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ABSTRACT 

Natural products synthesized by host-associated microbes from polar regions pose 

tremendous potential for addressing human health challenges. One prominent example is 

the ascidian Synoicum adareanum, found on the seafloor of coastal regions of Antarctica, 

of interest in part due to one compound, palmerolide A. Palmerolide A is a cytotoxic 

macrolide with specific activity towards cancer cells which occurs in high concentration 

in its tissues. It has since been determined that one core bacterial member of the 

moderately diverse Synoicum adareanum microbiome is responsible for the biosynthesis 

of palmerolide A. This finding reinforces the significance of investigating natural product 

potential in host-associated microbes from high-latitude ecosystems. One goal of the 

Synoicum adareanum research program is establishing a sustainable biological source of 

palmerolide A either through cultivation or bioengineering solutions. Secondly, exploring 

the microbiome for additional cold-water biosynthesized natural products is of interest 

given recent metagenome results that suggest substantial natural product biosynthetic 

potential. To advance this research requires investigating cultivation strategies for the 

Verrucomicrobia-affiliated palmerolide A producer, establishing a more comprehensive 

understanding of the biosynthetic potential of other microbes in the Synoicum adareanum 

microbiome, and ascertaining the cold-adaptive characteristics of the genome and 

encoded proteome evolution of host-associated high latitude marine microorganisms.  

 Here, we implemented a minimal media cultivation and dereplication strategy to 

isolate bacteria, rapidly screen for palmerolide A-encoding biosynthetic gene clusters 

using PCR and determine the identity of the novel isolates with long read 16S rRNA 

phylogenetic analyses. This work added phylogenetic breadth to previously cultivated 
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bacterial classes Gammaproteobacteria and Alphaproteobacteria from the Synoicum 

adareanum microbiome, to now include Bacilli, Acidimicrobiia, Actinobacteria and 

Bacteroidia. Through sequencing representative genomes of 22 isolates, 135 biosynthetic 

gene cluster types across eight compound categories were identified within this expanded 

culture collection using bioinformatic approaches.  

Comparative genomic analyses between orthologous proteins predicted between 

our high-latitude, Antarctic isolates and representative low/mid latitude marine 

microorganisms of the same genera revealed signatures of cold adaptation in the 

Antarctic genomes. We found an overall decrease in proline residues that form rigid 

kinks in protein sequences. Likewise, charged amino acids and arginine/(arginine+lysine) 

content, which form protein-stabilizing salt bridges believed to hinder protein function at 

low temperatures were reduced. The predicted Antarctic proteins also followed the 

established trend of increased glycine and serine content in cold adapted proteins, 

understood to increase protein dynamics in cold through their small size and reduced 

ionic charge. Interestingly, significant numbers of coding sequences with lower GC 

content were found in the Antarctic genomes even if genome-wide GC contents were 

similar, or even higher, for the Antarctic organism. Also surprising, more predicted 

proteins with higher intrinsic disorder were observed in the low/mid latitude genomes, 

perhaps indicative of a possible environmental temperature threshold for disorder which 

balances protein function and cold denaturation resistance. These cultivation, 

phylogenomic and bioinformatic results provide a deeper view into this Antarctic marine 

ascidian, the diversity and potential for secondary metabolite production within its 
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microbial community, and trends observed in protein and genome sequences of cold 

adapted organisms. 
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INTRODUCTION 

Marine invertebrates are known sources of bioactive natural products of which roughly 

8% of these secondary metabolites are produced by microorganisms associated with the 

hosts (McCauley et al., 2020; Schmidt, 2015). From ascidians, a globally widespread 

class of tunicates in the phylum Chordata, more than 1,000 natural products have been 

isolated of which at least 150 are known to be synthesized by ascidian-associated 

microorganisms (Chen et al., 2018). Some tunicate-derived secondary metabolites are 

being utilized as FDA approved therapeutics, while others are currently undergoing 

clinical trials (McCauley et al., 2020). Expanding knowledge of symbiotic relationships 

between invertebrates and their microbiome constituents offers tremendous potential in 

natural product research through combining culture-independent and dependent 

techniques for novel biosynthetic discovery (Ayuningrum et al., 2019). 

This study was motivated by previous work investigating the microbiome of an 

Antarctic ascidian, Synoicum adareanum, found on the sea floor surrounding Anvers 

Island Archipelago near Palmer Station, Antarctica, in waters between -1.5°C and +1.0°C 

(Murray et al., 2020; Riesenfeld et al., 2008). Using cultivation independent analyses 

(16S rRNA gene sequence data), Riesenfeld et al. (2008) and Murray et al. (2020) found 

the Synoicum adareanum microbiome to be moderately diverse across all ascidian 

samples collected around the archipelago, with the microbial community most highly 

represented by the phyla Proteobacteria, Bacteroidetes and Verrucomicrobia. 

 Palmerolide A, a macrolide with cytotoxicity toward melanoma, has been 

extracted from tissue of Synoicum adareanum (Diyabalanage et al., 2006), at amounts 

between 0.49-4.06 mg palmerolide A x g-1 of Synoicum adareanum dry weight (Murray 
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et al., 2020). While total synthesis of palmerolide A has been accomplished, the 

inefficiencies of these procedures suggest synthesis is not a viable production pathway 

(Jiang et al., 2007). Likewise, extracting palmerolide A from naturally harvested 

Synoicum adareanum is impractical and unsustainable and transportation and cultivation 

of these Antarctic invertebrates would pose significant logistic challenges, not to mention 

the fact that we know little of their life histories. 

Metagenome analysis corresponding to palmerolide A distribution between 

ascidian lobes and across multiple sample sites suggested a novel Verrucomicrobium, 

Candidatus Synoicihabitans palmerolidicus, is responsible for palmerolide A 

biosynthesis (Avalon et al., 2021; Murray et al., 2021). The same data set revealed an 

additional 74 biosynthetic gene clusters (BGCs) in the microbiome, spanning a diverse 

suite of secondary metabolites including terpenes, nonribosomal peptide synthases 

(NRPS), ribosomally synthesized and post-translationally modified peptides (RiPPs) and 

polyketide synthases (PKS) (Murray et al., In prep). Many secondary metabolites are 

naturally synthesized as defense mechanisms within ecosystems but have uses in 

pharmaceutical and industrial applications, either directly or as precursor compounds in 

natural product engineering, yet natural product potential from polar host-associated 

bacteria remains understudied. Developing a greater understanding of the role secondary 

metabolites play in marine polar holobiont partnerships may help identify their value in 

natural product applications. 

While cultivation-independent techniques, including metagenomic analyses, are 

able to identify probable candidates with interesting biosynthesis, cultivation allows for 

direct analysis (e.g. of genomes, metabolites, and bioassay-directed screens), but is not 
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always straightforward. Reproducing the subtleties of environmental conditions limits 

cultivation of a large percentage of natural environmental microbiota (Bodor et al., 2020; 

Stevenson et al., 2004). Complex symbiotic relationships in marine invertebrate host-

associated systems can also present difficulties in microbial isolation (Selvin et al., 2009). 

Likewise, it is common that secondary metabolite production is diminished or 

nonexistent in pure culture where chemical cross-talk between organisms is not induced, 

leading to “silent” BGCs (Rutledge & Challis, 2015). These are primary examples of 

challenges in cultivation-dependent work and secondary metabolite detection in host-

associated systems. 

Expanding knowledge of evolution to cold environments may guide future 

engineering of microbes for production of secondary metabolites which are naturally 

found in polar bacteria. This study has aimed to bring previously uncultivated microbial 

members of the Synoicum adareanum microbiome into pure culture, allowing for direct 

analysis. While we have yet to isolate Candidatus Synoicihabitans palmerolidicus, our 

new culture collection has expanded the known diversity of the microbiome community, 

and through whole genome sequencing of select isolates we have identified additional 

secondary metabolite biosynthetic pathways and evidence of cold adaptation.
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MATERIALS AND METHODS 

Sample collection and bacterial cultivation.  

Synoicum adareanum specimens were collected in 2011 at seven sites (three lobes of 

three colonies each) around the Anvers Island Archipelago at depths between 24 and 31 

meters and have been stored at -80°C (Murray et al., 2020).  A sample from Norsel Point 

(Nor-2C-2011) with relatively high levels of palmerolide A gene targets (AT-1: 

440804±37491 and HCS 185837±57040 gene copies x ng-1 host tissue wet wt., Murray et 

al. 2021) was used for microbial cultivation. 

A minimal salts medium was prepared following Stevenson et al. (2004). Carbon 

sources were chosen based on preliminary analysis of biodegradative pathways observed 

in the Candidatus Synoicihabitans palmerolidicus metagenome. The media was amended 

with five defined carbon sources each at 2.5 mM concentration: chitin (Sigma-Aldrich), 

D–(+)- xylose (Sigma-Aldrich), cellobiose (MP Biomedicals), taurine (Sigma-Aldrich), 

and dextrose (VWR) (Table 1) (Murray et al., 2021; Stevenson et al., 2004). A replicate 

set of media was supplemented with yeast extract at 5 µg/mL concentration. Another 

replicate set was supplemented with catalase to aid in growth of oxygen stressed 

microbes (Stevenson et al., 2004). Agar plates (100mm x 15mm, VWR) and liquid media 

were inoculated with microbial cells enriched from a homogenized Nor-2C-2011 tissue 

using a differential centrifugation protocol followed by serial 1:10 dilutions (Murray et 

al., 2020). Two growth conditions, atmospheric and microaerophilic, were used and all 

inoculated plates and liquid media were incubated at 10 °C. To achieve microaerophilic 

conditions, 1) agar plate containers were purged with nitrogen for five minutes while 
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partially open to vent, and 2) septum-capped liquid hungate tubes received four cycles of 

5 seconds vacuum and 5 seconds filling with nitrogen, with a final addition of 4.2mL of 

air (4.2 mL of 20% O2-containing air into 16.5 mL volume = 5% O2 tube). Negative 

control agar plates and liquid media tubes were prepared to monitor for contamination 

and incubated alongside the cultures. 

 

Isolation and DNA extraction.  
 
Plates were screened for colony growth with use of a dissecting microscope, generally 

twice-monthly, over an 11-month period and were selected for picking and further 

purification based on colony morphology and time of first appearance using a dissecting 

scope. Hungate tubes of liquid cultures were monitored at similar intervals for visible 

turbidity. Following initial plating, colonies were picked and transferred on agar plates at 

fourfold higher carbon-source and yeast extract concentrations to encourage isolate 

growth. Isolates were then assigned logical identifiers using the first three letters of the 

carbon source and sequential isolate number (ex. CEL 1, CEL 2, etc.) Biomass was 

5X Basal Medium 
Compound g/L 

KH2PO4 0.0085 
NH4Cl 0.0027 
KNO3 0.063 
KCl 3.8 
CaCl2·2H2O 7.57 
NaCl 137.33 
MgCl2·6H2O 53.88 

Modified Minimal Salts Medium for Isolates 
5X Basal Medium (Table 1a) 200 mL/L 
Na2SO4 solution (1.25 M) 16 mL/L 
ATCC® Trace Mineral Supplement™ 1 mL/L 
ATCC® Vitamin Supplement™ 1 mL/L 
MOPS Buffer (pH 7.2, 1 M) 10 mL/L 
Carbon source (0.5 M) 5 mL/L 
Yeast Extract (5 µg/mL final concentration) 1 mL/L 
H2O To vol. of 1L 

Table 1a and 1b. Media components: Basal medium and minimal salts medium 
a. b. 
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harvested from plates with sufficient growth and the biomass was split; one part was 

archived at -80 ℃ in 15% glycerol and the other part was pelleted for DNA extraction 

and purification, following Massana et al. (Massana et al., 1997). DNA extract 

concentrations were determined using Quant-iT™ Picogreen™ dsDNA quantitation 

assay kit (Thermo-Fisher Scientific) following manufacturer’s instructions.  

 

Palmerolide A screening.  

To rapidly screen for presence of the palmerolide A-producing bacteria, we implemented 

PCR amplification targeting two palmerolide A genes (acyltransferase subunit 1 (AT-1) 

and a hydroxymethylglutaryl-CoA synthase, HCS; (Murray et al., 2021). As the purpose 

was to detect positive reactions, we used PCR to screen DNA extracts, blank negative 

controls, synthetic positive control (PalA-4CDSCtrl), plus a natural Synoicum adareanum 

microbiome DNA extract (Nor2P7AM16C). Each 20 µL PCR reaction included 1 ng of 

DNA, 10X buffer, 2.5mM dNTPs, 5µg/µL Taq polymerase (New England Biosciences), 

one of two primer sets (ATIF/ATIR and HCSF/HCSR, 5µM each) and PCR water 

(Murray et al., 2021). Thermocycling for PCR utilized an Applied Biosystems 

GeneAmp™, with initial denaturation at 95 ℃ for 5 minutes, then 30 cycles of 

denaturing, annealing, and extension as follows: 95 ℃ for 30 seconds, 60 ℃ for 1 

minute, 72 ℃ for 1 minute. A final 5-minute extension was held at 72 ℃ followed by a 4 

℃ hold.  

All PCR products were screened using agarose gel electrophoresis. 1 µL ladder 

(Promega® 50bp & Bioline® Hyperladder II™) + 1.5 µL gel loading dye + 7.5 µL water 

were used in reference wells. 5 µL sample PCR product + 1.5 µL gel loading dye + 3.5 
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µL water were used in unknown wells. Gels were stained with GelRed™ stain (Biotium) 

and photographed using a UVP® BioDoc-It® UV transilluminator.  

 

Isolate dereplication and 16S rRNA gene sequencing.  

Given the unknown levels of redundancy in the culture collection, we utilized a PCR-

denaturing gradient gel electrophoresis (PCR-DGGE) de-replication strategy. DGGE is 

effective as it can separate PCR amplicons with a 40 bp GC-clamp at one end as they 

migrate through an increasingly denaturing gel, whereupon the amplicons denature at 

sequence-specific melting points (and not the clamp) and are immobilized (Murray et al., 

1996).  

In addition to the isolates cultivated in the defined media approach described here, 

19 isolates from a former culture collection established in 2007 in the Murray lab were 

added to the dereplication screening effort to establish a suite of unique taxa for genome 

sequencing and BGC analysis (Murray et al., 2020). PCR was performed targeting the 

variable 3 region of the 16S rRNA gene using primers GC358F/517R. The forward 

primer included a 40 bp GC-clamp to facilitate DGGE separation (Murray et al., 1996). 

1ng working stock template DNA for samples, prepared as above, were used for PCR. 

Applied Biosystems PCR reagents were used, so adjustments to the PCR protocol above 

included supplemental Applied Biosystems MgCl2 solution following manufacturers 

protocol for the Applied Biosystems AmpliTaq Gold™ and Buffer II used. 

Thermocycling parameters were as follows: initial denaturation at 95 ℃ for 5 minutes. 

Then 10 cycles of: 95 ℃ for 45 seconds, touchdown annealing (starting at 65 ℃) for 30 

seconds, 72 ℃ for 30 seconds. Then 22 cycles as follows: 94 ℃ for 30 seconds, 55 ℃ for 
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30 seconds, 72 ℃ for 30 seconds. A final 10-minute extension was held at 72 ℃. Lastly, 

the temperature was held at 4 ℃ indefinitely. Early PCR reaction volumes were made at 

20 µL, but later volumes were made at 25 µL to generate additional PCR product for 

subsequent DGGE comparisons. 5 µL of PCR products were ran using gel 

electrophoresis, as described above, to confirm successful amplification. 

 Ten µL of PCR products with 2.5 µL gel loading dye were then run for 600 

volt*hrs on a 30-65% denaturing gradient gel followed by iterative gel compositions to 

screen for isolates with unique migration (melting) points using a BioRad DCode™ 

Universal Mutation Detection System (Appendix 2). Positive controls using Nor2-

7AM14C (Nor2) were amplified in individual tubes at 50µL reaction volumes to be used 

as reference bands in DGGE gels, quantified with Quant-iT™ Picogreen™ as described 

above, then volumes equaling 200 ng of DNA were prepared in individual aliquot tubes 

with 2.5 µL gel loading dye to be used in reference wells. This ensured equivalent 

amounts of positive control DNA were used in each gel. Gels were stained with SYBR™ 

Gold stain (Thermo Fisher) and photographed using a UVP® BioDoc-It® UV 

transilluminator. 

Nearly fully length 16S rRNA genes of isolates with unique melting points were 

then obtained using PacBio (Pacific Biosciences) sequencing technology (MR DNA, 

Shallowater TX). Samples at MR DNA laboratory were prepared with primers 

ill27Fmod(/bac1492R (AGRGTTTGATCMTGGCTCAG/ 

GGGTTACCTTGTTACGACTT) then PCR cycles were completed as follows: 3 minutes 

at 94 ºC, 35 cycles of 94 ºC (30 seconds), 53 ºC (40 seconds), then 72 ºC (90 seconds), 

with a final 72 ºC held for 5 minutes. PCR products were confirmed by running in a 2% 
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agarose gel. Based on DNA concentrations and molecular weights, equal proportions of 

samples were pooled and purified with Ampure PB beads (Pacific Biosciences). 

SMRTbell (Pacific Biosciences) libraries were prepared for Single Molecule, Real-Time 

sequencing. The Circular Consensus Sequencing algorithm (Pacific Biosciences) aligns 

reads into consensus sequences, which were then processed using a MR DNA laboratory 

pipeline.  

In addition to these sequence isolates, 16 previously sequenced 16S rRNA genes 

from the 2007 Synoicum adareanum microbiome culture collection (Murray et al., 2020) 

were classified using Silva ACT tool (Glockner et al., 2017; Murray et al., 2020). Two 

near neighbor 16S rRNA sequences were collected from the Silva ribosomal RNA 

database (Glockner et al., 2017). The sequences were aligned with two neighboring 

sequences per each isolate and phylogenetic analysis was conducted using MEGA 10 

(Kumar et al., 2018).  

 

Whole genome sequencing of isolates.  

Following phylogenetic analysis, sample DNA extracts (4-1,390 ng/µL DNA 

concentration) from a subset of the culture collection (22 isolates in total) were selected 

across a range of the phylogenetic tree representing the diversity of phyla/classes from 

both the prior and new microbiome culture collection for whole genome sequencing 

(Illumina® NextSeq 550; paired end, 150 cycle, 2 x 75 reads; 4 lanes per genome) at the 

Nevada Genomics Center (University of Nevada, Reno). DNA samples were prepared for 

sequencing at the Nevada Genomics Center using the Illumina® DNA Prep kit.  
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Genome assembly, annotation, and secondary metabolite mining.  

Initial genome assemblies were tested using MaSuRCA genome assembler and SPAdes 

with “careful” and “isolate” options, as well as SPAdes with one and four lanes of read 

data to compare quality of outputs (Bankevich et al., 2012; Zimin et al., 2013). Quality of 

the assemblies was assessed using BUSCO and Quast tools (Gurevich et al., 2013; 

Seppey et al., 2019). Core bacterial genes were searched for using BUSCO’s 

“bacteria_odb10” database. Quality assessments were visualized using MultiQC (Ewels 

et al., 2016). All downstream analyses were completed with assemblies from four lanes 

of DNA sequence reads and the SPAdes (version 3.14.1) “careful” option (Bankevich et 

al., 2012). In addition, contigs from one assembly, CEL 36, was binned using MaxBin 

2.0 (Wu et al., 2016) to be used in downstream analyses. Assembled genomes were then 

annotated using EDGE platform (Li et al., 2017) with 500 bp minimum contig length, 

Prokka annotation tool (Seemann, 2014), taxonomy classification, gene family and 

antibiotic resistance analysis options. Genome assemblies were run through the bacterial 

antiSMASH secondary metabolite biosynthesis pipeline using default settings (Blin et al., 

2019).   

 

Identifying genomic signatures of cold adaptation.  

To identify signatures of cold adaptation within our Antarctic genomes, we first searched 

for genomes of low/mid latitude samples within the same genus of each isolate genome 

for use in comparisons between predicted orthologous proteins common between the two 

organisms. A previously sequenced alphaproteobacterium from the Synoicum adareanum 

microbiome, Pseudovibrio sp. TunPHSC 04-5.I4, was included in the cold adaptation 
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analysis as it served as a positive psychrophile control, as it does not grow at 

temperatures > 16 ºC (Murray, pers. com.) and is considered to be a psychrophile. 

Taxonomic classification of the isolate genomes was performed using a combination of 

16S rRNA gene sequences repositories (Ribosomal Database Project (Cole et al., 2014) 

and Silva rRNA classification (Glockner et al., 2017)) and genome databases (Microbial 

Genomes Atlas NCBI Prok (Rodriguez-R et al., 2018) and GTDB-Tk (Chaumeil et al., 

2020). Using these classifications, the Joint Genome Institute’s (JGI) Integrated 

Microbial Genomes and Microbiomes (IMG) database was searched for sequenced 

genomes of the same genus from lower latitude marine environments (Chen et al., 2021).  

For each of our Antarctic genomes, a representative low/mid latitude genome was 

selected based on the following criteria: (1) priority was given to isolated organisms 

sampled from latitudes as close to the equator as possible (maximum +/- 45º latitude), 

while (2) the genome assembly was listed as “high quality” on IMG, and (3) the organism 

was sampled from a marine or coastal environment (with priority given to sample depths 

≤ 200 meters, the upper limit of the deep ocean). The low/mid latitude organism’s 

genome was annotated using EDGE as described above, then compared to our 

corresponding genome assembly using the Average Amino acid Identity (AAI) calculator 

(Rodriguez-R & Konstantinidis, 2016; Rodriguez-R & Konstantinidis, 2014). For 

genomes above 65% AAI the organisms are considered within the same genus 

(Konstantinidis et al., 2017). Other genomes matching the above criteria were tested for 

selection for AAI if initial genomes had <65% AAI with sample genomes. 

Working with Dr. David Alvarez-Ponce’s Genome Evolution Laboratory at 

University of Nevada, Reno we used genome assemblies and translated amino acid 
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FASTA files to identify signatures of cold adaptation. For each pair of genomes (23 in 

total), pairs of orthologs were identified using a best reciprocal hit approach (BLASTP, 

E-value < 10e-10) (Altschul et al., 1990). Orthologous protein pairs predicted from CDS 

in culture collection isolates and representative mid/low latitude organisms (annotated 

using the same EDGE parameters) were used in Biostrings R package to determine amino 

acid percentages and arginine/(arginine + lysine) ratios (R Core Team, 2018; Pagès et al., 

2020). IUPred2A was used with the long intrinsic disorder option to score individual 

amino acids based on their tendency to contribute to disorder (from 0 to 1, with 

increasing disorder) (Meszaros et al., 2018). Percentages of disordered amino acids were 

calculated at two thresholds: ≥0.5 and ≥0.4. G-C content was also calculated for the 

coding sequence of each of the orthologous pairs. For each gene ortholog or predicted 

protein ortholog, the percentage of each parameter (A.A., ratio, GC content) was 

compared between the Antarctic and low/mid latitude ortholog to compile a list 

quantifying how many orthologs were higher in one genome versus the other. The sign 

test and paired Wilcoxon signed-rank test (Wilcoxon, 1945) were used to determine if the 

parameter tested was significantly higher for the Antarctic or low/mid latitude genome, 

and p-values ≤ 0.05 were used as a cut-off. Results from the paired Wilcoxon signed-

rank test were used for the cold-adaptation analysis. Mean, median and standard 

deviation values were calculated across all orthologs within each genome for each 

parameter.   
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RESULTS 

Cultivation and pal A screening 

Over 11 months, 1,576 colonies were observed across agar plates containing individual 

carbon sources (chitin, xylose, taurine, cellobiose and dextrose). More colonies were 

observed under microaerophilic conditions overall (2.67X), with xylose and cellobiose 

media displaying the highest growth of any medium (Figure 1). Taurine plates had the 

highest growth of all atmospheric condition plates, and with the exception of one colony 

on chitin+yeast, chitin-containing media did not contain any colony growth (Figure 2). 

Of all colonies observed, 133 isolates were selected based on unique morphologies and 

time of first observation (e.g. Figure 3). After 11 months, 61 isolates had sufficient mass 

on plates to harvest for DNA extraction. Based on visual inspection, no significant 

growth in liquid media was observed. This set of 61 isolates was PCR screened for PalA-

encoded acyltransferase subunit 1 (AT-1) and an hydroxymethylglutaryl-CoA synthase 

(HCS) to identify if any were the palmerolide A producer, but all results of screening thus 

far were negative.  

 

PCR-DGGE dereplication and 16S rRNA sequencing 

To identify replicates in the 61 isolate collection, 16S rRNA gene regions were amplified 

and screened by PCR-DGGE. Fifty of the 61 amplified successfully.  We used an 

environmental microbiome DNA extract, Nor2-7AM14C (Nor2), as a positive control 

and band migration reference on all DGGE gels for the Synoicum adareanum 

microbiome isolates.  
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Figure 3.  Examples of colony morphologies on agar plates. All scale bars are 1 mm. Media 
type and date first observed, left to right: 
 
Top row: (Cellobiose + Yeast 08Jul2019), (Xylose + Yeast 31Oct19), (Dextrose +  

Yeast 31Oct19), (Cellobiose + Yeast 14Nov19), (Cellobiose + Yeast 14Nov19) 
 

Middle row: (Dextrose + Yeast 19Sep19), (Dextrose + Yeast 31Oct19), (Xylose + Yeast  
08Dec19), (Xylose + Yeast 14Nov19), (Cellobiose + Yeast, top 27Aug19, middle  
14Nov19, bottom 13Sep19) 
 

Bottom row: (Cellobiose + Yeast 14Nov19), (Cellobiose + Yeast, far left 14Nov19, 13Sep19,  
far right 13Sep19, top 27Aug19), (Dextrose + Yeast, Atmospheric* 22Jul19), (Xylose  
+ Yeast, Atmospheric* 22Jul19), (Cellobiose + Yeast, Atmospheric* 08Dec19) 
 

*Note the rightmost three colonies in the bottom row were initially growing diagonally within 
the agar and are on three different carbon sources, but all under atmospheric conditions. All 
other colonies pictured were growing under microaerobic conditions. Selections were isolated 
and grown under microaerophilic conditions. 
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DGGE gels were used to screen 69 isolates (50 from the current defined media 

collection and 19 from the 2007 collection) which resulted in 30 dereplicated 16S rRNA 

sequence types: 14 unique isolates within the new defined-media culture collection and 

16 from the 2007 Synoicum adareanum microbiome culture collection. Final PCR-DGGE 

gels were prepared for displaying solely unique samples (Figure 4). Total numbers of 

replicate organisms for each isolate are displayed in Table 2, with the highest number of 

replicates matching the sample XYL 8 (genus Polaribacter), 11 of which were also 

isolated from xylose plates. Of the taurine-isolated organisms, 6 were replicates of the 

class Flavobacteriales (and replicates of XYL 8), 3 were Alphaproteobacteria, and 1 was 

an Actinobacterium.  

Phylogenetic analyses of 16S rRNA gene sequences from 46 S. adareanum 

isolates (our 30 dereplicated samples in addition to 16 previously-sequenced isolates 

from the 2007 Synoicum adareanum microbiome culture collection; Murray et al. 2020) 

indicated our isolates were affiliated within classes Bacilli, Acidimicrobiia in the 

Firmicutes phylum, Actinobacteria (Actinobacteria phylum) and Flavobacteriia 

(Bacteroidetes phylum) (Figure 5). Twenty two isolates selected for whole genome 

sequencing were chosen across a range of the phylogenetic diversity represented. 

 

Whole genome sequencing and genome assembly 

Compared to MaSuRCA, SPAdes produced higher quality assemblies and the SPAdes 

“careful” option produced longer contigs and scaffolds. Assembling with all four files 

gave approximately 4-fold coverage relative to assembling with one file. Therefore, the 

SPAdes “careful” option and all four files were used for the final assemblies and 
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downstream analyses. One isolate, CEL 46, was ultimately unsuccessful in sequencing, 

likely due to low DNA amounts provided for sequencing. This sample is currently being 

cultivated for more biomass to perform another DNA extraction and whole genome 

sequencing.  

Most genome lengths were between ~3-6 Mbp, with the largest contigs ranging 

between 72.7-1,916.6 Kbp long. Quast results showed the assemblies were dominated 

with short contigs between 0-5,000 bp in length (Figure 6). An exception to this 

observation, CEL 36 Bin 1, had ~22% of its genome assembly comprised of these shorter 

contig lengths. 

High duplication in BUSCO gene hits (using 124 core bacterial genes found in 

single copy) for sample CEL 36, a relatively large genome size (9.7 Mbp) and bimodal 

guanine-cytosine content distribution suggested the presence of more than one 

organism’s sequence in the CEL 36 assembly (Figure 7) (Seppey et al., 2019). The CEL 

36 contigs were separated into two bins using MaxBin 2.0 (Wu et al., 2016), which uses 

read depth and guanine-cytosine content to bin contigs. Bin 1 and Bin 2 were identified 

as an Illumatobacter and Pseudoalteromonas and had genome sizes of 5.4 Mbp and 4.3 

Mbp, respectively (Table 2). Considering contigs of at least 1,000bp in length, CEL 36 

Bin 2 had a genome coverage of 3.54X, whereas all other genomes had coverages 

between 47.64-147.83X, with an average coverage of 69.48X (Table 3).  
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Sample 
Name 

# of 
repli-
cates 

N50 
(Kbp) 

N75 
(Kbp) 

L50 
(K) 

L75 
(K) 

GC 
(%) 

Largest 
contig 
(Kbp) 

Genome 
length 
(Mbp) 

Total # 
of 

contigs 

Total # 
of 

scaffolds 
BOMB 
10_10_5 - 96.9 54.7 0.0K 28.0K 39.72 207.7 4.0 456 445 

BOMB 
10_10_6 - 120.7 55.9 0.0K 23.0K 39.91 331.3 4.0 430 420 

BOMB 
3_2_15 - 135.7 85.7 0.0K 24.0K 40.24 359.0 5.0 703 696 

BOMB 
3_2_19D - 121.9 73.5 0.0K 27.0K 43.63 364.0 5.0 534 518 

BOMB 
9_10_16 - 119.0 65.2 0.0K 32.0K 44.46 344.5 5.8 636 610 

BOMB 
9_10_20 - 277.5 163.5 0.0K 14.0K 37.78 578.5 5.4 288 277 

BOMB 
9_10_21 - 130.0 61.3 0.0K 27.0K 36.84 296.0 4.7 666 650 

BOSW 
4_10_32 - 154.1 82.1 0.0K 23.0K 41.38 663.0 6.0 552 547 

CEL_36 
Bin1 - 319.8 117.0 0.0K 15.0K 63.41 569.7 5.4 49* - 

CEL_36 
Bin2 - 40.5 19.0 0.0K 72.0K 41.2 199.4 4.3 553* - 

CEL_36 1 166.8 52.5 0.0K 37.0K 53.63 1191.5 9.7 5152 4990 

CEL_38 1 321.4 130.3 0.0K 12.0K 53.47 636.4 4.9 130 122 

CEL_3 1 438.2 186.2 0.0K 5.0K 61.05 847.2 3.1 35 31 

DEX_13 3 1916.6 333.7 0.0K 2.0K 57.7 1916.6 2.9 25 17 

DEX_30 1 8.6 3.1 0.2K 488.0K 65.08 72.7 6.3 7244 6969 

DEX_32 1 469.5 157.7 0.0K 8.0K 44.72 1243.6 5.5 275 269 

TAU_11 2 85.1 50.0 0.0K 30.0K 72.72 420.2 4.0 252 170 

TAU_12 1 359.6 261.9 0.0K 7.0K 52.23 979.5 4.4 76 72 

TAU_7 4 151.6 62.1 0.0K 23.0K 54.56 617.5 4.9 699 689 

TAU_8 2 1076.0 518.9 0.0K 4.0K 55.82 1740.4 5.0 77 76 

XYL_43 3 108.2 65.7 0.0K 28.0K 64.29 336.5 4.8 247 214 

XYL_6 5 670.7 222.9 0.0K 7.0K 54.81 885.1 4.8 76 70 

XYL_8 23 558.1 304.2 0.0K 4.0K 29.46 1573.9 3.6 554 549 

Table 2. Culture collection replicates (total # identical isolates before dereplication), 
Quast and MultiQC genome assembly statistics.  
 
*500 bp minimum contig length used during binning 
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Figure 5. 16S rRNA neighbor-joining phylogenetic tree of isolates and two near neighbors each. Isolates in bold 
were selected for whole genome sequencing. Note: Previously sequenced isolate Pseudovibrio sp. Tun.PSC04-5-I4 
was also used in cold adaption analyses. 
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Figure 6. Quast results: percent of contigs by length for each isolate 
genome assembled in SPAdes assembler using “careful” option. 
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Figure 7. BUSCO results for the presence of 124 core bacterial genes detected within 
each genome using the BUSCO “bacteria_odb10” database. High duplicate complete 
genes were observed for Cel 36, one factor leading to suspicions of an impure 
assembly. Cel 36 was binned into 2 assemblies using MaxBin 2.0 and ran through 
BUSCO analyses to confirm duplicate BUSCO gene copies were almost entirely 
removed.  
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Isolate genome Contig coverage (contig 
length>1000bp) 

DEX 13 89.07 
BOMB 9.10.16 61.6 
CEL 36 Bin 1 65.52 
CEL 36 Bin 2 3.54 

CEL 38 61.42 
CEL 3 147.83 

DEX 30 47.64 
DEX 32 71.18 
TAU 11 71.85 
TAU 12 63.88 
TAU 7 53.85 
TAU 8 50.83 
XYL 43 80.54 
XYL 6 49.81 
XYL 8 120.46 

BOMB 10.10.5 75.73 
BOMB 10.10.6 76.49 
BOMB 3.2.15 65.21 

BOMB 3.2.19D 50.95 
BOMB 9.10.20 79.67 
BOMB 9.10.21 69.05 
BOSW 4.10.32 72.48 

Table 3. Isolate genome coverage of contigs greater than 1,000 bp. 
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Taxonomic novelty of new S. adareanum microbiome isolates 

Results from searching our genomes against the NCBI database using the MiGA NCBI 

Prok tool showed a high level of novelty among most of our culture collection using ANI 

and AAI % taxonomic criteria (Table 4; (Konstantinidis et al., 2017). Five samples 

matched a closely related genome > 95% ANI; TAU 11 matched Janibacter melonis NZ 

CP044548 at 97.19% ANI; XYL 6 matched Sulfitobacter sp. SK012 NZ CP025804 at 

96.03%; and CEL 36 Bin 2, BOMB 10.10.5 and BOMB 10.10.6 all matched 

Pseudoalteromonas haloplanktis TAC125 NC 007481 at 98.71% or higher ANI. Thirteen 

Antarctic genomes matched closely related genomes between 65-95% AAI, suggesting 

they are new species within each respective genus. Three Antarctic isolates matched 

NCBI genomes at 45-65% AAI, indicating these 3 may be new genera. CEL 36 Bin 1 

only matched a closely related genome at 42.33% AAI, suggesting this may be a new 

family.  

 

Genome annotation and secondary metabolite mining 

Interesting biosynthetic potential was identified in all isolates by antiSMASH secondary 

metabolite analyses, with a total of 135 biosynthetic gene cluster types (Table 5). DEX 30 

(genus Gordonia) had the highest BGC abundance at 21, with NRPS and NRPS-like the 

predominant types. TAU 8 (genus Anderseniella), with 10 types, had the second highest 

number found, followed by BOMB 3_2_15 (genus Moritella), XYL 43 (genus 

Pseudarthrobacter) and CEL 36 Bin 1 (genus Illumatobacter) all with 9 types.  

Of the 135 biosynthetic gene cluster types identified, the antiSMASH results 

indicated 49 similar known clusters based on BLAST hits with the MIBiG repository in 
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Sample 
ID Region Type From To Most similar 

known cluster Similarity/% 

BOMB 
10_10_5 7.1 arylpolyene 31,907 75,493 APE Vf Other 45% 

BOMB 
10_10_5 4.1 RiPP-like 87,670 98,527    

BOMB 
10_10_6 33.1 arylpolyene 1 30,038 APE Vf Other 45% 

BOMB 
10_10_6 2.1 RiPP-like 28,302 39,159    

BOMB 
3_2_15 5.1 arylpolyene 145,512 189,142 APE Vf Other 50% 

BOMB 
3_2_15 18.1 betalactone 56,229 80,290    

BOMB 
3_2_15 11.1 

hglE-
KS,T1PKS,PUFA 66,555 123,433 

eicosapentaenoic 
acid-like 

compound 

Other 63% 

BOMB 
3_2_15 8.1 hserlactone 112,566 133,120    

BOMB 
3_2_15 3.1 NRPS 44,439 104,844 acinetobactin NRP 43% 

BOMB 
3_2_15 35.1 NRPS-like 16,706 48,421    

BOMB 
3_2_15 9.1 

NRPS-
like,betalactone 60,790 106,343    

BOMB 
3_2_15 4.1 RiPP-like 5,109 15,951    

BOMB 
3_2_15 33.1 RiPP-like 35,623 46,585    

BOMB 
3_2_19D 4.1 arylpolyene 31,960 75,722 APE Vf Other 45% 

BOMB 
3_2_19D 7.1 betalactone 83,372 112,946 fengycin NRP 13% 

BOMB 
3_2_19D 8.1 hglE-KS,PUFA 62,408 119,039 eicosapentaenoic 

acid 

Other 88% 

BOMB 
3_2_19D 10.1 RiPP-like 100,239 111,075    

BOMB 
3_2_19D 12.1 RiPP-like 73,284 84,138    

BOMB 
9_10_16 15.1 arylpolyene 1 39,586 APE Vf Other 45% 

BOMB 
9_10_16 8.1 betalactone 1 22,471 fengycin NRP 13% 

BOMB 
9_10_16 5.1 PUFA,hglE-KS 114,919 171,023 eicosapentaenoic 

acid 

Other 55% 

BOMB 
9_10_16 10.1 RiPP-like 13,969 24,850    

BOMB 
9_10_16 28.1 RiPP-like 17,215 28,051    

BOMB 
9_10_20 1.2 hglE-KS,PUFA 443,428 500,742 

eicosapentaenoic 
acid-like 

compound 

Other 18% 

BOMB 
9_10_20 2.1 hserlactone 103,742 124,566    

BOMB 
9_10_20 12.1 

redox-cofactor,RiPP-
like 111,431 139,119    

Table 5. AntiSMASH results for each culture collection genome. Shading by sample ID. Cluster type 
glossary: https://docs.antismash.secondarymetabolites.org/glossary/ 
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Sample 
ID Region Type From To Most similar known 

cluster Similarity/% 

BOMB 
9_10_20 5.1 RiPP-like 234,000 244,932    

BOMB 
9_10_20 12.2 RiPP-like 162,569 173,510    

BOMB 
9_10_20 18.1 

RRE-
containing 

89,150 109,458    

BOMB 
9_10_20 1.1 thiopeptide 8,773 39,560    

BOMB 
9_10_21 36.1 arylpolyene 7,567 39,447 APE Vf Other 85% 

BOMB 
9_10_21 28.1 

PUFA,hglE-
KS 1 51,422 eicosapentaenoic acid-

like compound 

Other 13% 

BOMB 
9_10_21 5.1 RiPP-like 49,711 60,562    

BOMB 
9_10_21 20.1 RiPP-like 46,660 56,815    

BOSW 
4_10_32 29.1 arylpolyene 41,341 71,605 APE Vf Other 95% 

BOSW 
4_10_32 26.1 betalactone 48,493 77,791    

BOSW 
4_10_32 3.1 ectoine 36,708 47,094 ectoine Other 66% 

BOSW 
4_10_32 6.1 

hglE-
KS,PUFA 123,720 178,917 eicoseicosapentaenoic 

acid 

Other 47% 

BOSW 
4_10_32 4.1 lassopeptide 216,424 241,100    

BOSW 
4_10_32 39.1 NRPS 1 41,514 amonabactin P 750 NRP 100% 

BOSW 
4_10_32 18.1 RiPP-like 28,314 39,174    

BOSW 
4_10_32 37.1 thiopeptide 12,128 39,524    

CEL 3 4.1 betalactone 253,104 280,402 sisomicin Saccharide 5% 
CEL 3 1.1 T3PKS 171,805 212,863 alkylresorcinol Polyketide 100% 
CEL 3 1.2 terpene 373,217 394,083 carotenoid Terpene 50% 
CEL 38 4.1 hserlactone 310,237 330,881    
CEL 38 8.1 hserlactone 67,806 88,414    
CEL 38 9.1 hserlactone 147,747 168,337    
CEL 38 36.1 hserlactone 1 9,780    
CEL 38 22.1 NRPS 1 38,597    
CEL 38 7.1 RiPP-like 151,575 162,435    

CEL 38 15.1 

RRE-
containing 

57,952 79,202    

DEX 13 1.1 RiPP-like 1,835,928 1,846,782    
DEX 13 5.1 T3PKS 1 33,047    
DEX 13 5.2 terpene 114,108 137,687 carotenoid Terpene 42% 
DEX 30 84.1 ectoine 1 9,126 ectoine Other 75% 
DEX 30 109.1 NAPAA 1 12,245    

DEX 30 6.1 NRPS 1 54,541 ishigamide 

NRP + 
Polyketide 11% 

DEX 30 32.1 NRPS 1 24,188    
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Sample 
ID Region Type From To Most similar 

known cluster Similarity/% 

DEX 30 60.1 NRPS 1 17,333    
DEX 30 166.1 NRPS 1 9,480 bacillibactin NRP 15% 
DEX 30 183.1 NRPS 1 8,422    
DEX 30 187.1 NRPS 1 8,235 heterobactin A & S2 NRP 27% 
DEX 30 293.1 NRPS 1 5,265    
DEX 30 369.1 NRPS 1 4,443    
DEX 30 558.1 NRPS 1 2,538    
DEX 30 614.1 NRPS 1 2,246    
DEX 30 276.1 NRPS-like 1 5,569    
DEX 30 318.1 NRPS-like 1 4,976    

DEX 30 426.1 NRPS-like 1 3,637 ishigamide 

NRP + 
Polyketide 11% 

DEX 30 124.1 redox-cofactor 1 11,457    
DEX 30 81.1 RiPP-like 1 10,206 pimaricin Polyketide 11% 
DEX 30 270.1 RiPP-like 1 5,662    
DEX 30 467.1 T1PKS 1 3,273    
DEX 30 105.1 terpene 1 10,878 carotenoid Terpene 33% 
DEX 30 174.1 terpene 1 8,586    
DEX 32 6.1 arylpolyene,ladderane 78,621 121,873    
DEX 32 7.1 lassopeptide 63,580 87,541    
DEX 32 2.2 NRPS-like 776,872 820,582    
DEX 32 1.1 T3PKS,NRPS 361,004 455,266 ulleungmycin NRP 5% 
DEX 32 2.1 terpene 180,386 202,263    
DEX 32 3.1 terpene 476,069 497,994    
TAU 11 10.1 redox-cofactor 53,572 76,408    
TAU 11 1.1 siderophore 60,414 72,615    
TAU 11 1.2 siderophore 347,480 359,864    
TAU 11 31.1 terpene 4,933 25,820 carotenoid Terpene 66% 

TAU 12 12.1 RiPP-like 22,105 32,989 N-tetradecanoyl 
tyrosine 

Other 6% 

TAU 12 6.1 T3PKS 14,741 55,790 berninamycin A RiPP 26% 
TAU 12 4.1 terpene 235,053 258,726 zeaxanthin Terpene 66% 
TAU 7 3.1 hserlactone 132,861 153,538    

TAU 7 17.1 NRPS 30,484 83,854 serobactin A, B & C NRP:NRP 
siderophore 15% 

TAU 7 7.1 NRPS-like,ectoine 1 29,623 ectoine Other 100
% 

TAU 7 12.1 NRPS,T1PKS 22,771 75,284    
TAU 7 6.1 RiPP-like 13,536 24,390    
TAU 7 9.1 terpene 126,606 147,373    
TAU 8 2.3 arylpolyene 550,739 591,848    
TAU 8 4.1 ectoine 349,379 359,762    
TAU 8 6.1 NAPAA 1 18,200    
TAU 8 1.3 NRPS 610,974 671,027 chejuenolide A & B Polyketide 7% 
TAU 8 1.2 RRE-containing 308,189 328,479    
TAU 8 3.2 RRE-containing 308,621 329,055    
TAU 8 2.1 T3PKS 18,662 59,852    
TAU 8 2.2 terpene 317,408 344,802 hopene Terpene 15% 
TAU 8 3.1 terpene 184,825 205,682    
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Sample 
ID Region Type From To Most similar 

known cluster Similarity/% 

TAU 8 1.1 thioamitides 52,500 74,478    
XYL 43 19.1 betalactone 26,898 52,312 microansamycin Polyketide 7% 
XYL 43 3.1 butyrolactone 31,224 42,300    

XYL 43 1.1 NAPAA 258,445 292,521 valinomycin / 
montanastatin 

NRP + 
Saccharide:

Hybrid/tailor
ing 

17% 

XYL 43 4.1 NAPAA 40,611 74,687    

XYL 43 13.2 NAPAA 65,853 101,554 stenothricin 

NRP:Cyclic 
depsipeptide 13% 

XYL 43 23.1 NAPAA 40,239 74,219 stenothricin 

NRP:Cyclic 
depsipeptide 31% 

XYL 43 7.1 RRE-containing 87,448 107,729 JBIR-06 

NRP + 
Polyketide 16% 

XYL 43 30.1 siderophore 28,132 40,015 desferrioxamine E Other 100
% 

XYL 43 13.1 T3PKS 1 33,222    
XYL 6 4.2 betalactone 223,549 251,066    
XYL 6 2.1 hserlactone 750,438 771,073    
XYL 6 4.3 hserlactone 394,150 414,875    
XYL 6 1.1 NRPS 406,416 450,330 ravidomycin Polyketide 5% 
XYL 6 6.1 RiPP-like 161,676 172,539    
XYL 6 4.1 T1PKS,NRPS-like 22,831 74,710    
XYL 8 11.1 RiPP-like 1 9,478    
XYL 8 1.2 T3PKS 242,618 283,670    
XYL 8 1.1 terpene 24,158 45,306    
XYL 8 2.1 terpene 236,112 256,954 carotenoid Terpene 28% 
CEL 36 
Bin.002 24.1 RiPP-like 11,918 22,775    

CEL 36 
Bin.002 107.1 arylpolyene 1 10,248 APE Vf Other 15% 

CEL 36 
Bin.002 148.1 NRPS 1 3,157 rhizomide A, B & C NRP 100

% 
CEL 36 
Bin.001 1.1 RRE-containing 395,414 415,845    

CEL 36 
Bin.001 3.1 ranthipeptide 188,053 209,440    

CEL 36 
Bin.001 5.1 terpene 141,597 162,823    

CEL 36 
Bin.001 6.1 T1PKS,NRPS-like 153,428 204,491    

CEL 36 
Bin.001 6.2 T1PKS,hglE-KS 293,093 322,710    

CEL 36 
Bin.001 12.1 NRPS 54,406 107,773    

CEL 36 
Bin.001 14.1 hglE-KS 1 23,433    

CEL 36 
Bin.001 14.2 betalactone 25,569 57,603 quartromicin A1 Polyketide 5% 

CEL 36 
Bin.001 19.1 terpene 14,749 38,347    
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Figure 8. Frequency of biosynthetic gene cluster categories detected by 
antiSMASH for Synoicum adareanum microbiome cultures. Categories by type 
were structured as follows: 
 
RiPP: included RiPP-like, siderophore, thiopeptide, lassopeptide, thioamitides,  

and ranthipeptide. 
AA metabolism: included hserlactone, betalactone, NAPAA, and ectoine. 
PKS: included arylpolyene, all PK types, hgIE-KS, PUFA, butyrolactone,  

arylpolyene, and ladderane. 
NRPS: included NRPS, NRPS-like, “NRPS-like, ectoine.” 
Terpene: included terpene. 
Regulatory: included RRE-containing, redox-cofactor, “redox-cofactor, RiPP-like.” 
PKS/NRPS hybrid: included “T1PKS, NRPS-like”, “T3PKS, NRPS”,  

“NRPS, T1PKS” 
NRPS/AA hybrid: include “NRPS-like, betalactone” 
 
Cluster type glossary: https://docs.antismash.secondarymetabolites.org/glossary/ 
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which putative homologs were identified (Kautsar et al., 2020). Of these 49 known 

clusters, only 16 show similarities of 50% or higher (of which 3 show similarities 

between 80-99%, with 5 being 100% similar). The 5 that have a 100% similar known 

cluster include: a NRPS in the BOSW 4.10.32 (genus Photobacterium) genome which 

matches a NRP amonabactin P750; a type 3 PKS found in the CEL 3 (genus Leifsonia) 

genome which matches a polyketide alkylresorcinol; a “NRPS-like, ectoine” found in the 

TAU 7 (genus Yoonia) genome which matches an ectoine; a siderophore in the XYL 43 

(genus Pseudarthrobacter) genome which matches a desferrioxamine E; and a NRPS in 

the CEL 36 Bin 2 (genus Pseudoalteromonas) genome which matches NRP rhizomide A, 

B & C. These BGC types were placed into 7 biosynthetic categories; ribosomally 

synthesized and post-translationally modified peptide (RiPPs, 31 total), amino acid 

metabolism (26 total), polyketide synthase (PKS, 25 total)), nonribosomal peptide 

synthetase (NRPS, 24 total), terpene (15 total), regulatory (9 total), and PKS/NRPS and 

NRPRS/amino acid hybrid (4 and 1, respectively) (Figure 8).  

 

Cold adaptation analysis 

Comparisons of orthologs shared between the Antarctic bacterial genomes and low/mid 

latitude genomes from the same genus (Table 6) were analyzed in two ways, 1) the total 

number of orthologs for which higher content was calculated for each parameter, by 

Antarctic or low/mid latitude genome, and 2) mean values for each parameter with 

standard deviation bars, by both Antarctic and low/mid latitude genome (Figure 9). Mean 

values typically followed the general trend of the total orthologs found in the genomes 

tested. 
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The direction of higher content between each comparison revealed more orthologs 

from low/mid latitude organisms which displayed higher GC content, disorder, and 

arginine/(arginine + lysine) (Figures 10 & 11). In three cases, GC content was higher in 

low/mid open reading frame orthologs even when genome-wide GC content was higher 

for the Antarctic genome (Table 7). The Antarctic genomes had a greater number of 

predicted protein orthologs displaying higher asparagine, serine and threonine within the 

polar amino acids, whereas the low/mid latitude genomes had a greater number of 

orthologs with higher glutamine and tyrosine (Figures 9 and 11). Of the non-polar amino 

acids, the Antarctic genomes contained more orthologs with higher glycine, isoleucine, 

leucine, and phenylalanine (Figures 9 and 11), and low/mid latitude genomes contained 

more orthologs with higher alanine, proline, tryptophan and valine (Figures 9 and 11). 

Across all comparisons, a greater number of orthologs from the low/mid latitude 

genomes had higher charged (+ and -) amino acids (with the exception of lysine) but also 

had a higher arginine/(arginine+lysine) ratio (Figures 9 and 10). 

The heat map (Figure 12) shows the results from Figures 9-11 compiled by 

comparison number across all parameters tested. The heatmap (Figure 13) displays the 

parameters considered in the cold adaptation analyses and assigned the directional trend 

of expected cold-adapted trait for each comparison. The Antarctic genomes presented a 

higher number of cold adapted traits for all parameters overall, except disorder. For 

disorder, which is understood to increase in cold-adapted organisms, the low/mid latitude 

genomes had a greater number of orthologs with higher disorder at both IUPred score 

thresholds. 
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 Figure 9. Paired orthologous protein analysis for G-C content, disorder and amino 
acid content across all 23 isolate genomes. For each panel (A-X), left bar plots show 
number of orthologs for which each parameter tested was found to be greater in 
Antarctic genome or representative low/mid latitude genome of the same genus.  
Colored comparison pair numbers are those found to be significantly different (colored 
had p-values ≤ 0.05; black numbers had p-values ≥ 0.05) using paired Wilcoxon 
signed-rank tests. Blue and red numbers show the number of orthologs which had 
significantly higher amounts or ratios of the parameter tested for the Antarctic genome 
or low/mid latitude genome, respectively. 
 
Right bar plots show mean percentage of each parameter found across all orthologs in 
the Antarctic genome (blue) or low/mid latitude genome (red), with standard deviation 
bars. 
 
*See Table 3 for details of genomes used in comparisons. 
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(-) Charged Amino Acids 

(+) Charged Amino Acids 

GC content, disorder and 
Arg/(Arg + Lys) 

Figure 10. Summary of GC content, intrinsic disorder, Arg/(Arg + Lys) ratio, and 
charged amino acid content comparison results by comparison #. Blue and red indicate 
those comparisons for which more orthologs had higher content, in Antarctic or 
low/mid latitude, respectively. Black indicates no significant difference was found. 
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Non-polar Amino Acids 

Polar Amino Acids 

Figure 11. Summary of non-polar and polar amino acid content comparison results by 
comparison #. Blue and red indicate those comparisons for which more orthologs had 
higher content, in Antarctic or low/mid latitude, respectively. Black indicates no 
significant difference was found. 
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Greater number of low/mid latitude orthologs with higher content 

Greater number of Antarctic orthologs with higher content 

No significant difference between ortholog content 

Figure 12. Heat map of comparison results by parameter tested. Blue and red indicate 
those comparisons for which more orthologs had higher content, in Antarctic or 
low/mid latitude, respectively. Black indicates no significant difference was found. 
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Antarctic genomes present greater number of cold adapted traits 

No significant difference between ortholog content 

Low/mid latitude genomes present greater number of cold adapted traits 

Figure 13. Heat map of comparisons and cold adapted trait. Purple and orange 
indicate those comparisons for which genomes had more of the cold adapted trend, in 
Antarctic or low/mid latitude, respectively. Black indicates no significant difference. 
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DISCUSSION 

Phylogenetic diversity and novelty of isolates and their genomes as representatives 

of the Synoicum adareanum microbiome 

For our cultivation effort, five carbon sources were selected based on transport or  

metabolite degradation pathways observed in the Candidatus Synoicohabitans 

palerolidicus metagenome (Murray et al. 2021). This metagenome assembled genome 

(MAG) encoded five copies of the palmerolide BGC (pal BGC). Using a 

retrobiosynthetic strategy one of the copies was predicted to be responsible for the 

biosynthesis of palmerolide A (Avalon et al., 2021). This uncultivated species is 

classified in the Opitutaceae family under the phylum Verrucomicrobia, prompting our 

use of a minimal salts medium protocol by Stevenson et al. who targeted uncultivated 

Acidobacteria and Verrucomicrobia strains several of which were Opitutaceae-related 

(Stevenson et al., 2004). 

Previous microbial cultivation using Synoicum adareanum tissue utilized complex 

media which promoted robust growth at the cost of isolating slow growing organisms 

(Murray et al. 2020, and pers. com.). To maximize diverse growth from the microbiome, 

duplicate media preparations included these individual carbon sources alone and then a 

set supplemented with yeast extract, and furthermore, replicate plates of all media types 

allowed use of both atmospheric and microaerophilic growth conditions. Other than one 

colony growing on chitin+yeast under atmospheric conditions, no other growth was 

observed on chitin media. The greater growth under the initial microaerophilic conditions 

suggests that most bacteria cultivated are either microaerophiles or where under oxygen 

stress at the outset. 
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Previously, Riesenfeld et al. (2008) characterized the Synoicum adareanum 

microbial community of a single specimen using 16S rRNA gene sequences and 

identified five phyla: Actinobacteria, Bacteroidetes (class Flavobacteria), Proteobacteria 

(classes Alpha-, Beta-, and Gamma- proteobacteria), Verrucomicrobia, and candidate 

phylum TM7. Prior analyses of the proportions between phyla found within the 

microbiome community were completed by Murray et al. (2020) through surveying 63 

Synoicum adareanum samples. Using 16S rRNA gene amplicon sequence variants, 

fractions of phyla were placed into categories Core80 (bacteria present in >80% of 

samples studied), Dynamic50 (in 50%-79% of samples) and Variable (in <50% of 

samples). Gammaproteobacteria were found in the highest proportions of all catergories, 

followed by Alphaproteobacteria in both Core80 and Variable, and Bateroidetes in 

Dynamic50. Community wide composition followed this trend of Gammaproteobacteria 

> Alphaproteobacteria > Bacteroidetes proportions. These three phyla/classes comprised 

97.72% of the total community.  Of the microbiome members previously brought into 

culture (2007 culture collection), all but one (Pseudovibrio sp. TunPHSC 04-5.I4, an 

Alphaproteobacteria) have been of the class Gammaproteobacteria. This strain is also the 

only cultivated member core microbiome, thus far. 

16S rRNA sequence analyses of 46 isolates demonstrate the merits of minimal 

media for systematic isolation of slow-growing, host-associated bacteria; the new culture 

collection broadened the diversity to now include Bacilli, Acidimicrobiia, Actinobacteria 

and Flavobacteriia. The phylum Bacterioidetes, which includes the class Flavobacteriia, 

was identified as the second-highest community-wide phylum by Murray et al. (2020), 

but at 2.830 (± 2.140), was still far lower than the proportion of Proteobacteria 
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(Gammaproteobacteria, 71.990 ± 6.640; Alphaproteobacteria, 22.90 ± 5.390). Similarly, 

Acidimicrobiia and Actinobacteria are classified under phylum Actinobacteria, identified 

in the microbiome analysis by Murray et al. (2020) at even lower proportions 

(Actinobacteria, 0.100 ± 0.080). The phylum Firmicutes, containing class Bacilli, was 

not identified in the previous analyses by Murray et al. (2020), although the depth of their 

study at 10,000 amplicons per sample could miss more rare taxa, especially those with 

single copy rRNA operons. The novelty and distribution of these new and 2007 cultivars 

from the Synoicum adareanum microbiome guided the selection of twenty-two samples 

for whole genome sequencing that represented a range of taxa across the phylogenetic 

tree. 

The two organisms binned from sample CEL 36, an Illumatobacter and 

Pseudoalteromonas, may both be constituents of the Synoicum adareanum microbiome, 

potentially even mutually essential for the other’s growth. The nature of using 2nd 

generation cultures for our initial pal A screening and dereplication could have also 

contributed to an impure sample.  For these reasons, both CEL 36 Bin 1 and CEL 36 Bin 

2 assemblies were used in further genomic analyses. 

Assessing the novelty of the Antarctic genomes using the MiGA NCBI Prok tool 

suggested that there were potentially 13 new species, 3 new genera, and 1 new family. 

The MiGA tool indicated that the CEL 36 Bin 1, which only had an 42.33% AAI match 

with Enterobacter hormaechei NZ CP041054 was a new family, however the manual 

low/mid latitude comparison effort we conducted identified an Illumatobacter genome 

with an AAI of 66.41% to CEL 36 Bin 1. This suggests that CEL 36 Bin 1 is likely a new 

species within the genus Illumatobacter. 
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Biosynthetic potential of Antarctic isolate genomes  

The highest number of biosynthetic gene clusters identified by antiSMASH were found in 

the DEX 30 isolate (genus Gordonia), which is found within the phylum Actinobacteria. 

Actinobacteria are known producers of interesting metabolites with numerous 

applications and have been predicted to synthesize roughly 10,000 of ~23,000 known 

microbially produced antibiotics globally (Manivasagan et al., 2014). The top 5 isolates 

with the highest number of biosynthetic gene clusters identified fell within the classes, 

starting with the highest, Actinobacteria (DEX 30), then Alphaproteobacteria (TAU 8), 

and a tie for third highest between Gammaproteobacteria (BOMB 3.2.15), Acidimicrobiia 

(CEL 36 Bin 1) and Actinobacteria (XYL 43). In a review of natural products from cold, 

marine environments, Soldatou and Baker (2017) describe 253 secondary metabolites 

discovered through 2005, of which 22% were of microbial origin (Soldatou & Baker, 

2017). They also describe 352 additional natural products later published between 2006 

and 2016, of which 71% are microbially produced. Yet, from this increase in microbially 

produced cold-water natural products, Soldatou and Baker (2017) point out that numbers 

of isolated metabolites from psychrophilic bacteria are low, relative to fungi.  

The relatively high number of 135 biosynthetic gene clusters found among our 

isolates, and the relatively low number of 49 known clusters found similar to those found 

within our isolates (of which only 8 had similarity of 80% or higher), indicate a high 

degree of novelty across the secondary metabolites encoded in these genomes. More 

detailed comparisons between sequences of biosynthetic gene clusters identified and their 

most similar known clusters may allow for more specific quantification of their novelty.  
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The categories of compound synthesis (RiPPs, PKS, Terpenes, NRPS, etc.) 

detected in the Antarctic genomes are of significant interest due to numerous applications 

from their antibacterial, antifungal, and anticancer activity, as well as utility in industrial 

applications (Manivasagan et al., 2014; Moghaddam et al., 2021; Nunez-Pons et al., 

2020). A low proportion of all polar microorganisms have been investigated for synthesis 

of natural products (Tian et al., 2017), and our results demonstrate the benefits of a 

screening genomes from a diverse Antarctic bacterial culture collection for identification 

of novel biosynthesis. Functional demonstration and bioactivity assays are now needed to 

better understand the biological potential of these newly identified BGCs. The diversity 

in compound synthesis present in all these isolates presents opportunity for more detailed 

enzyme and chemical investigations into further explorations of Antarctic microbial 

natural product potential. Future chemical analyses directly of these cultivars may be a 

rapid means to determine if the biosynthetic gene clusters encoding these metabolites, 

identified in silico, are actively expressed while in isolation. 

 

Signatures of cold adaptation 

Selecting low-latitude, related genomes for cold-adaptation comparative genomic 

analyses presented challenges due to limited options for some genera and a lack of 

readily available metadata for assemblies. The IMG database provided helpful parameter 

options including high quality, location, habitat, latitude/longitude, isolation, depth in 

meters and subsurface in meters, which helped narrow selections to meet the criteria 

described. Marine bacteria were selected between +/- 45º latitude and prioritizing those at 

<200-meter sample depth to reduce chances of selecting a psychrophilic organism. 
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Likewise, considering genomes of samples from seawater or coastal sediments/sand 

increased chances that all organisms in our comparative study would be adapted to 

marine environments. In the case of DEX 32, the top match was Paenibacillus 

xylanilyticus with a 65.95% AAI but is not a marine or coastal organism. Of marine and 

coastal Paenibacillus genomes, Paenibacillus sp. CAA11 matched most closely at 

61.05% AAI, the only low-latitude genome selected which did not meet the 65% AAI 

typically considered a threshold for genus level matches.  

 DEX 30 matched Gordonia terrae at 68.8% AAI and one strain, AIST1, has been 

isolated from the Inland Sea of Japan’s surface seawater. For this strain no whole genome 

sequence data is available, so a genome assembly from a soil derived Gordonia terrae 

was used in the analysis.  

 The ortholog comparisons between the Antarctic genome and low/mid latitude 

genome of the same genus follow previously documented trends for cold-adapted 

genomes to contain lower arginine/(arginine + lysine) or arginine/lysine ratios, which are 

thought to decrease salt bridges through fewer charged residues in the protein and 

therefore enhance flexibility (Figure 14) (Ayala-del-Rio et al., 2010; Goordial et al., 

2016; Grzymski et al., 2006). Similar increases in protein flexibility in cold-adapted 

organisms are understood to come from a decrease in proline (its cyclic structure 

generates rigid kinks in peptides) and acidic and aliphatic residues (which increase salt 

bridges and hydrogen bonding), but an increase in glycine (for its small size) and serine 

residues (potentially decreasing overall charge) (Ayala-del-Rio et al., 2010; Goordial et 

al., 2016; Grzymski et al., 2006; Raymond-Bouchard et al., 2018). Our results follow 
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these general trends but are noticeably higher for the non-polar amino acids isoleucine 

and leucine; a surprising increase considering their aliphaticity.  

 Intrinsic disorder among amino acids comprising a protein sequence is another 

parameter by which cold-adaption is measured, with an increase in disorder potentially  

maintaining protein function through increased flexibility at lower temperatures (Feller, 

2007). Surprisingly, our comparisons show the low/mid latitude predicted protein 

orthologs as far more disordered than the Antarctic orthologs overall (only comparison 

#15 showed greater disorder for the Antarctic genome). Proteins are subject to misfolding 

and denaturation at not only high but also low temperatures (Feller, 2007; Raymond-

Bouchard et al., 2018), and because our organisms are often found in < 0°C seawater, 

these results may suggest a disorder threshold which balances protein functionality 

Figure 14. Illustration depicting example cold adaptation trends in protein amino acid 
content. Residues that form salt bridges or otherwise reduce protein dynamics are 
decreased, while those that enhance flexibility are increased. This is believed to aid in 
maintaining protein function at low temperatures.  
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through flexibility and cold denaturation resistance through stability. In a study by 

Grzymski et al. (2006), genome fragments of Antarctic bacterioplankton were compared 

against mesophilic homologs. While the length of maximum disorder of the predicted 

proteins was longer in 5 of 6 Antarctic samples, the number of disordered amino acids 

was only higher in 1 of 6 Antarctic samples relative to the mesophile homologs 

(Grzymski et al., 2006). These bacterioplankton primarily experience stenothermal < 0°C 

seawater temperatures, so the results may also be explained by a potential threshold for 

decreased disorder of residues in protein-denaturing temperatures.  

 Considering the trends displayed in the manually constructed heat map (Figure 

13), comparisons 23 and 10 showed the greatest cold-adaptation for both Antarctic 

genomes in these analyses. Only the two disorder parameters showed higher cold-

adaptation in the low/mid latitude genomes, which may be explained as described above. 

The Antarctic genome in comparison 23 was the previously isolated and sequenced 

bacteria, Pseudovibrio sp. TunPHSC04-5.I4, characterized as a psychrophile that does 

not grow above 16 °C. Plans for future temperature experimentation to confirm 

psychrophily among our isolates will offer a unique comparison with the results 

synthesized here. 

 While we prioritized low/mid latitude genomes that were also from marine 

samples collected at ≤ 200 m depth, this was not always possible given genome options 

within a genus and other sample criteria. Comparison #1, between Antarctic sample 

BOMB 3.2.15 and low/mid latitude sample Moritella sp. F1, only shows significant 

differences in 4 of 24 parameters tested (Moritella sp. F1 with higher GC content, 

glutamic acid and histidine, but lower aspartic acid) (Figure 9). The 500 m sample depth 
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for Moritella sp. F1 may explain the lack of differences as this deep ocean organism may 

be similarly cold adapted as BOMB 3.2.15. 

 Interestingly, the three comparisons which had the highest number of parameters 

with no differences between the Antarctic and low/mid latitude genomes, # 1, 9 and 17, 

and had the highest % AAI shared between the two genomes. (92.71%, 89.98% and 

89.94%, respectively) (Figure 12 and table 6). These may indicate that using high AAI 

between genomes for amino acid comparisons will result in a reduction of observed 

differences as the amino acid composition is intrinsically similar between two closely 

related genomes. Further analysis across a range of related taxa may help to sort this 

observation out. 

 In contrast to comparison #1 above, comparison #12 used the low/latitude genome 

Marinosulfonomonas sp. NORP110 which was sampled from > 4,500 m depth 

(subseafloor) and compared with CEL 38, yet was found to contain orthologs with 

significantly different parameter contents, and typically followed the predicted trends for 

amino acid type, GC content, etc. One interesting measurement, serine content, is only 

higher for orthologs from the low/mid latitude genome in the Marinosulfonomonas sp. 

NORP110 (Figure 9S). According to Raymond-Bouchard et al. (2018), increased serine 

content is a common phenomenon in cold-adapted organisms, so potentially, the deep 

ocean Marinosulfonomonas sp. NORP110 genome contains certain signatures of cold 

adaptation as well. 
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GC content presents another interesting factor in cold adaptation analyses. In our 

case, high GC content is observed predominantly in low/mid latitude orthologs, but 

genome-wide GC content is also generally higher, albeit to a lesser degree overall, and  

typically correlates with directionality in the ortholog comparisons. Three interesting 

exceptions are observed in comparisons # 11, 14, and 23. In each of these comparisons 

the Antarctic genomes (CEL 36 Bin 2, DEX 30, and Pseudovibrio sp. TunPHSC04-5.I4) 

Table 7. Genome GC content for organisms used in cold adaptation 
analyses, listed by comparison number. See Table 3 for details on 
genomes used. 

 

Comparison no. Antarctic genome 
GC content (%) 

Low/mid latitude 
genome GC content (%) 

1 41.58 46.8 
2 44.03 44.54 
3 44.05 44.54 
4 39.47 37.85 
5 38.31 39.09 
6 40.40 41.02 
7 40.55 41.02 
8 43.28 43.28 
9 58.97 61.87 

10 62.20 67.29 
11 41.20 41.02 
12 53.22 53.38 
13 58.24 58.55 
14 65.53 57.98 
15 46.18 48.68 
16 53.33 56.45 
17 55.83 56.76 
18 72.32 69.69 
19 52.45 57.32 
20 54.01 57.38 
21 28.74 30.59 
22 64.24 66.28 
23 50.48 50.34 



58 

all had higher genome-wide GC content than their low/mid latitude neighbors, yet open 

reading frame orthologs with higher GC content were observed for the low/mid latitude  

genomes (Figure 9A and Table 7). This suggests that, in some cases, open reading frames  

may disproportionately contain lower GC content in cold adapted genomes. One 

hypothesis for this effect is that selective pressures maintain transcriptional efficiency  

for coding regions of the genome. Further analysis of coding vs. non-coding sequence 

GC content within and between known psychrophile and mesophile genomes may 

uncover if definitive GC variation exists due to cold-adapted genomes. 

 

Conclusion and future directions 

Through this work, the Synoicum adareanum-derived culture collection has been 

expanded with respect to diversity, encompassing new classes and phyla using a defined 

media cultivation effort that spanned 11-months for initial growth. These new cultivars 

likely include novel genera and species as observed in their average nucleotide identity 

and average amino acid identity between closely related genomes, showing the merits of 

using defined media to allow for slow-growing organisms to be isolated. The diversity of 

secondary metabolite categories identified through genome mining for biosynthetic gene 

clusters, and the relatively few known similar clusters, supports the metagenomic 

conclusion that novel biosynthetic pathways exist within the Synoicum adareanum 

microbiome members. Isolates subsequently grown in marine broth are currently being 

analyzed for production of the secondary metabolites through mass spectrometry of both 

cell pellets and supernatant media. This is the next step towards understanding if the 

biosynthetic gene clusters are being actively expressed in culture.  
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 Cold adaptation experimentation identified parameters in amino acid usage that 

corresponded with known residue content trends in proteins from cold adapted 

organisms. Disorder, which is typically understood to increase in cold adapted protein 

sequences, was observed higher in more orthologs from the low/mid latitude genomes, 

potentially indicative of a threshold for disorder to maintain stability in cold-denaturing 

(< 0 °C) temperatures. Future analyses between known psychrophiles (specifically, those 

physiologically tested below 0 °C) and known mesophiles will provide more insight into 

this hypothesis. 

Due to the slow nature of culture growth at 10 °C and with one goal to rapidly 

screen for palmerolide A biosynthetic genes, we initially assayed 2nd generation cultures 

grown only on defined media; the DNA extrants from which were used for 16S rRNA 

gene sequencing. Later, we revisited the 2nd generation isolate glycerol stocks to prepare 

3X purified isolates; these were cultivated on complex media (marine broth). The 3X 

purified isolates will undergo psychrophily tests through a temperature-dependent 

cultivation experiment spanning 20 °C, the operational definition of psychrophily, to 

determine if these isolates are psychophiles or psychrotrophs. Revisiting our disorder 

analysis with these psychophily results will offer a clearer view of trends, if they exist, at 

the limits of protein denaturation.  

GC content was typically lower for the Antarctic genome coding regions even 

when genome-wide GC content was higher. One hypothesis for this observation is that 

lower GC content may exist specifically within coding sequences to increase the overall 

transcriptional efficiency in cold adapted organisms. When testing this hypothesis, it may 

be beneficial to investigate ratios of GC content in coding vs. non-coding sequence (i.e. 
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no difference equalling 1), then compare these ratios among sets of known psychrophilic 

genomes and known mesophilic genomes.  

Understanding the relationships between natural product capability, expression 

and production while in isolation, as well as cold adaptation in genome and protein 

sequences may benefit future sustainable secondary metabolite production. This study 

has not only expanded a marine invertebrate hosted culture collection, but has identified 

likely novel secondary metabolites, and offers continued work on biosynthetic gene 

cluster expression experimentation and direct chemical analysis. This new culture 

collection also allows for discrete temperature experimentation to provide greater insight 

to the novel disorder and GC content hypotheses presented in our comparitive genomic 

analyses. We can then integrate this knowledge with results from compound screening 

for a more comprehensive understanding of interesting microbial natural product 

biosynthesis within this polar, host-associated marine system.  
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Appendix 1 Detailed cultivation procedures 

 

Isolation and cultivation 

Agar plates and liquid media tubes were inoculated with a microbial sample prepared 

from a tissue homogenate of Synoicum adareanum sample “Nor2C-2011”.  Five carbon 

sources (chitin, xylose, cellobiose, taurine, and dextrose) were used at 2.5 mM and a 

basal saltwater media (adapted from (Stevenson et al., 2004) for both liquid media and 

agar plates during the initial cultivation from Nor2C-2011.  Agar and liquid media were 

also prepared at 2.5 mM with the addition of yeast extract (5 µg/mL final concentration).  

Both yeast and non-yeast media were inoculated with concentrations of sample at the 

initial sample concentration, and three consecutive 1:10 dilutions (concentration #s 1-4).  

A second series of plates and Hungate tubes were prepared and maintained under 

microaerobic conditions by purging the plate container with nitrogen for 5 minutes, and 

four cycles of vacuum and nitrogen filling (5 seconds each) into the Hungate tubes. These 

microaerobic plates and tubes were inoculated with the initial sample concentration and 

only the first dilution (concentration #s 1&2). 

Observations for counting new colonies were made with an Olympus SZ-CTV 

10X-63X microscope and an AmScope Trinocular 7X-90X microscope.  For each media 

type and sample concentration, new and potential colonies were documented and labelled 

on the plate cover.  These new colonies were indicated on the plate cover with a unique 

marker color and shape corresponding to the date they were first observed. Potential 

colonies were marked with a temporary tape “arrow” to reference during the next count. 
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Individual colonies were considered unique by a combination of their morphologies and 

timing when first observed.  Unique colonies were selected for isolation and cultivation 

in 10mM liquid media and agar plates. During the selection and picking process, the plate 

was visually scanned to identify different colonies of interest, by simultaneously 

comparing their morphologies, size, and their corresponding date-indication mark(s). A 

selected colony was documented by its first-observed date, current morphology, 

diameter, and its location within the plate was circled and numbered on the plate cover. 

Each media type required its own corresponding isolate number sequence (i.e. all five 

carbon sources had selected colony numbers beginning at “1”). While under sterile 

laminar air-flow, the colonies were picked with a sterile inoculating loop from the 

original plate and suspended in 100 µL of media containing the same carbon type, but at 

a higher carbon-source concentration and yeast extract concentration (10mM and 20 

µg/mL, respectively). After gentle pipette mixing, this 100 µL was split; 50 µL was 

inoculated into 2 mL of media in a rubber-capped Hungate tube, and the other 50 µL was 

spread onto an agar plate.  The proximity of colonies made some isolates difficult to 

collect, and any concerns during collection of accidentally touching neighboring colonies 

were mitigated by directly streaking the questionable sample onto the new plate. These 

streak plates were then monitored and selected for unique isolates following the same 

process.  

Growth on initial homogenate plates was monitored and isolates were cultivated 

microaerobically. For plates this was achieved by purging the plate container (either an 

anaerobic jar or sealed plastic bags) with nitrogen for 5 minutes. In the case of plastic bag 

containers, bags were individually purged with nitrogen, sealed, and taped closed.  For 
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the isolates in liquid media, the septum cap of the hungate tube was pierced with a needle 

to allow for four consecutive cycles of 5 seconds of vacuum, followed by 5 seconds of 

nitrogen filling. 

Positive pressure was maintained in the tube after the final nitrogen fill by turning 

the manifold valve off, and a syringe containing 4.2 mL of air was quickly swapped onto 

the stationary needle and injected into the tube.  The use of one sterile, disposable needle 

per hungate tube for the microoxygenation process allowed the positive pressure from the 

nitrogen filling to be released through the needle during the exchange for the syringe, 

reducing any potential contamination, and minimizing the only overall positive pressure 

from the introduction of 4.2 mL air.  All tubes and plates were incubated at 10⁰ C  

Hungate tube microaerobic calculations: 4.2 mL of 20% O2 containing air, into 16.5 mL 

volume = 5% O2 tube environment. 

Negative controls were created in the form of blank samples, inoculated on plates 

and tubes of different media throughout the collection period. These followed the same 

naming protocols, with the addition of “Blank” to the end of the plate/tube number.  

 

Preparations for DNA extractions  

New isolate Hungate tubes and agar plates were monitored for cultures, and no 

significant growth has been consistently visible among any liquid media tubes.  Plates 

were scraped of their colonies after being determined to have a significant, collectable 

mass.  The use of sterile, disposable inoculating loops has been a convenient way to 

collect the mass without gouging the agar.  This mass was then deposited into a 2 mL 

tube containing 1.5 mL of the same growth medium, and lightly vortexed to suspend.  
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Then, 750 µL was transferred into a labelled Cryovial containing 250 µL 60% glycerol 

and stored in -80 ⁰C for preservation.  The remaining 750 µL was kept in the 2mL tube 

and centrifuged in 4 ⁰C at 13,200 RPM for 5 minutes. The supernatant was decanted, and 

the pellet stored at -20 ⁰C for DNA extraction.   
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Appendix 2 Detailed molecular biology procedures 
 
 
DNA extractions and quantification 
 
DNA extraction followed the method used by Massana, et al. (1997) (Massana et al., 

1997). To each tube containing a colony pellet, 450 µL of sucrose lysis buffer was added, 

then 10 µL of Roche™ lysozyme (50 mg/mL). The tubes were then rotated in 37 ⁰C for 

30 minutes.  25 µL of proteinase K (10 mg/mL) was added to each tube, quickly shaken, 

then 25 µL 20% SDS was added. The tubes were then placed back into rotation, but at 55 

⁰C for 1 hour. 1µL of Ambion™ RNAse A was added to each, then placed into a 37 ⁰C 

water bath for 20 minutes. While working in the fume hood, an equal volume (511 µL) of 

penol:chloroform:isoamyl alcohol (25:24:1) was added to each tube, vortexed for 10 

seconds, then centrifuged at 13,200 RPM for 5 minutes. The aqueous layer of each was 

pipetted and transferred to a new tube.  SaTau_y4s had a yellow-tinted supernatant. Any 

tubes that had a protein layer that created problematic pipetting of the supernatant had an 

additional 450 µL of penol:chloroform:isoamyl alcohol added, vortexed, and centrifuged 

again. If necessary, a third series of penol:chloroform:isoamyl alcohol, vortexing, and 

centrifugation was performed.  

The supernatant was pipetted into new tubes, and to this 400 µL 

chloroform:isoamyl alcohol (24:1) was added, vortexed for 10 seconds, and centrifuged 

for 5 minutes at 13,200 RPM.  As above, some tubes received an additional 400 µL of 

chloroform:isoamyl alcohol, vortexed and centrifuged to ensure collection of pure 

supernatants.  Volumes of supernatants for each of the new tubes were measured.  To 

each tube, equivalents of 1/10 of the volume of 3M sodium acetate, and equivalents of 2x 
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the volume of 100% ethanol were added, and the tubes were inverted to mix during the 

reagent additions.  Tubes were stored at -20 ⁰C for a 2-hour minimum. Tubes were then 

centrifuged in 4 ⁰C for 30 minutes at 13,200 RPM.  The ethanol was pipetted off, while 

being careful to not disturb the pellet. To each tube 700 µL 70% ethanol was added, and 

the pellet was flicked into suspension. The tubes were centrifuged in 4 ⁰C at 13,200 RPM 

for 5 minutes.  Ethanol was pipetted off, and the tubes were left open, covered under a 

Kimwipe, for 2+ hours to allow any excess ethanol to evaporate.  Once dry, 100 µL of 

10mM PCR water was added to each tube with gentle pipette mixing to suspend the DNA 

pellet. Fluorometry and Quant-iT™ PicoGreen DNA quantitative assay reagents were 

used to estimate DNA concentrations. Using 20X stock Tris-EDTA (TE) buffer, 1X TE 

buffer was prepared in quantities sufficient for 2 blanks (100 µL TE buffer each), and as 

many sample unknowns, in duplicate (98 mL TE buffer each). 

Quantities of PicoGreen™ (1:200) were prepared from stock Quant-iT™ for the 

addition of 100µL to each of the above, as well as to 9 DNA standards in duplicate. 

Using a black 96 well plate, duplicate 100 µL TE buffer blanks were added, as well as 

nine 100 µL DNA standards in duplicate (0.0078 ng/µL, 0.0156 ng/µL, 0.0313 ng/µL, 

0.0625 ng/µL, 0.125 ng/µL, 0.25 ng/µL, 0.5 ng/µL, 1.0 ng/µL, and 2.0 ng/µL).  Into 

wells containing 98µL TE buffer, 2 µL of unknown sample DNA was added.  To all 

wells 100 µL PicoGreen™ (1:200) was added, with a single mix of the pipette. New 

DNA standards were made through serial dilutions which covered both high and low 

range concentrations, as described in protocols. 

Using Softmax Pro software and a SpectraMax Gemini fluorometer (excitation: 

485 nm, emission: 515 nm), the well plate template was created by assigning to the 
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program which wells contained blanks, standards, and unknowns.  No corrections for the 

unknown concentrations were applied within the program, and the true concentration was 

calculated after (to account for the 2µL of sample added).  

 

Screening for palmerolide A using PCR and agarose gel electrophoresis 

Using the measured DNA concentrations, 25 µL of working stock was created of DNA 

suspended in 10mM Tris pH8 (made at 1 ng/µL or kept at initial concentration if < 

1ng/µL).  From this working stock, 1ng was used in PCR “master mix” (water, NEB 10X 

buffer, 2.5 mM dNTPs, primers, and Taq polymerase). Two primer sets were used 

(ATIF/ATIR and HCSF/HCSR), targeting a first acyltransferase and HMG-CoA 

synthetase regions unique to the palmerolide A gene cluster.  Thermocycling for PCR 

utilized an Applied Biosystems GeneAmp™, with initial denaturation at 95 ℃ for 5 

minutes, then 30 cycles of denaturing, annealing, and extension as follows: 95 ℃ for 30 

seconds, 60 ℃ for 1 minute, 72 ℃ for 1 minute. A final 5-minute extension was held at 

72 ℃. Lastly, the temperature was held at 4 ℃ indefinitely. 

Using both primer sets, the DNA samples, two positive controls and one ‘no-

DNA’ blank were amplified. The two positive controls included a natural microbiome-

wide DNA extract (Nor2P7AM16C) and a synthetic palmerolide A gene region DNA 

sequence (PalA-4CDSCtrl).  

PCR tubes were kept at 4⁰C after amplification. 75 mL of 2% agarose was poured 

into a gel electrophoresis tray.  For the Promega™ 50bp DNA step ladder, 1.5 µL loading 

dye, 7.5 µL water, and 1 µL ladder were mixed and placed into the first well.  5 µL of the 

PCR products were mixed with 3.5 µL water and 1.5 µL loading dye.   
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Early gels were run at 65 volts until loading dye bands migrated ~4 cm, but 

subsequent gels were run at 100 volts for 1 hour, as this produced clear ladder and sample 

migration.  The gels were then transferred to a glass pan and immersed in 3X Gel Red 

and agitated for 30 minutes. The gels were photographed using a UVP® BioDoc-It® UV 

transilluminator and samples were compared to the positive control DNA ladder 

migration. 

 

Isolate dereplication by 16S rRNA PCR-DGGE 

Fifty Synoicum adareanum microbiome DNA extracts from the microaerophilic culture 

collection and 25 microbiome DNA extracts from a previous aerophilic culture collection 

have been amplified for 16S rRNA encoding regions using Bact GC358F(GC-

clamp)/517R primers for screening in denaturing gradient gel electrophoresis (DGGE) 

using a BioRad DCode™ Universal Mutation Detection System.  One ng working stock 

template DNA for samples, prepared as above, were used for PCR.  Applied Biosystems 

PCR reagents were used, so adjustments to the PCR protocol above included 

supplemental Applied Biosystems MgCl2 solution following manufacturers protocol for 

the Applied Biosystems AmpliTaq Gold™ and Buffer II used. Thermocycling parameters 

were as follows: initial denaturation at 95℃ for 5 minutes. Then 10 cycles of: 95 ℃ for 

45 seconds, touchdown annealing (starting at 65 ℃) for 30 seconds, 72 ℃ for 30 

seconds. Then 22 cycles as follows: 94 ℃ for 30 seconds, 55 ℃ for 30 seconds, 72 ℃ for 

30 seconds. A final 10-minute extension was held at 72 ℃. Lastly, the temperature was 

held at 4 ℃ indefinitely. 
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Early PCR reaction volumes were made at 20 µL, but later volumes were made at 

25 µL to generate additional PCR product for subsequent DGGE comparisons. Positive 

controls using Nor2-7AM14C (Nor2) were amplified in individual tubes at 50 µL 

reaction volumes to be used as reference bands in DGGE gels. PCR products from this 

Nor2 positive control were combined and purified using sodium acetate and ethanol as 

described in the extraction protocol above. Nor2 DNA was then pelleted, resuspended in 

Tris or PCR water, and quantified with PicoGreen™ Quant-iT™ as describe above. 

Standardized stock Nor2 DNA references were made by aliquoting PCR tubes at volumes 

equaling 200 ng of DNA per tube, to which 2.5 µL of gel loading dye was then added. 

Tubes were stored at -20 ℃. 

Two % agarose gels were prepared and run as above to confirm successful 

amplification of PCR products against co-amplified Bioline Hyper Ladder II, positive and 

negative controls. 

We made 80mL of 100% denaturant 8% gels as follows: 

-16 mL 40% acrylamide (BioRad) 

-1.6 mL 50X TAE buffer 

-32 mL formamide (Sigma) 

-33.6 g urea (Fisher Sci.) 

-4 mL Milli-Q water, 

The above were placed into a jar on ~55 ℃ heat with stirring, then Milli-Q water was 

added up to 80mL once dissolved. The jar was cooled under running water for ~30 
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seconds and/or allowed to equilibrate with room temperature to avoid accelerated 

polymerization time.  

We made 100 mL of 0% denaturant 8% gel as follows: 

-20 mL 40% acrylamide (BioRad) 

-2 mL 50X TAE buffer 

-78 mL Milli-Q water 

Preparations were made for running either one or two gels at a time, so reagent 

volumes were adjusted for varying total gel volumes accordingly.  

DGGE gels were made at a 30%-65% denaturing gradient. To make the 30% 

denaturant, we used 11.2 mL and 4.8 mL of the 0% and 100% denaturant solution, 

respectively. The 65% denaturant was made with 5.6 mL and 10.5 mL of the 0% and 

100% denaturant solution, respectively. To each of these, 144 µL of 10% APS and 14.4 

µL of TEMED was added to catalyze polymerization. Gradient gel was poured to a level 

~3 mm below the well comb. A 0% denaturant, 8% acrylamide stacking gel was prepared 

using concentrations as above and loaded with a glass pipette to fill the remaining area 

around the comb. 

The DGGE tank was filled with 1X TAE buffer and temp was initially preheated 

to 67 ºC. 2.5 µL of gel loading dye was added to each tube containing 10 µL of PCR 

product.  The outermost wells of each gel were not used due to known problems with 

distorted band patters near DGGE gel edges.  The second-outermost wells were loaded 

with Nor2 control references. Negative control (no DNA) PCR products were checked 

with agarose gels described above, and thus were not included in DGGE lanes.  
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After loading gel wells, the temperature was set to 60 ºC and voltage was set to 

allow for 1,000V/hours (ex. 15 hours x 66.7V = 1,000V/hours) to run overnight. The 

change-in-resistance feature of the DGGE power supply system was disabled to avoid 

power issues. 

The initial DGGE gels were stained with GelRed™ for 20 minutes, and briefly 

washed with 300 mL of 0.5 X TAE as a de-stain. Subsequent gels were stained with 200 

mL of 1X SYBR™ Gold nucleic acid gel stain. The gels were photographed using a 

UVP® BioDoc-It® UV transilluminator over a range of exposures. Images were both 

printed and saved digitally. 

A series of dereplicating efforts required a total of 20 PCR amplifications of GC-

clamped 16S rRNA regions as described above, followed by cross-comparisons of DGGE 

gel band migrations to deduce replicate organisms. For bands which appeared to have 

similar migration patterns, multiple rounds of DGGE were necessary to run candidate 

replicates in adjacent lanes to confirm or refute their uniqueness. Template DNA which 

was not amplified when 1ng DNA was used in PCR reactions was adjusted to both higher 

volumes and 1µL of 1/10 dilution DNA concentration. A final set of three gels was 

prepared to display band migrations of unique samples. 

 


