24°56.82’ N, longitude 80°27.40’ W). Strains were isolated and stored as described by Montalvo et al. (2005). Cryovials of isolates were plated out on both International Streptomyces Project 2 (ISP2) agar (BD-Difco™, Franklin Lakes, NJ, USA) supplemented with 20% salt (granular sodium chloride - J.T. Baker, Phillipsburg, NJ, USA) and Reasoner’s 2A Agar (R2A) (BD - Difco™, Franklin Lakes, NJ, USA). Plates were incubated at 30°C until growth of individual colonies could be observed. Two individual colonies per plate were then transferred to the corresponding medium from which they were initially isolated – 100 mL of ISP2 or Reasoner’s 2A broth (R2B) (EZ-Media - Microbiology International, Frederick, MD, USA) – in 250-mL baffled flasks to provide good aeration, and incubated at 30°C with shaking at 150 rpm for a minimum of two weeks, until cultures appeared dense. ISP2 liquid medium was prepared using yeast extract (BD-Bacto™, Franklin Lakes, NJ, USA), dextrose (Fisher Scientific, Hampton, NH, USA), malt extract (MP Bio, Santa Ana, CA, USA) and 20% salt (granular sodium chloride - J.T. Baker, Phillipsburg, NJ, USA).

Mycobacterium tuberculosis H37Ra, Mycobacterium marinum ATCC 927 and Mycobacterium smegmatis MC2 155 were all plated from cryovials onto Middlebrook M7H10 agar (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% OADC (oleic acid (Sigma-Aldrich, St. Louis, MO, USA), bovine serum albumin fraction V (Roche – Sigma-Aldrich, St. Louis, MO, USA), dextrose (Fisher Scientific, Hampton, NH, USA), catalase (Sigma, St. Louis, MO, USA), sodium chloride (enzyme grade - Fisher Scientific, Hampton, NH, USA) and subsequently cultured in Middlebrook M7H9 liquid medium (BD-Difco™, Franklin Lakes, NJ, USA) supplemented with 10% ADC (bovine serum albumin fraction V, dextrose, catalase, sodium chloride) and 250 µL Tween 80 (Amresco, Solon, OH, USA). M. marinum ATCC 927 and M. smegmatis MC2 155 were incubated at 30°C with shaking at 150 rpm and M. tuberculosis H37Ra was incubated at 37°C with shaking at 150 rpm.



Preparation of extracts and antimycobacterial activity assay

After dense growth was evident in actinobacterial cultures, the cultures were extracted with HPLC-plus grade ethyl acetate (EtOAc) (Sigma-Aldrich, St. Louis, MO, USA). A 1:1 volume of EtOAc was added to each culture and incubated overnight at 30°C with shaking at 150 rpm. The organic phases were dried by rotary evaporation, and the final samples were dried in GC vials using a Savant SpeedVac® PLUS SC210A. The aqueous phases were discarded.

Extracts were dissolved in dimethyl sulfoxide (DMSO) and applied to 6 mm Whatman filter discs at a concentration of 25 µg/10 µL and 250 µg/10 µL to establish a dose response. Discs were applied to plates inoculated with M. tuberculosis H37Ra, M. marinum ATCC 927 and M. smegmatis MC2 155 at exponential phase. A disc inoculated with 10 µL of DMSO was used as a negative control. All extracts were tested at both concentrations in duplicate. Plates of M. marinum ATCC 927 and M. smegmatis MC2 155 were incubated for several days at 30°C and M. tuberculosis H37Ra at 37°C until dense lawn growth and inhibition zones could be observed, usually at two weeks. Resulting zones of inhibition were measured under an illuminated colony counter.



Genomic DNA extraction, strain identification and whole genome sequencing

Strains were assigned taxonomic classifications after initial isolation, which were confirmed at the time of this study on the basis of partial 16S rRNA gene sequence analysis. DNA was extracted using the UltraClean® Microbial DNA Isolation Kit (MO Bio Laboratories Inc., Carlsbad, CA, USA). Genomic DNA was quantified using a Nanodrop 2000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Degenerate primer 27F 5’-AGAGTTTGATCMTGGCTCAG-3’ (Hyman et al., 2005) and 1492R 5’-CGGTTACCTTGTTACGACTT-3’ (Sasoh et al., 2006) were used to amplify 16S rRNA gene fragments, and polymerase chain reaction (PCR) amplification was performed on a PTC-200 Peltier Thermal Cycler (MJ Research, St. Bruno, QC, CA). The PCR reaction mix consisted of 12.5 µL JumpStart™ REDTaq® ReadyMix™ Reaction Mix (Sigma-Aldrich, St. Louis, MO, USA), at least 15 ng of DNA template, 1 µL each of 27F and 1492R (10 µM stock) and sterile deionized water for a final volume of 25 µL. The PCR was programmed to the following protocol: 31 cycles of denaturation at 95°C for 1 min 30 sec, annealing at 55°C for 1 min 30 sec, and elongation at 72°C for 1 min 30 sec, followed by a final extension step at 72°C for 7 min. PCR products were separated on a 2% agarose gel to confirm amplification and purified with ExoSAP-IT™ or ExoSAP-IT™ Express PCR Product Cleanup Reagent (ThermoFisher Scientific, Waltham, MA, USA). Forward and reverse Sanger sequences were trimmed and assembled using CLC Main Workbench 7 (CLC Main Workbench, RRID : SCR_000354), and the resulting consensus sequence was compared against the NCBI database with BLASTN (BLASTN, RRID : SCR_001598) to identify the strain. Sequence errors were corrected manually by visual inspection of chromatograms.

For genomic sequencing, DNA was sequenced by using a MiSeq sequencer (Illumina) with the MiSeq version 2.4.0.4 Reagent Kit. The Nextera DNA Flex Library Prep Kit (100 ng DNA) was used to prepare the sequencing libraries for Brevibacterium sp. strain XM4083 and Micromonospora sp. strain XM-20-01 (300 cycles each), while the Nextera XT Library Prep Kit (1 ng DNA) was used to prepare sequencing libraries for the remaining nine strains (2 x 250 bp paired-end reads for a total of 500 cycles).



Genome assembly, annotation and biosynthetic gene cluster analysis

Assembly was performed using three de novo methods: 1) reads were trimmed using Trimmomatic version 0.30 (Trimmomatic, RRID : SCR_011848) (Bolger et al., 2014) and assembled using SPAdes version 3.14.1 (Bankevich et al., 2012); 2) reads were assembled using A5-miseq version 20160825 assembly pipeline (Coil et al., 2015), and 3) reads were assembled using Shovill version 1.1.0 (unpublished, available at https://github.com/tseemann/shovill), which includes an optional step to trim adaptors (Trimmomatic version 0.39). Initial assembly statistics were evaluated with QUAST (QUAST, RRID : SCR_001228) (Gurevich et al., 2013). Contigs were then filtered primarily based on coverage, followed by match identity after comparison with the Nucleotide BLAST database. If a contig did not return a BLASTN hit (Zhang et al., 2000), blastx (BLASTX, RRID : SCR_001653) (Altschul et al., 1997) was performed and the contig was retained if it returned a hit to a protein identified from the expected genus with substantial query coverage and percent identity. Resulting contigs were also aligned to contigs of other genomes sequenced in the same Illumina MiSeq run to identify and remove spillover reads or cross contamination. Manual filtering was performed to remove any additional contigs with dubious coverage (determined cut-off value varied per assembly). PATRIC version 3.5.41 (Pathosystems Resource Integration Center, RRID : SCR_004154) was used to perform genome annotation and to calculate post-filtering statistics (Brettin et al., 2015; Davis et al., 2020). The final assemblies were validated by evaluating contamination and completeness values, calculated using CheckM version 1.0.18 app through KBase (kbase.us) (CheckM, RRID : SCR_016646) (Parks et al., 2015). Scaffolding was performed with MeDuSa version 1.6 (MeDuSa, RRID : SCR_022058) (Bosi et al., 2015). Genomes were scaffolded by comparison to all available complete or nearly complete genome sequences in the NCBI BLAST database that aligned to the trimmed 16S rRNA gene sequence of the particular strain. If the trimmed 16S rRNA gene sequence did not return any hits to complete genome sequences, the trimmed forward or reverse read was analyzed by BLASTN, and complete genome sequences were selected from the resulting list for scaffolding. Default parameters were used for all software packages. However, for Trimmomatic, a slightly modified script was used that was more sensitive for adapters and also included a sliding window of four bases to scan the reads and remove bases when the average quality per base was below 15. BGCs were identified using the following algorithms: antiSMASH version 5.0 (Blin et al., 2019) in relaxed mode and NP.Searcher (Li et al., 2009). For a schematic overview of this analysis, see Figure 1.




Figure 1 | Schematic overview of research pipeline: microbiology procedures and experiments to identify strains producing extracts with inhibitory activity against M. tb and comparative bioinformatic analysis of three de novo assembly pipelines with evaluation parameters to optimize assembly completeness for genome mining. Note: Some symbols sourced from Integration and Application Network (ian.umces.edu/media-library).





Genome comparison

In addition to 16S rRNA gene sequence analysis from Sanger sequencing data, the housekeeping genes recA and gyrB were identified from PATRIC annotation of assembled Illumina MiSeq data and aligned with CLC Main Workbench 7 (CLC Main Workbench, RRID : SCR_000354). These genes were chosen based on studies supporting their use as supplemental (or even better than 16S rRNA in some cases) phylogenetic markers for the classification of related bacterial strains (Rossi et al., 2006; Liu et al., 2012; Zhang et al., 2019). Pairwise genome comparison using all three assemblies (SPAdes, A5-miseq, Shovill) per genome was performed by calculating average nucleotide identity (ANI) based on BLAST and MUMmer (MUMmer, RRID : SCR_018171) with JSpecies Web Server (JSpeciesWS) (JSpeciesWS, RRID : SCR_022059) (Kurtz et al., 2004; Goris et al., 2007; Richter et al., 2016). Genome dot plots were created using D-Genies web application (D-GENIES, RRID : SCR_018967) aligned with Minimap2 version 2.24 (Minimap2, RRID : SCR_018550) (Cabanettes and Klopp, 2018).




Results


Small-scale fermentation and anti-TB activity

From the original collection of 101 novel actinomycetes previously isolated from X. muta, 58 strains were recovered from storage and grew on either on ISP2 or R2A medium. Of these, 11 strains were found to produce extracts that consistently inhibit the growth of M. tuberculosis H37Ra (Table 1). Despite the fact that the 16S rRNA gene sequences of several strains returned BLASTN hits with 100% identity to other sequences in the database, these strains are individually described throughout this study, because even very closely related strains can produce different bioactive compounds (Antony-Babu et al., 2017). The extracts of four of the 11 isolates were found to have more wide-ranging activity and consistently inhibited the growth of all three mycobacteria tested: M. tuberculosis H37Ra, M. smegmatis MC2 155 and M. marinum ATCC 927. M. smegmatis MC2 155 and M. marinum ATCC 927 were used as preliminary indicators for anti-TB activity, as they are both closely related to M. tuberculosis and grow much more rapidly, facilitating more rapid screening. Additionally, M. marinum ATCC 927 is a known pathogen that rarely infects humans but causes a “tuberculosis-like illness in fish” (Akram and Aboobacker, 2021). In every case, extracts tested at 250 µg/10 µL DMSO were shown to produce a zone of inhibition greater than when tested at 25 µg/10 µL DMSO, confirming a dose-dependent response (Supplementary Table 1).


Table 1 | Strain identification of active extracts, nearest well-identified BLAST hit and observed bioactivity.





Genome assembly pipeline comparison

Genome assembly for each strain was performed using paired-end reads with three separate assembly pipelines: (1) Trimmomatic and SPAdes, (2) A5-miseq, and (3) Shovill. In each case, default parameters were used in assembly. As Trimmomatic is merely a trimming function performed pre-assembly, the first pipeline will be hereafter referred to as SPAdes-assembled. It is important to note that there is a slight difference in the way that QUAST and PATRIC calculate assembly statistics. The pre-filtering assembly statistics (generated by QUAST) only consider contigs of at least 500 bp when calculating GC content and N50 values, while PATRIC generates these two statistics for the final post-filtered assembly by considering all contigs, irrespective of length. Furthermore, pre- and post-filtering sequence coverage values actually refer to average k-mer coverage for SPAdes and Shovill assemblies. Although Shovill is based on SPAdes, this pipeline varies in that it estimates coverage depth by calculating the ratio of total reads over genome size and automatically downsamples fastq files to a depth of 150x. In addition, Shovill removes any contigs below a coverage of 2x by default. For A5-miseq assemblies, pre-filtering coverage values are calculated from the average coverage of reads included in the final assembly after quality control and error correction. Because A5-miseq does not provide individual coverage values for assembled contigs, it is not possible to calculate a coverage depth of the assembly post-filtering. These inherent differences in the three pipelines result in highly variable coverage values between assemblies in some cases.



Micrococcus

Prefiltering. The two Micrococcus strains’ assemblies were the smallest genomes analyzed in this set, with Micrococcus sp. strain XM4230A and Micrococcus sp. strain XM4230B having genomes of approximately 2.5 to 3.1 Mb, regardless of assembly method employed (Table 2, Figure 2). Shovill assembled raw data into the fewest initial contigs for strain XM4230A (63) while A5-miseq assembled raw data into the fewest initial contigs for strain XM4230B (121) (Figure 3). For strain XM4230A, the genome was determined to be between 2.6 and 3.1 Mb and have a GC content of 72.7%. For strain XM4230B, the genome size was much more consistent, with all assembly methods yielding a genome of 2.5-2.6 Mb with a GC content of 72.6-72.8%. Shovill yielded the highest N50 value for strain XM4230A (287,979) while SPAdes generated contigs with the highest N50 value for strain XM4230B (76,897) (Figure 4). Raw read files for strain XM4230A were substantially smaller (~300 Mb each) compared to those of all other genomes analyzed (usually ~1 Gb each).


Table 2 | Comparative assembly statistics for Micrococcus strains.






Figure 2 | Total genome size calculated pre- and post-filtering for contamination and spillover.






Figure 3 | Total number of contigs assembled pre- and post-filtering for contamination and spillover.






Figure 4 | N50 values calculated for genome assemblies pre- and post-filtering for contamination and spillover. Note: the pre-filtering N50 value for XM-20-01 assembled with SPAdes is 1,606 and assembled with A5-miseq is 22,545.



Post-filtering. Substantial removal of contaminant Micromonospora contigs was necessary for strain XM4230A when assembled with SPAdes (95% of total contigs (985/1,038) removed) and A5-miseq (73% of total contigs (116/158) removed). Ultimately, A5-miseq generated the best assembly for strain XM4230A and yielded the fewest contigs (42) (Figure 3), although the Shovill assembly retained a slightly higher N50 value (287,979 v. 222,030) (Figure 4). The final GC content of strain XM4230A was 72.8% in every assembly. After removal of contaminant contigs [44% of total contigs (63/143)] and filtering out low coverage contigs, SPAdes yielded the best assembly for strain XM4230B with fewest contigs (80) and a final GC content of 72.8% (Figure 3). The N50 values did not change for any genomes of strain XM4230B post-filtering.

Scaffolding. Based on BLAST hits aligning to the trimmed and error-corrected 16S rRNA gene sequences for the Micrococcus isolates, strain XM4230A was compared to two complete reference genomes, and strain XM4230B was compared to three complete reference genomes for scaffolding. Strain XM4230A assembled into seven to 12 scaffolds, with A5-assembled data yielding the best output. Strain XM4230B assembled into eight to 12 scaffolds, with A5-miseq-assembled contigs yielding the fewest scaffolds.



Micromonospora

Prefiltering. Three of the four Micromonospora strains had very similar assemblies, with each genome assembling to approximately 6.7 Mb, irrespective of assembly method used (Table 3, Figure 2). In the case of Micromonospora sp. strain XM-20-01, significant fungal contamination was evidenced by the large total genome length initially assembled by SPAdes (33.0 Mb) and A5-miseq (27.0 Mb) and the reduced GC content (<60%) compared to other actinomycetes (Figure 2). This possibility was confirmed by BLAST hit comparison of contigs against the NCBI nt database. For three of the four strains (Micromonospora spp. strain XM-20-01, strain R42003, and strain R42004), Shovill assembled the genomes into the fewest contigs pre-filtering (Figure 3). For Micromonospora sp. strain R42106, SPAdes yielded the fewest contigs before filtering (Figure 3). For every strain except XM-20-01, all three assemblers yielded pre-filtered genomes with a GC content of 72.91 or 72.92%. N50 values were consistently highest for SPAdes assemblies, except for strain XM-20-01, for which Shovill provided the largest N50 value (110,598) (Figure 4).


Table 3 | Comparative assembly statistics for Micromonospora strains.



Post-filtering. After comparing assembled contigs against the BLAST nt database, filtering for coverage and spillover contamination, SPAdes assemblies consistently yielded the fewest contigs (171-291), except for strain XM-20-01, for which Shovill yielded almost 10% fewer contigs (154) than it did with SPAdes or A5-miseq (Figure 3). Every assembly method for every Micromonospora strain produced a final genome size of 6.7 Mb with a final GC content of 72.9% (Figure 2). Filtering procedures did not significantly alter genome size, except for in the case of Micromonospora sp. strain XM-20-01, which was heavily contaminated with fungal contigs. After removal of all contaminant contigs, the genome of strain XM-20-01 was 6.7 Mb with a GC content of approximately 72.9%, in line with the other three strains (Figure 2). The N50 values did not change post-filtering for strains R42003, R42004, and R42106, since the contigs removed were small and had little impact on the overall assembly length (Figure 4). However, after removing all contaminant contigs from the XM-20-01 genome, the N50 value rose from less than 2,000 to over 90,000 bps for SPAdes and A5-miseq assemblies (Figure 4).

Scaffolding. Based on BLASTN identity of the trimmed reverse partial 16S rRNA gene sequences, Micromonospora sp. strain XM-20-01 contigs were scaffolded by comparison to two other complete genome sequences, resulting in 23 to 30 final scaffolds, with the fewest resulting when using the final SPAdes-assembled contigs. Strain R42003 ultimately assembled into six to eight contigs when compared to five reference genomes, with the SPAdes-assembled data yielding the fewest contigs again. In the case of strains R42004 and R42106, A5-miseq-assembled contigs yielded the fewest scaffolds with MeDuSa when each compared against three complete reference genomes, with the respective ranges being 13 to 21 scaffolds for strain R42004 and four to 15 scaffolds for strain R42016.



Brevibacterium

Prefiltering. All three software packages assembled strain XM4083 into a genome of approximately 4.0 Mb with a GC content of 68.02%, and strain R8603A2 into a genome of approximately 3.3 Mb with a GC content of 70.4% (Table 4, Figure 2). A5-miseq yielded by far the fewest contigs for strain XM4083 prefiltering (16), and Shovill yielded significantly fewer contigs for strain R8603A2 (66) than A5-miseq (79) or SPAdes (220) (Figure 3). N50 values for strain XM4083 were highly variable depending on the assembly method employed, and A5-miseq yielded the largest N50 value (801,351) (Figure 4). For strain R8603A2, N50 values were much more consistent regardless of assembly method, and Shovill yielded the largest N50 value (267,419) (Figure 4).


Table 4 | Comparative assembly statistics for Brevibacterium strains.



Post-filtering. Regardless of assembly method employed, the final genome size of strain XM4083 was approximately 4.0 Mb with a GC content of 68.0%, and the final genome size of strain R8603A2 was approximately 3.3 Mb with a GC content of 70.5% (Figure 2). Significant removal of contigs was necessary for the SPAdes assemblies of both strains (83% of total contigs (84/101) for strain XM4083 and 71% of total contigs (157/220) for strain R8603A2) (Figure 3). Post-filtering, A5-miseq still yielded the fewest contigs for strain XM4083 (16) although SPAdes was not very far off, yielding 17 (Figure 3). The final contig count for strain R8603A2 was very similar for all three assembly methods, and SPAdes now produced the fewest contigs (63) (Figure 3). N50 values did not change from the original assemblies (Figure 4).

Scaffolding. Trimmed and error-corrected 16S rRNA gene sequences were compared against the NCBI BLAST nr/nt database to determine closely-related complete genomes to use as references for scaffolding both Brevibacterium isolates. Brevibacterium sp. strain XM4083 was scaffolded by comparison to six Brevibacterium reference genomes, and yielded six to 12 final scaffolds, with the SPAdes assembly producing the fewest final scaffolds. Strain R8603A2 was compared to two complete reference genomes and yielded 12 to 14 final scaffolds. Both SPAdes- and A5-miseq-assembled contigs yielded 12 final scaffolds.



Streptomyces

Prefiltering. The genome size of strain XM4011 varied between approximately 5.9 and 7.5 Mb depending on assembler, although GC content was more consistent, ranging between 72.5 and 72.8% (Table 5, Figure 2). This discrepancy in genome size despite consistency in GC content was indicative of contamination with another actinomycete strain. In fact, a large amount of Micromonospora reads were found to contaminate the genome of strain XM4011. The genome sizes and GC contents of strains XM83C (~ 6.8 Mb and 72.23% GC) and XM4193 (~ 6.1 Mb and 72.0% GC) were much more consistent irrespective of software package (Table 5). Despite these relatively similar genome sizes, contig count varied widely for each genome depending on assembly method (Figure 3). Shovill produced the fewest contigs for strain XM4011 (749), and A5-miseq produced the fewest contigs for strain XM83C (805) and strain XM4193 (55). For all three Streptomyces genomes, SPAdes consistently yielded the highest N50 value (Figure 4).


Table 5 | Comparative assembly statistics for Streptomyces strains.



Post-filtering. Significant contaminant contig removal was necessary for the SPAdes [87% of total contigs (2,842/3,265)] and A5-miseq [56% of total contigs (712/1,268)] assemblies of strain XM4011. The final genome size of strain XM4011 was approximately 5.9 Mb with a GC content of approximately 73% for all assemblers (Figure 2). All three software packages assembled strain XM83C into a genome of approximately 6.8 Mb with a final GC content of 72.2% (Figure 2). Strain XM4193 assembled into a final genome of approximately 6.1 Mb with a GC content of 72.0% with all three methods (Figure 2). Post-filtering of the SPAdes assembly for strain XM4193 required significant removal of contigs [77% of total contigs (83/108)] (Figure 3). Ultimately, SPAdes yielded the fewest contigs as well as the highest N50 values in the final genomes for all three Streptomyces strains (Figures 3, 4).

Scaffolding. Streptomyces sp. strain XM4011 was scaffolded by comparison against the only available closely-related reference genome (Streptomyces harbinensis strain NA02264), found by aligning the trimmed forward 16S rRNA gene fragment of strain XM4011 against the NCBI BLAST nr/nt database. The final genome consisted of seven to 27 scaffolds depending on which assembler data was used, with SPAdes contigs resulting in the fewest scaffolds. Strain XM83C was compared against six reference genomes and yielded 187 to 202 scaffolds, with A5-miseq producing the best final assembly. Unfortunately, Shovill-assembled data for strain XM83C could not be scaffolded with MeDuSa. The exact reason for this failure to scaffold is unknown, as multiple rounds were tested with various sets of reference genomes (one to six), although it should be mentioned that this contig set had the highest number of contigs post-filtering (943), the most for any of the data sets analyzed in this study. Strain XM4193 was compared against five reference genomes and yielded 11 to 20 scaffolds, with SPAdes-assembled data resulting in the fewest scaffolds.



Biosynthetic gene cluster identification

Genomes assembled with all three software packages were analyzed with antiSMASH to identify potential BGCs encoded (Table 6). In general, only BGCs with at least 40% similarity to a known cluster were further considered, although several clusters with less than 40% similarity were still scrutinized if they were identified in other assemblies of the same genome with greater similarity. The majority of BGCs identified were classified as type I PKS, type III PKS, NRPS, terpene, or were characterized as “other”. Many type I PKS and type III PKS were associated with hybrid NRPS clusters. There was no difference in putative BGCs detected between the three assembly methods employed for Micrococcus sp. strain XM4230A, Micrococcus sp. strain XM4230B, Brevibacterium sp. strain XM4083 and Brevibacterium sp. strain R8603A2. Only one putative BGC encoding a carotenoid was identified for both Micrococcus strains and Brevibacterium sp. strain R8603A2. No BGCs with known anti-TB activity were detected in any assemblies of any strains of Micrococcus and Brevibacterium spp. Slight variations were detected among the results for all Streptomyces and Micromonospora strains depending on assembly method employed, although Micromonospora sp. strain XM-20-01 uniquely had the most variability in putative BGCs identified between different assemblies. All Streptomyces strains had the largest number of putative BGCs identified by antiSMASH (four to nine depending on the assembly), with Streptomyces sp. strain XM4193 consistently identifying the most putative clusters, as well as clusters with 100% similarity to known clusters. For all Micrococcus and Brevibacterium sp. analyzed, no BGCs with known anti-TB activity were detected. For all Streptomyces and Micromonospora strains, at least one compound with known anti-TB activity was detected. Inter-assembly BGC analysis with NP.Searcher also yielded very similar cluster detections for all actinomycete genomes analyzed (Table 7).


Table 6 | Putative BGCs identified by antiSMASH for actinomycete strains based on assembly method employed.




Table 7 | NP.Searcher results for actinomycete genomes based on assembly method.





High similarity between isolates

The highly similar assembly statistics calculated for both Micrococcus isolates as well as the high similarity observed among all Micromonospora strains raised the possibility that these strains are very closely related to each other. It is important to note that although the actinomycetes in the original collection were derived from multiple X.muta samples, both Micrococcus strains were isolated from the same sponge sample, and all four Micromonospora strains were isolated from the same sponge sample. Both Micrococcus spp. strains XM4230A and XM4230B assembled to genomes of approximately 2.5 Mb with a GC content of approximately 72.8% and had identical partial 16S rRNA gene sequences (1353 bp). All four Micromonospora genomes were approximately 6.7 Mb with a GC content of 72.9%. For these four strains, the partial 16S rRNA gene fragments (1355 bp) sequenced with Sanger were identical. As an additional check on identity, the sequences of the housekeeping genes recA and gyrB as annotated by PATRIC were compared. Micrococcus spp. XM4230A and XM4230B had identical sequences for both recA and gyrB. All four Micromonospora spp. strains (XM-20-01, R42003, R42004, R42106) had identical recA and gyrB sequences. ANI values were calculated in pairwise-fashion for all Micromonospora strains. Irrespective of which final genome assembly was used for comparison, all Micromonospora strain comparisons had ANI values > 99.9%, well exceeding the species delineation threshold of 95% (results not shown). Similarly, Micromonospora sp. strain XM4230A had an ANI value > 99.9% compared to strain XM4230B (results not shown). An ANI value of 95% ± 0.5% corresponds to the DNA-DNA hybridization (DDH) species cutoff value of 70% (Goris et al., 2007). As a final proxy measure of identity and similarity, genome dot plots were performed to visualize the alignment of whole genomes of Micrococcus strains in pairwise fashion (Supplementary Figure 1). Similar results were observed for comparisons using all three versions of assembled genomes (only genomes assembled with the same software package were compared to each other for consistency), so only SPAdes-assembled genomes are presented to avoid redundancy. The same plots are presented for all Micromonospora strains as well (Supplementary Figures 2-7). Genome dot plots showed that the two Micrococcus strains and the four Micromonospora strains were highly similar but not identical.




Discussion

The primary objective of this study was to determine the most efficient method of genome assembly with 250 base paired-end reads that could be applied to the challenging GC-rich actinomycetes with a wide range of genome sizes from various genera. Previous comparative studies on genome assemblers consistently identified SPAdes as generally producing the best assemblies of bacterial genomes, and thus this assembler was used as the focal point in this study, to be compared to more recently developed assembly algorithms (Magoc et al., 2013; Acuña-Amador et al., 2018). Although all three methods are fairly similar, they employ slightly different steps that affect their final output. SPAdes, and thus Shovill, assemble contigs using multi-sized de Bruijn graphs, while A5-miseq contig assembly is performed with the more recently developed IDBA-UD algorithm (IDBA-UD, RRID : SCR_011912) (Peng et al., 2012; Coil et al., 2015). The de Bruijn graph approach still serves as the base of the IDBA-UD algorithm, although it employs a different method for error correction of k-mers based on coverage depth (Bankevich et al., 2012; Peng et al., 2012). SPAdes uses default k-mer sizes of 21, 33, 55, 77, 99 and 127, while Shovill sets the default k-mer sizes for assembly with SPAdes to 31, 55, 79, 103, and 127. A5-miseq and Shovill both work exclusively for paired end Illumina data, while SPAdes has vastly more capabilities, including the ability to support unpaired reads, as well as hybrid assemblies with long read sequencing data. When using SPAdes, users must also be sure to perform an initial trimming step with another software package, such as Trimmomatic, to remove adapters before assembling raw reads. Shovill addresses this issue by incorporating Trimmomatic into its pipeline, albeit with predetermined settings that cannot be manually edited. This makes it very simple to use for the coding novice, but is less desirable for any cases where it is would be advantageous to modify the script. A5-miseq also prescreens raw reads for adapters with Trimmomatic before assembly, and features the option to provide an alternative adapter file if necessary. The developers of the original A5/A5-miseq pipelines assert that the main advantage of their software is the ability to produce quality genomes without any prior knowledge of the genome under assembly or parameter tuning, making this pipeline an enticing option for those with a limited bioinformatics background (Tritt et al., 2012).

Considering the initial assembly before filtering, either A5-miseq or Shovill always provided the fewest contigs per genome, except for Micromonospora sp. strain R42106. In four of the 11 genomes analyzed in this study, A5-miseq provided the fewest contigs pre-filtering, including for one Micrococcus genome and at least one representative for both Streptomyces and Brevibacterium. Shovill also yielded the fewest contigs for six of the 11 genomes analyzed, including for one Micrococcus genome, one Streptomyces genome, one Brevibacterium genome, and all but one Micromonospora genome. This is due to the final steps in the Shovill pipeline, in which minor assembly errors are corrected and any contigs deemed too short, with insufficient coverage (< 2x) or homopolymers, are removed. In many cases, no post-filtering was required of Shovill-assembled contigs. Only in one case was substantial filtering of contigs required post-assembly with Shovill. For Micromonospora sp. strain XM-20-01 data, which was heavily contaminated with fungal DNA, 85% of contigs were removed. A5-miseq also removed regions of mis-assembly, albeit most genomes assembled with this software still required contig filtering post-assembly. Interestingly, no post-processing was necessary for the good quality Micromonospora data (all but strain XM-20-01). On the other hand, SPAdes retained low coverage contigs in its output file, which must later be removed. Because the SPAdes contigs.fasta output file labels each “node” with a k-mer coverage value, identification of poor coverage contigs and subsequent removal is fairly straightforward. Unfortunately, A5-miseq does not provide a coverage value for individual contigs, and it is therefore more difficult to discern short but legitimate contigs from contaminants or erroneous sequences. In this case, judgement calls on filtering are dependent on match identity by comparison to the NCBI BLAST database. Further complicating this process is the unique feature of the A5-miseq assembly in which ambiguous nucleotide codes are included in the output contigs file, which results in underestimates in alignment scores with database entries. This did not significantly disrupt post-filtering for most genomes with good quality data, but in the case of Streptomyces sp. strain XM4011, lack of coverage values and ambiguous nucleotide codes increased the time required to complete filtering and removal. Thus, one should ensure that the DNA sequenced is high quality and devoid of contamination prior to sequencing and assembly. A similar conclusion was drawn by previous studies in which assembly algorithm performance was compared on various data sets and data quality was found to have a greater impact than the particular assembler on the final assembly (Salzberg et al., 2012).

For every genome assembled in this study, SPAdes-assembled contigs required the most filtering post-assembly. However, the ability to modify pipeline options and the fact that this assembler maintains a coverage depth for each contig assembled makes these data much easier to manipulate and correct. Although A5-miseq normally requires minimal post-filtering, the inability to identify coverage depth of individual contigs makes filtering post-assembly more complicated and uncertain. Furthermore, A5-miseq is the only assembler among the three tested that adds strings of Ns into the assembly during scaffolding. These ambiguous sequences inflate the total genome size and, similar to the ambiguous nucleotide codes, they make it more difficult to accurately align assembled contigs with sequences in the BLAST database. Shovill provides individual coverage depth values for each contig assembled, enabling easier manipulation of post-assembly results. Despite the fact that no post-assembly filtering was normally needed for Shovill-assembled genomes, this software package rarely produced the best assembly in terms of final contig count and N50 value. It is interesting to note that for the “good quality” Micromonospora data (all but strain XM-20-01), A5-miseq assemblies required absolutely no post-assembly filtering, and Shovill assemblies required minimal to no filtering (only one contig was removed from the Shovill assembly for genome Micromonospora sp. strain R42003). However, based on the results, no correlations between genome assembler performance and bacterial genome size/actinomycete genus were observed. The most consistent observation was that in eight of the 11 genomes analyzed, SPAdes ultimately produced the best genome assembly when evaluated with contigs and N50 value as metrics. Only in the case of Brevibacterium sp. strain R8603A2 did SPAdes yield the fewest final contigs (best assembly) while Shovill-assembled data retained the slightly higher N50 value. N50 values varied for certain genomes by assembler employed but were not affected by filtering procedures. The exception is Micromonospora sp. strain XM-20-01, which was heavily contaminated with fungal contigs. Ultimately, this highlights the importance of the manual post-filtering required for SPAdes-assembled data, the main step distinguishing SPAdes from Shovill.

In theory, both A5-miseq and Shovill require no additional processing of raw data pre- or post-assembly, but as evident from this study, that is not always the case. Even if very high quality pure DNA is extracted and used for sequencing, contamination in not uncommon from the sequencing process itself. For instance, in several cases, contigs aligning to the blue crab Callinectes sapidus genome and barley Hordeum vulgare, both organisms known to be sequenced by the same sequencing laboratory, were identified among contigs assembled by A5-miseq that had to subsequently be removed from the final assembly. Contaminant identification was not consistent among assemblers. In some instances, what appeared to be spillover contigs from other actinomycetes sequenced in the same Illumina MiSeq run were detected. These spillover contigs were most easily detected through SPAdes-generated assemblies, often marked by short contig length (usually 1000 bp or less) and low coverage (< 2x). This contamination became more difficult to detect when trying to determine spillover contigs among genomes of the same genus. Multiple Micromonospora strains were sequenced in the same run, so to determine which Micromonospora isolate small contigs likely belonged to, they were aligned to all contigs assembled from all Micromonospora genomes sequenced at the same time. If a contig aligned to the assembly of another Micromonospora strain with high percent similarity (at least 90%) and to a node with significantly higher coverage, it was considered a spillover contig and removed. This decision was justified based on the fact that this process ensured that the ambiguous sequence would be retained in at least one other Micromonospora assembly, guaranteeing that it would not be overlooked during BGC analysis. Spillover contigs were virtually absent from Shovill assemblies, due to this assembler’s aforementioned post-processing filtering step.

One caveat of the conclusions in this study is that no complete reference genomes were available for any of these strains, as they are all novel isolates. Previous comparative analyses have used reference genomes of closely related species to evaluate assembly correctness, but they acknowledge that true differences existing between the sequenced genome and reference may be considered errors by this method (Magoc et al., 2013). Therefore, assemblies were not compared to any closely-related genomes. Mis-joins including relocations, translocations, inversions, as well as indels and unnecessarily duplicated or compressed repeats could not be identified as a result. Of course, long-read technology remains the superior method for complete and accurate genome assembly.

Despite the deeper coverage provided with sequencing short reads, it is not always possible to resolve repeat regions (often longer than the maximum read length) in a fragmented final assembly, as evidenced by the data presented in this study. In bacteria, an estimated 5-10% of the genome consists of genomic repeats (Hofnung and Shapiro, 1999; Parkhill et al., 2000; Shapiro and Von Sternberg, 2005). Further assembly of contigs into scaffolds was attempted using the web interface for MeDuSa. In every case, MeDuSa was able to use genomes of closely related strains to join contigs. It should be noted that in repeated scaffolding attempts on a particular assembly with comparison to the same set of reference genomes, the final results varied slightly. When a gap was determined to be present between two contigs, a string of 100 Ns was inserted between them. Therefore, repeated scaffolding on the same genome resulted in slightly different scaffold counts every time, with a genome size varying by 100n bases, where n is difference in amount of N strings inserted. This scaffolding technique is advantageous based on the fact that it enables better understanding of how the contigs are linked together, but still leaves an unknown regarding accurate genome size. The gap regions were often flanked by repeat sequences, confirming the universally poor performance of assemblers in reconstructing repeat regions from short reads.

The frequency with which repeat regions were observed to flank assembly breaks was reflected in the tendency of the BGCs identified by antiSMASH to be located on contig edges. Overall, no major differences were observed in the BGCs identified for a particular genome between the different assembly methods. Still, in 22 of the 33 assemblies analyzed, at least 50% of all the BGCs identified (including those below the 40% similarity cutoff threshold) fell on contig edges. In the Shovill assembly of Streptomyces sp. strain XM83C, 100% of the 33 putative BGCs identified were located on contig edges. For every assembly of every Micromonospora strain analyzed, at least 50% of the BGCs identified were located on contig edges, including the BGCs for ECO-02301, alkyl-O-dihydrogeranyl-methoxyhydroquinone, oligomycin, methymicin, diazepinomicin, and griseochelin. This explains why in some cases a BGC was identified above the 40% cutoff threshold in one assembly but below the cutoff in another (ex. alkyl-O-dihydrogeranyl-methoxyhydroquinone and ECO-02301). It is likely that Micromonospora sp. strain XM-20-01 also contains the diazaquinomycin H/J cluster, as opposed to diazepinomicin, since the latter BGC falls on a contig edge and they share genes. Due to the high percent similarity with the diazaquinomycin H/J cluster, it is very likely that a chemical analogue is responsible for the anti-TB activity observed for all Micromonospora extracts. Despite the fact that antiSMASH did not detect 6% of the cluster, the possibility cannot be ruled out that the BGC domains are arranged differently in these genomes so that the entire cluster does not fall on one single contig (modular arrangement), and that these strains do in fact contain the entire BGC for diazaquinomycin H/J. Likewise, it is possible that the Streptomyces sp. strain XM4011 genome contains the BGCs with greater % similarity than reported to the known anti-TB compounds valinomycin (40%) and ecumicin (52%), both of which are located on contig edges and thus possibly unresolved. Desferrioxamine B putatively identified by antiSMASH with 66% similarity is also on a contig edge and may in fact be the true compound effecting growth inhibition of M. tb. The complete BGC for desferrioxamine E was identified in every genome assembly of Streptomyces sp. strain XM4193 and is the only compound with known anti-TB activity identified for this strain. However it cannot be ruled out that this strain produces another novel compound with anti-TB activity that was not detected by antiSMASH. For Brevibacterium sp. strain XM4083, no BGCs were reported to be located on contig edges in the A5-miseq or Shovill assemblies, and only one putative BGC fell on a contig edge in the SPAdes assembly, although for a cluster that did not meet the cutoff threshold (no % similarity was provided).

Since antiSMASH did not identify any BGCs in any of the Micrococcus or Brevibacterium genomes related to BCGs previously reported to encode compounds that inhibit M.tb, it is likely that these strains produce novel compounds with anti-mycobacterial activity (or at least compounds not in the MIBiG database). Although mainly studied for their antioxidant and anticancer properties, there are at least three known carotenoids with anti-TB activity. One compound, fucoxanthin, is a marine-derived orange xanthophyll produced by both brown seaweed and diatoms rather than a bacterium (Peng et al., 2011; Šudomová et al., 2019). Fucoxanthin is highly abundant in the marine environment and is estimated to contribute more than 10% of total carotenoid production (Liaaen-Jensen, 1978; Viera et al., 2018). The other two carotenoids, flexirubin [a yellow-orange pigment isolated from Flavobacterium sp. Ant342 (F-YOP)] and violacein [a violet purple pigment isolated from Janthinobacterium sp. Ant5-2 (J-PVP)], originate from a freshwater lake in Antarctica (Mojib et al., 2010). Violacein, isolated from bacteria including Chromobacterium violaceum, has shown antimycobacterial activity (de Souza et al., 1999; Durán & Menck, 2001; Mojib et al., 2010). Fucoxanthin targets M. tb by interfering with cell wall biosynthesis (Šudomová et al., 2019). The mechanism of action of flexirubin and violacein remain undocumented, although one study notes that the antibacterial mechanism of violacein against methicillin-resistant Staphylococcus aureus (MRSA) differs from that of other common antibiotics (Choi et al., 2015; Choi et al., 2021). Furthermore, studies show that fatty acid-carotenoid complexes isolated from the microalga Chlorella vulgaris, composed of oleic acid or lineolic acid and various carotenoids including canthaxanthin, neoxanthin, cryptoxanthin and echinenone, can act as potent therapeutic agents against multi-drug resistant strains of M. tb (Kumar et al., 2020). Essential genes for the biosynthesis of fucoxanthin were not detected in any Micrococcus or Brevibacterium genomes by any genome mining tools nor by manual investigation of the PATRIC annotation output. The BGCs for violacein and flexirubin are in the MIBiG database, and neither were detected by antiSMASH. Further genomic analysis with long-read sequencing technology for all of these genomes with unresolved BGCs, as well as chemical analysis of extracts would provide much more critical information and is necessary to determine exactly what compounds these strains are producing that could inhibit M. tb.

Although the genomes of Micrococcus sp. strains XM4230A and XM4230B were almost identical and the four Micromonospora genomes were almost identical, all these genomes were retained and carefully analyzed in this study. Similar to the results reported by Antony-Babu et al. (2017), the antiSMASH results were not identical among the Micromonospora assemblies, possible indicating that they retain different metabolic profiles. Assembling the genomes of what we now know to be highly similar strains with the three assemblers served to validate algorithm correctness. The highly similar results obtained for assembly statistics and BGC identification confirm that each assembly method employed was fairly precise, but point out slight differences in contig assembly, as reflected by antiSMASH results.

This is the first study to compare the effectiveness of various short-read de novo bacterial genome assemblers specifically for actinomycete strains with very high GC content. Although a side-by-side comparison of SPAdes and A5-miseq, among other assemblers, was performed by Acuña-Amador et al. (2018), no studies specifically assess their performance in assembling genomes of high-GC content bacteria, such as the marine actinomycetes that are of great interest for natural products discovery. Past studies have observed that regions of high GC-bias, (either GC-rich or GC-poor) tend to have low coverage of reads, which in turn contributes to assembly breaks and reduces assembly completeness (Chen et al., 2013; Browne et al., 2020). This issue was observed for all assemblies analyzed in the previous study. A recently developed assembly algorithm (dnaasm) claims to properly assemble regions of tandem repeats and maintain the ability to restore repetitive regions of the genome covered by only a single read (Kuśmirek and Nowak, 2018). The dnaasm algorithm uses the relative frequency of reads to reconstruct tandem repeats. Unfortunately, the varied read coverage characteristic of genomes with high GC content means that this method is likely to be insufficient to completely resolve assembly breaks in actinomycete genomes. We conclude that when only short-read sequencing data is available for genomes with high GC content, employing SPAdes with a pre-assembly trimming step and post-assembly manual filtering ultimately yielded the most complete assemblies for BGC analysis.
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