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Abstract of Thesis 

 

 

Metagenomic Characterization of Novel Actinobacteria from Geothermal 

Features of Hawai’i 

 

 

Prior to the introduction of bioinformatic tools, microbiology studies were limited and 

relied on physical characterization of the few cultivatable strains - Most of the microbes 

were left undiscovered and were termed as “dark matter” of microbiology. However, 

modern bioinformatic technologies cast light into the darkness. Metagenomic assembled 

genomes are genomes recovered from sequencing environmental samples. With the help 

of de novo genome assemblers, the uncharacterized species can be discovered from the 

reconstructed genomic sequences. Harnessing the powering of metagenomics, this study 

investigated the actinobacteria population dwelling in geothermal environments in 

Hawaiʻi. From the metagenome-assembled genomes (MAGs), metabolic potential and 

genes for secondary metabolites and pathogenicity of these actinobacteria were 

characterized. The result has shown that Actinobacteria communities in the Hawai’ian 

geothermal system were distinct. They consisted of many uncharacterized novel species, 

mostly thermoleophilia and acidimicrobiia with few actinomycetia. These newly 

identified species demonstrated different physiological patterns compared to the well-

studied members of actinomycetia.  
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Introduction 

 

 

Geothermal Site and Species Identification 

Geothermal features are important sites for microbial ecology research. Thanks to the 

constant discharge of volcanic minerals and heat, geothermal habitats may harbor unique 

microbiomes. Yet the conditions of geothermal sites often challenge the inhabitants with 

their extreme temperatures, pH, and compounds that may be considered toxic to most 

organisms on earth. To resolve these challenges, organisms develop various adaptations 

that cannot be found in other biomes (Byod et al., 2016). 

 

As new species of microorganisms are continuously being discovered, we expand our 

knowledge of the boundary of life. (Bargagli et al., 2004, Oestreicher et al., 2022, Picone 

et al., 2021). Indeed, because of geothermal sites’ resemblance to the environment during 

early earth formation, they may conceal missing links of the early evolutionary events. 

By studying geothermal habitats, microbes such as the Asgard archaea, scientists are 

resolving the deepest branches of the tree of life (Eme et al., 2017).  

 

The History of species identification 

However, in spite of the deep mysteries of life awaiting to be discovered in the 

geothermal sites, studies about them only trickled in the previous decade. One of the 

major limitations that prevented larger discoveries was due to lack of technological 

advancements in the field of microbial ecology. Traditionally, microorganisms were 
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discovered by cultivation (Hugenholtz et al., 1998). It was not a surprise that most of the 

extremophilic organisms were almost impossible to cultivate due to the properties of their 

habitats and specific nutritional requirements of diverse microorganisms. Later, the 

introduction of genetic approaches alleviated the problem.  

 

The emergence of high-throughput sequencing enabled 16S rRNA phylogenetic inference 

possible for quick microbiome assessment and species identification (Johnson et al., 

2019). This method is still widely used today in a lot of studies. Many previously 

uncultivated organisms are found in various environments. These findings range from 

heavy metal recycling microbes such as Acidithiobacillus and Leptospirillum in Spanish 

iron mine (Abramov Sergey M. et al., 2022), to thermophilic Nitrososphaeria in an 

Antarctic volcano (Noell et al., 2022). There is no doubt that ribosomal RNA sequencing 

technology is playing an absolutely vital role in ecology and new species identification. 

Although 16S phylogeny is able to distinguish most species from others, it does have 

some limitations.  This short 1,500 nucleotide-sequence cannot predict an organism’s 

genetic potential or phenotype. It is a functional RNA with a known function that went 

through almost no change throughout the geographic time of evolution. The rest of the 

genome, which hides the true potentials of its owner, can never be revealed if only 16S 

rRNA was amplified and sequenced. Nevertheless, 16S rRNA sometimes even fails as a 

phylogenetic inference tool. On one hand, closely related species sometimes can have 

near identical 16S sequences. For instance, the taxonomic status of the genus 

Kitasatospora within the family Streptomycetaceae has been disputed for many years 

(Takahashi, 2017). On the other hand, organisms like Nocardia nova have multiple 
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copies of discrepant 16S sequences, which frustrated the identification (Conville & 

Witebsky, 2005).  

 

These problems were once unresolvable due to multiple obstacles, imposed by the cost of 

full genome sequencing, as well as the lack of isolated culture. But thanks to the 

breakthrough in computational technologies, researchers nowadays can now solve the 

puzzle of the microbes that were previously only known for their rRNA sequence from 

amplicons. Advances in metagenomic assembly and binning enable us to reconstruct the 

genomes of most species from samples that were once unresolvable or are difficult to 

cultivate.  

 

Metagenomics is a suite of genetic and bioinformatic tools that can reconstruct the 

genomes of the entire community of organisms (Thomas et al., 2012). This process 

requires neither isolation of single species nor long-read sequencing. Instead, genomes 

belonging to different species are put together from small contigs, usually 100-200 bp 

long, from shotgun sequencing, and distinguished by statistical analysis. These genomes 

are called bins, and each bin potentially represents a single species and can be used for 

further analysis. 

 

Such a tool comes in handy in many areas of research. On an ecological scale, 

metagenomics helps researchers perform ecological assessment (Ruhl Ilona A. et al., 

n.d.). New species are identified and characterized with the aid of metagenomics (Eyice 

et al., 2015). Some microbiologists utilize metagenomics to identify enzymes and 
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evaluate the pathogenicity of potential pathogens (Paudel et al., 2020). These 

achievements can never be accomplished without metagenomics.  

 

Importance of Hawaiian Geothermal Sites 

The Hawaiian Islands are an archipelago formed from volcanic activities. The oldest 

island, Kure Atoll, was formed 28 million years ago (McDougall & Swanson, 1972). As 

the old islands move northwest, new islands are formed continuously on the southeastern 

side of the archipelago. The youngest island, Hawaiʻi, which also is the largest, appeared 

only 400-800 thousand years ago. It is the only island in the archipelago that still has 

active volcanoes.  

 

Among the volcanoes on the big island of Hawaiʻi, Kilauea is the most active volcano. It 

is even considered the most active volcano on Earth. It had been erupting since 280 

thousand years ago and only ceased its eruption temporarily in 2018. Kilauea, along with 

other volcanoes in Hawaiʻi, is renowned for its relatively peaceful style of eruption. The 

name “Kilauea” in the Hawaiian language means “spewing”, hinting at the lava flow of 

the eruption. Indeed, unlike the sudden atomic bomb-like explosion of Tonga and Iceland 

volcanoes, Hawaiian volcanoes erupt by fluid lava flows.  

 

Because of its constant activity and the unique style of eruption, Hawaii holds an 

intriguing volcanic biosphere that is not replicable in any other part of the world. 

Nevertheless, its remote geographical location from large landmasses gives rise to the 

possibility of the existence of more exotic species. Therefore, Hawaii geothermal sites are 
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one of the most suitable locations for exploring novel species and expanding our 

knowledge of extreme environments’ ecology.  

 

Significance of this Study 

Indeed, there are many studies done in recent years that focus on microbes and the 

ecology of the Hawaiian Islands (Gomez-Alvarez et al., 2007, Armstrong et al., 2022, 

Jesser Kelsey J. et al., 2015). However, these studies either approach phylogenetics with 

16S rRNA/PCR, or focus on single isolated species with cultivation or biochemistry 

assay. There are few studies of a holistic assessment of the microbial communities in the 

geothermal environment. As mentioned above, metagenomics remains a powerful tool 

that is able to perform such pan-community studies, yet it has not been widely applied in 

the studies of Hawaiian geothermal microbial ecology.  

 

This study is part of the project addressing the microbial community and ecology in the 

Hawaiian geothermal sites. In 2019, samples were collected from several steam vents 

near the Kilauea volcano, on the Big Island of Hawaiʻi. Locations include the Hawaiʻi 

Volcanoes National Park and East Rift Zone near the town of Pahoa. These geothermal 

sites are within the vicinity of the Kilauea volcano. Biofilm materials were mainly 

collected from these sites. The compositions of the microbial communities were then 

examined with metagenomic tools.  

 

Metagenomic assemblies and binning revealed that there are about 1,100 bins of unique 

species of bacteria identified from these samples. Among these bins (also known as 
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metagenome-assembled genomes or MAGs), there are 55 bins belonging to the phylum 

Actinobacteria. This study focuses only on the Actinobacteria bins, one of the most 

common members of the domain Bacteria.   

Actinobacteria characterization and history 

The name Actinobacteria originates from the Greek vocabulary “actis”, which means ray. 

Actinobacteria are also referred to as Actinomycetota in many other pieces of literature 

because it was mistakenly classified as a fungus when it was first isolated. Most 

Actinobacteria are Gram-positive, high GC content, free-living single cellular bacteria. 

They widely occupy niches on both land and at sea, even in the most extreme 

environments with high heat, acidity, or salt (Barka et al., 2015).  

 

Their diversity in terms of their habitat reflects the genetic variation within the phylum. 

Indeed, the classification of Actinobacteria has always been difficult. When the type 

species of Actinomycete was first discovered by Buchanan more than a century ago, it 

was first thought to be a fungus instead of a bacterium. Although he quickly realized his 

mistake, the ability of Actinomycete to produce hypha, and to undergo morphological 

changes at different life stages, nevertheless misled Buchanan into another erroneous 

conclusion - he believed that Actinomycete is the intermediate species between fungi and 

bacteria (Buchanan R. E., 1918). Indeed, the early classification of Actinobacteria 

depends mainly on morphology, it was not until the advance in biochemistry that 

metabolites were taken into account (Labeda, 1987). Eventually, the classification was 

revised by the emergence of 16S rRNA sequencing (Zhi et al., 2009) 
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It is now commonly accepted that Actinobacteria is one of the oldest prokaryotic phyla 

which has little to do with being a relative of eukaryotic fungus. And the secondary 

metabolites that were once used for classification are further studied and exploited for 

medical and economic usage. For example, Frankia is recognized as an important 

nitrogen fixer and used as a biofertilizer. Streptomycin, produced by Streptomyces 

griseus, is widely used as an antibiotic. There are also pernicious pathogens such as 

Mycobacterium tuberculosis and Nocardia, that have received extraordinary attention 

from scientists. 

Secondary metabolites 

The phylum Actinobacteria is prominent for its members’ ability to synthesize secondary 

metabolites. These secondary metabolites play various roles in host-microbe 

communication, pathogen defense, and mineral bioprocessing.  According to reviews, 

two third of naturally derived bioactive products with pharmaceutical importance 

originate from species of Actinobacteria (Tiwari & Gupta, 2012). and more than 10,000 

are antibiotics discovered from Actinobacteria (Salwan & Sharma, 2020).  

 

Traditional approaches of identifying secondary metabolites from Actinobacteria relied 

heavily on isolating cultivation. Although it is still pragmatic in studies of terrestrial 

strains such as Streptomyces, such a method is inefficient for extremophilic strains such 

as Thermoleophilia and Acidimicrobiia in this study. Fortunately, bioinformatic tool and 

whole genome sequencing promote the identification of secondary metabolites synthesis 

in an alternative path - by comparing homologous gene cluster, known as biosynthetic 
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gene clusters (BGS), all the possible genes responsible for secondary metabolites 

production can identified within the genomes of any uncultivated microorganism. 

 

About this study 

Unfortunately, most of the other members of Actinobacteria remained in the shadow of 

these paragon species. They are only known by their scant taxonomy position, inferred by 

the mere 1,500 base pairs from their kaleidoscopic genomes. Yet, our study shows that 

many of them are nevertheless, equally fascinating. With the aid of metagenomics, this is 

the first time many of the species reveal their full genome to us. Many of the secondary 

metabolites they produce have never been characterized. There are even species that were 

so different from any of its remote relatives, that they cannot be assigned to any known 

class.  

 

In this study, we identified 55 high-quality bins of Actinobacteria. These bins were 

assembled from samples collected from ~40 steam vent sites on the big island of Hawaiʻi. 

The bins are phylogenetically analyzed with MSA of the whole genome, instead of 

relying only on the 16S sequence. These genomes are annotated to evaluate their cellular 

function apparatuses, as well as the capability of synthesizing secondary metabolites. 

Among these bins, we found an interesting genome belonging to an organism that was 

previously unidentified at the class level.  

  



9 
 

Materials and Methods 

 

 

Sample Collection 

There are 71 environmental samples collected from various locations. Each of these 

samples was assigned with an identification code consisting of two parts - the former is a 

letter code describing the site of collection and the latter is a number unique to the sample 

(Table 1).  

 

Table 1: Location and numbers of samples collected 

 

Collection Site Number of Samples Collected Sample Codes 

S (Steam vents) 38 S1 through S37, 

PDB5. 

P (Steam pits) 29 P1 through P29 

W (Cave walls) 4 W1, W2, W3, W4 

DNA extraction and sequencing 

Detailed methods involving DNA extraction, library preparation and sequencing have 

been previously reported by Prescott (Prescott et al 2022). Genomic DNA extracted from 

the samples were sent to Oregon State University to carry out high-throughput 

metagenomic sequencing using an Illumina HiSeq 3000 instrument. 

Metagenomic assembly and binning 

Raw metagenomic sequences were trimmed with bbduk to remove Illumina adapter and 

low-quality sequences then assembled and binned with metaSPAdes (Nurk et al., 2017) 

and Metabat2 (Kang et al., 2019). Some samples, considering their homogenous origins, 
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were combined during this step and co-assembled. Raw metagenomic sequences were 

processed using BBDuk version 38.87 with input parameters: ktrim=r, minlen=50, 

mink=11, tbo=t, rcomp=f, k=21, ow=t, zl=4, qtrim=rl, trimq=20. Adapter contaminants 

were removed from sequences before assembly. Quality filtering excluded regions with a 

score less than 20 and reads under 50 bp in length. FastQC version 0.11.9 was then used 

to assess the quality of the trimmed sequences to minimize downstream errors and 

misassembly. Sequences from the same sample sites were combined before assembly to 

improve sequencing depth. MetaSPAdes version 3.15.4 was chosen to assemble the 

combined trimmed sequences using standard parameters with k-mers 21, 33, 55, and 77. 

Seqtk version 1.3 was used to first create a list of the assembled contigs over 1kb, which 

were then mapped back to the trimmed reads with BBWrap version 38.87 using default 

parameters. For combined samples, contigs were individually mapped to each of the 

trimmed reads before combination. These mapped reads were sorted and indexed using 

Samtools version 1.10 with default parameters. The JGI summarize script was then used 

to determine the depths of contigs over 1,500 bp, allowing for binning with MetaBAT2 

version 2.15 using default parameters. The RefineM version 0.1.2 filter_bins pipeline was 

used to remove contaminate scaffolds from binning results. Contigs were removed if GC 

content or tetranucleotide sequences were outside of the 98th percentile or if the average 

absolute percent error between the coverage profiles of the contig and the rest of the bin 

were above 50%. A total of 1187 MAGs were generated by MetaBAT2.There are a total 

of 1,162 bins recovered and the phylogenetic classifications are preliminarily estimated 

with multiple methods. The bins are filtered by criteria of having above 50% 
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completeness and less than 5% contamination. Finally, 55 bins meet the criteria and are 

included in this study (Table 2). 

ANI comparison 

The similarity between the MAGs was evaluated based on their ANI values. This task 

was performed by both FastANI (Jain et al., 2018) and Anvi’o. 

Phylogenetic analysis 

The MAG phylogenetic analysis was performed by Phylophlan 3.0 (Asnicar et al., 2020). 

This tool integrates a chain of tools for the pipeline. Diamond (Buchfink et al., 2021) was 

used for mapping, Muscle (Edgar, 2004) for MSA, and Fasttree 2 (Price et al., 2009) for 

ML-based approach tree construction. The taxonomic classification of the MAGs was 

determined from a pan-phyla level phylogenetic inference with 1,985 published reference 

genomes of phylum Actinobacteria and 5 reference Chloroflexi genomes as outgroup 

(Figure 1). The reference genomes and MAGs were first annotated and mapped based on 

marker genes, then a pan-genome level multiple sequence alignment (MSA) was 

performed. Finally, the Maximum-likelihood approach was used to infer the phylogenetic 

tree. All of the steps mentioned above are performed with the integrated bioinformatics 

pipeline of Phylogenetic inference: Phylophlan 3.0. The constructed tree was visualized 

and exported using the ITOL (Letunic & Bork, 2021). 

 

Gene annotation: 

Prokka (Seemann, 2014) was used to annotate MAGs from metagenome assemblies. The 

MAGs were annotated with Prokka along with the UniProt database. For further 
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virulence detection, the genome was also annotated with GhostKoala (Kanehisa et al., 

2016) with the KEGG database. Secondary metabolites were annotated by AntiSmash 

(Medema et al., 2011) The whole genome comparison was performed and visualized by 

Anvio (Eren et al., 2021). 
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Results 

 

 

Sample Collection and Selection 

There are 71 environmental samples collected from various locations. 71 environment 

samples were collected from various location and are labelled according to their origin. 

From these samples, metagenomic assembly and binning construct 1,162 MAGs. From 

preliminary taxonomy estimation and quality filtering, 55 Actinobacteria bins are 

qualified to be the subject of the study.  

16S rRNA gene Abundance 

In addition to metagenomic sequencing, 16S rRNA gene amplicon sequences were also 

obtained from the same samples (see Prescott et al., 2022). Analysis of these samples 

using DADA2 and Phyloseq tools enabled assessment of amplicon sequence variant 

(ASV) abundances in each of the samples. These results are shown in Figures 1-3. 

 

The steam vent samples (Figure 1) had a large variation in the types of microbes - With 

S34 and S35 predominantly Acidimicrobiia, and with S15 and S36 also having a large 

quantity of MB-A2-108 (another proposed class of Actinomycetota – parallel to the 

consensus Thermoleophilia, Acidimicrobiia and Actinomycetia), Thermoleophilia and 

Actinomycetia were found in low quantity in most of the samples. 
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Figure 1: Result of 16S amplicon across all the steamvents samples. 
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.

 
Figure 2: Result of 16S amplicon across all the steampits samples. 
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Figure 3: Result of 16S amplicon across all the cave wall samples in Kilauea caldera. 

 

 

The steam pit samples (Figure 2), on average, had lower actinobacteria quantities 

compared to the steam vent samples. Each indicates that most samples had a balanced 

amount of Acidimicrobiia and Thermoleophilia. Together these two classes occupied the 

majority of the actinobacteria in these biofilm communities. Low quantity of 

Actinomycetia could also be found in most of the samples. 

 

Lastly, the samples collected from the walls of a cave in Kilauea caldera had relatively 

lower diversity. Acidimicrobiia were the most populous in these samples, followed by a 

fraction of Thermoleophilia, and a trace of Actinomycetia (Figure 3).  
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Taxonomy Overview 

Phylogenetic inference is a crucial step of microbiology study. Microbial phylogenetic 

inference had been a quagmire in history. Although microbes have fascinating and 

diverse morphologies, they often reflect deeply upon the ecology they adapt to, and such 

patterns often disrupt the morphological similarities between closely related species. One 

example within the Actinobacteria phylum would be Streptomyces antibioticus and 

Streptomyces griseus. These two species of bacteria were initially classified based on 

their morphological differences, with S. antibioticus being classified as a spore-forming 

bacterium and S. griseus being classified as a non-spore-forming bacterium. However, 

subsequent genetic analysis revealed that the two species are actually closely related and 

should be classified in the same genus (Hopwood 2007). 

 

Phylogenetic inference using sequence information provides a more accurate result than 

traditional morphological approaches. 16S ribosomal RNA is one of the most commonly 

used genes for such purposes. It is a highly conserved gene and thus reliable. But such 

practice also has limitations. The high conservation of 16S rRNA gene results in poor 

accuracy when phylogenetic inference is performed on closely related species. Some 

species have identical 16S sequences, e.g., Thermus aquaticus and Thermus 

thermophilus. At the same time, there are also cases where a genome has more than one 

copy of the 16S rRNA gene and it can be difficult to determine which of the copies is the 

most representative of the organism. 
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A pan-genomic phylogenetic inference, i.e., phylogenomic inference is more accurate 

than the morphological approach and is confusion-free because all phylogenetically 

useful genes will be included in the analysis. For metagenome-assembled genomes 

(MAGs) where most genetic information is categorized, this is the most suitable method. 

 

PhyloPhlAn (Asnicar et al., 2020).   

 

Figure 4: Distribution of our assembled bin across the phylum Actinobacteria. 

 

 

There are currently six recognized classes in the phylum Actinobacteria - Actinomycetia, 

Rubrobacteria, Acidimicrobiia, Coriobactacteriia, Thermoleophilia, and Nitriliruptoria. 

The numbers of taxa sampled in these classes vary greatly, with Actinobacteria 

contributing more than 90% of the members to the phyla with thousands of diverse 

species, while the other five classes only have a few hundred identified species.  
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Thermoleophilia 

The 24 Thermoleophilia MAGs from our samples consist of 3 orders - 11 of 

Solirubrobacterales and 12 of Gaiellales, and one MAG cannot be assigned to any of the 

previously categorized orders. The class Thermoleophilia is a deep rooting lineage of 

Actinobacteria (Hu et al., 2019). The first species was discovered by Zarilla and Perry in 

1986 (Zarilla and Perry 1986). Although its name was given to imply the extremophilic 

characteristics of the type species, more members of this order have been discovered in 

less extreme environments. Solirubrobacterales, counterintuitively, consist of mesophilic 

members (Seki et al., 2012, Foesel et al., 2016, Chun et al., 2020). Yet, Gaiellales are 

believed to be strictly aerobic heterotrophic extremophiles (Albuquerque & da Costa, 

2014). 

Acidimicrobiia 

Acidimicrobiia consists mostly of species found in extreme, acidic environments, such as 

acidic mine water and geothermal vents (Clark & Norris, 1996, Johnson et al., 2009). 

However, due to the extreme habitat of Acidimicrobiia, this phylum lacks adequate 

cultivation experiment data and the discovery of novel Acidimicrobiia species partially 

relies on bioinformatics techniques such as metagenomics (Hu et al., 2018). For example, 

the proposed order of IMCC26256 was purely based on MAGs assembled from an 

environmental sample. Ipso facto, within the 17 Acidimicrobiia MAGs we reconstructed 

in this study, 11 are identified as IMCC26256 and the rest belong to the typical 
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Acidimicrobiales order. Yet, all 17 bins are unidentifiable at the genus level, indicating 

the novelty of these organisms.  

Mycobacteriales (and Pseudocardiacaea) 

Surprisingly, two MAGs with high average nucleotide identity (ANI) assembled from our 

samples were classified as belonging to the genus Mycobacterium. Mycobacteriales are 

infamous for their pathogenic members of the genus Mycobacterium, including M. 

tuberculosis and M. leprae. Yet, Mycobacterium is an extremely diverse genus, with 

more than 190 identified species. In 1959, Dr. Ernest Runyon introduced a classification 

model to categorize Mycobacterium spp. (Runyon, 1959). Based on their morphology and 

growth rate, the species are classified into four groups.  Most of the medically relevant 

members, such as M. tuberculosis and M. avium belongs to Runyon III, while the two of 

our bins are most likely to be categorized as a Non-tuberculosis Mycobaterium (NTM), 

because of phylogenetic analyses placed them next to M. heckeshornense, a non-

pathogenic member of the genus (Roth et al., 2000). Further, genome comparisons and 

additional analyses were performed to assess the pathogenicity of the species of the 

assembled genome.  

 

Two additional MAGs were classified into the order Mycobacteriales but they are not 

likely to be the same species due to low ANI similarities. Specifically, they were 

determined to belong to the family of Pseudocardiaceae. It is noteworthy that this family, 

Pseudocardiaceae, is now separated from the order Mycobacteriales and assigned to the 

order of Pseudocardiales. This separation is due to a unique gene marker that is 

apomorphic to Pseudocardiaceae member (Gao & Gupta, 2012). Even today, there are 
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ongoing disputes about the classification of Pseudocardiaceae. However, these 

adjustment bear no pragmatic impact to the understanding of the organisms.  

Novel lineages 

There are 10 bins that have been categorized as novel lineages based on comparisons 

with previously sequenced genomes of the phylum. Among the 10 bins, four belong to a 

proposed species of UBA4738. UBA4738 is an unclassified species from the phylum 

Actinobacteria. In the NCBI database, there is currently only one assembled genome of 

this species submitted in 2017 by a research group from University of Queensland. The 

genome was from a metagenomic assembly from a soil sample from Axel Heiberg Island, 

Nunavut, Canada. The completeness of this genome is merely 63% and no extensive 

study was carried out. The only knowledge we possess about this species is that it does 

not share close phylogenetic relationships with any previously identified classes of 

Actinobacteria, making it an unclassified new species. The four bins recovered from our 

samples from Hawaii closely resemble this mysterious genome from Axel Heiberg 

Island, with higher completeness, our data attribute much more knowledge to UBA4738 

(Table 2 and Figure 5). Similarly, six other bins in our sample with more than 99% ANI 

similarities to each other could not be classified into any previously identified taxonomic 

groups. This study is the first time that the genomes of these new species have been 

sequenced. On one hand, this brings us exciting news. But on the other hand, further 

analysis is required to characterize these new species of Actinobacteria. 

 

Table 2: Length, Contig number, Completeness, Contamination, and classification 

estimation of the binning. 
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Bin Len-gth 

(bp) 
Contig

s 
Completen

ess % 
Contam-

ination % 
Classification 

P23-
25_bin.4 

2,815,36
1 

377 84.43 1.71 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__Acidi
microbiales;f__;g__;s__ 

P23-
25_bin.9

3 

3,259,17
1 

372 77.04 3.94 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC
26256;f__PALSA-610;g__PALSA-610;s__ 

PDB5_bi

n.19 

4,581,02

8 

162 98.29 2.56 d__Bacteria;p__Actinobacteriota;c__;o__;f__;g__;s__ 

PDB5_bi

n.31 

3,760,72

4 

97 96.55 1.72 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__;g__;s__ 

S13-

15_bin.1

01 

2,840,36

1 

139 94.97 1.98 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__70-9;g__AC-56;s__ 

S13-
15_bin.1

16 

2,315,11
8 

59 91.67 0 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir
ubrobacterales;f__;g__;s__ 

S13-

15_bin.1
20 

2,817,02

4 

164 94.54 2.76 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__;s__ 

S13-

15_bin.1

4 

4,542,49

1 

91 98.64 0.68 d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Mycob

acteriales;f__Mycobacteriaceae;g__Mycobacterium;s__Mycob

acterium heckeshornense 

S13-
15_bin.3

9 

4,282,68
9 

398 94.25 2.66 d__Bacteria;p__Actinobacteriota;c__;o__;f__;g__;s__ 

S13-

15_bin.4
3 

2,771,88

9 

31 97.44 1.71 d__Bacteria;p__Actinobacteriota;c__UBA4738;o__UBA4738;f

__HRBIN12;g__;s__ 

S13-

15_bin.7 

3,881,20

3 

33 100 2.23 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC

26256;f__PALSA-610;g__;s__ 

S13-

15_bin.7

8 

2,692,42

7 

432 80.26 3.09 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC

26256;f__PALSA-555;g__;s__ 

S13-
15_bin.8

3 

2,978,53
5 

332 72.69 2.48 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC
26256;f__PALSA-610;g__PALSA-610;s__ 

S13-

15_bin.8
7 

3,150,55

0 

422 85.63 2.01 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__;s__ 

S18-

20_bin.1

6 

2,745,35

3 

122 92.39 3.45 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__;s__ 

S18-
20_bin.2

5 

2,029,14
0 

420 59.2 2.44 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir
ubrobacterales;f__70-9;g__AC-56;s__ 
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S18-

20_bin.2

7 

3,649,42

4 

88 95.26 1.72 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__;g__;s__ 

S18-
20_bin.3 

4,653,86
2 

36 97.44 2.56 d__Bacteria;p__Actinobacteriota;c__;o__;f__;g__;s__ 

S18-
20_bin.3

7 

2,762,06
4 

114 96.58 1.71 d__Bacteria;p__Actinobacteriota;c__UBA4738;o__UBA4738;f
__HRBIN12;g__;s__ 

S22-

25_bin.1
8 

2,045,06

0 

211 75.07 2.3 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__;s__ 

S2-

4_bin.27 

1,551,89

5 

288 58.04 0 d__Bacteria;p__Actinobacteriota;c__UBA4738;o__UBA4738;f

__HRBIN12;g__;s__ 

S2-

4_bin.40 

4,598,65

1 

73 97.44 2.56 d__Bacteria;p__Actinobacteriota;c__;o__;f__;g__;s__ 

S2-
4_bin.55 

2,953,87
5 

83 98.29 2.14 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC
26256;f__PALSA-555;g__;s__ 

S2-
4_bin.65 

3,820,59
3 

44 100 2.99 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC
26256;f__PALSA-610;g__PALSA-610;s__ 

S2-
4_bin.84 

2,400,57
3 

197 78.76 1.72 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel
lales;f__Gaiellaceae;g__;s__ 

S29-

31_bin.1

29 

5,367,55

1 

159 97.01 0.37 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__Solirubrobacteraceae;g__Palsa-465;s__ 

S29-

31_bin.2
14 

4,320,33

8 

308 83.45 0.85 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__Solirubrobacteraceae;g__Palsa-465;s__ 

S29-

31_bin.2

48 

3,256,62

6 

35 95.73 1.38 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__Acidi

microbiales;f__UBA8190;g__;s__ 

S29-
31_bin.2

78 

3,500,93
6 

11 97.44 1.28 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__Acidi
microbiales;f__Palsa-688;g__;s__ 

S29-

31_bin.2
81 

3,152,01

8 

17 97.01 0.85 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__Solirubrobacteraceae;g__Palsa-744;s__ 

S29-

31_bin.5

2 

2,734,09

9 

63 96.3 1.28 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__Acidi

microbiales;f__;g__;s__ 

S29-
31_bin.8

8 

2,333,34
4 

12 99.15 1.28 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__Acidi
microbiales;f__RAAP-2;g__Palsa-459;s__ 

S34-

36_bin.1
15 

1,754,47

8 

200 56.03 0.86 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__70-9;g__AC-56;s__ 
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S34-

36_bin.1

23 

2,951,04

2 

297 88.38 0.99 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__PALSA-600;s__ 

S34-
36_bin.1

26 

2,537,69
9 

165 83.42 1.01 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel
lales;f__Gaiellaceae;g__PALSA-600;s__ 

S34-

36_bin.1
29 

2,772,85

9 

33 97.44 1.71 d__Bacteria;p__Actinobacteriota;c__UBA4738;o__UBA4738;f

__HRBIN12;g__;s__ 

S34-

36_bin.1

3 

2,952,25

6 

36 98.29 2.14 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC

26256;f__PALSA-555;g__;s__ 

S34-
36_bin.1

64 

3,874,08
9 

26 100 1.28 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC
26256;f__PALSA-610;g__PALSA-610;s__ 

S34-

36_bin.1
74 

2,970,87

4 

85 81.48 0.43 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__Solirubrobacteraceae;g__Palsa-465;s__ 

S34-

36_bin.3

9 

2,020,74

9 

439 50.34 3.45 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__PALSA-612;s__ 

S34-
36_bin.4

3 

5,290,27
8 

206 84.3 1.95 d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Mycob
acteriales;f__Pseudonocardiaceae;g__Pseudonocardia;s__ 

S34-
36_bin.4

6 

4,560,31
3 

159 97.44 2.56 d__Bacteria;p__Actinobacteriota;c__;o__;f__;g__;s__ 

S34-

36_bin.4
7 

2,118,02

4 

457 56.58 0 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__Solirubrobacteraceae;g__Palsa-465;s__ 

S34-

36_bin.4

9 

1,845,62

8 

358 56.65 0.85 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir

ubrobacterales;f__Solirubrobacteraceae;g__Palsa-744;s__ 

S34-
36_bin.8

0 

2,772,05
9 

7 87.59 0 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC
26256;f__IMCC26256;g__;s__ 

S34-

36_bin.8
1 

4,512,53

8 

168 97.27 0.68 d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Mycob

acteriales;f__Mycobacteriaceae;g__Mycobacterium;s__Mycob
acterium heckeshornense 

S34-

36_bin.9

4 

3,106,04

2 

111 97.84 0 d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Mycob

acteriales;f__Pseudonocardiaceae;g__GCA-003244245;s__ 

S37_bin.
17 

1,609,87
8 

265 70.89 1.72 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solir
ubrobacterales;f__Thermoleophilaceae;g__Thermoleophilum;s

__ 

S7-

8_bin.17 

4,611,67

0 

70 97.44 2.56 d__Bacteria;p__Actinobacteriota;c__;o__;f__;g__;s__ 

S7-

8_bin.27 

2,703,07

6 

169 93.25 1.72 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__;s__ 
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S7-

8_bin.38 

2,184,46

7 

404 74.15 2.59 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Gaiel

lales;f__Gaiellaceae;g__PALSA-612;s__ 

W1-

4_bin.33 

3,329,15

1 

47 99.15 2.14 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC

26256;f__PALSA-555;g__PALSA-555;s__ 

W1-

4_bin.37 

2,730,66

9 

36 98.29 1.28 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__IMCC

26256;f__IMCC26256;g__;s__ 

W1-
4_bin.39 

3,563,32
6 

144 98.29 3.85 d__Bacteria;p__Actinobacteriota;c__Acidimicrobiia;o__Acidi
microbiales;f__;g__;s__ 

W1-
4_bin.71 

2,330,94
1 

197 71.19 0 d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Ga00
77560;f__Ga0077560;g__Ga0077541;s__ 
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Figure 5: Phylogenetic relationship of the assembled bins; blue bar indicating the 

completeness of the bins; Each red box represents a set of bins with more than 

99% ANI similarity. 

The environment sample shows distinctive microbial diversity 

 



27 
 

Although the class Actinobacteria is dominant in the Actinobacteria phylum, most of its 

members are mesophilic and cannot live in extreme environments such as steam vents 

found in Hawaiʻi. Indeed, among the 55 MAGs, only four of them belong to the order of 

Actinobacteria. Instead, there are 24 MAGs of Thermoleophilia, 17 MAGs of 

Acidimicrobiia, and 10 MAGs of currently unassigned orders (Figure 2). According to 

the ANI value comparisons between the MAGs and their closely related identified 

species, 53 of the 55 MAGs do not belong to any previously identified species. The other 

two bins, which are identical assemblies from different samples, are identified as 

members of the genus Mycobacterium.  

 

Compared to previous similar studies of Actinobacteria in other biomes, the class 

Actinobacteria often composes about 40% to 50% total Actinobacteria diversity in forests 

and woods, about 30% diversity in shrubland and deserts, and 15% to 20% for meadows 

(Zhang et al., 2019). In this study, only four out of the 55 bins are from the 

Actinobacteria class (7.3%). 

 

This classification did not come as a surprise as most of the members of these 

Actinobacteria orders are extremophilic and greatly different from their mesophilic 

Actinobacteria cousins. Acidimicrobiia is the order that features extremophilic species 

that are specialized for metabolizing iron in acidic environments. Its type species, 

Acidimicrobium ferrooxidans, was isolated from an acidic hot spring in 1978 (Clark & 

Norris, 1996). Similarly, species belonging to Thermoleophilia are often found in hot 

springs and geothermal soil samples, although most of them are difficult to cultivate in 
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laboratory environments (Hu et al., 2019). The genus Rubrobacter is renowned for the 

radio-tolerant member Rubrobacter xylanophilus, the only radiation-resistant 

thermophilic species identified up to this day (Carreto et al., 1996). Although they are not 

as numerous or abundant as the dominant order of Actinobacteria in various habitats, 

these diverse extremophilic orders display the deepest lineages of the Actinobacteria 

phyla (Stackebrandt et al., 1997).  

 

To explore the diversity between the three types of collection site, i.e., steam vents, steam 

pits, and cave wall. Shannon diversity was performed. Based on taxonomy classification 

and ANI comparison, 33 unique species were identified from the 55 MAGs. Among the 

33 species, 30 of them were assembled from steam vents sample, two from steam pits, 

and four from cave wall. Shannon diversity index indicated the steam vents communities 

were more diverse (H=3.19), and the steam pits and wall communities both had poor 

diversity (H=0.69 and H=1.39). This result was consistent with the 16S result. However, 

it is important to realize that many species were not recovered during the assembly 

process.  

 

 

Characterization of metabolic pathways 
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Figure 6: An overview of the metabolism pathway. Each column represents a 

metabolism pathway. Each row represents a MAG. Some pathways contain more 

than one gene. The intensity of the color represents completeness of the pathway.  

 

The progression of bioinformatic tools and rapidly expanding genomic databases allows 

detailed annotation of the newly recovered genomes. By doing this, we can predict the 

full metabolic potentials of the organisms represented by the bins. Figure 6 represents a 

heat map of all metabolic pathways detected in each bin. The x-axis shows the functional 

modules of metabolic pathways identified in the bins with each column representing one 

pathway. The y-axis shows the bins from the assembly with each row representing a 

single bin from the assembly. The intensities of the blocks represent the completeness of 

the pathway. The darker the blocks, the more complete the pathway is. Lighter shaded 

cells represent incomplete pathways with some key genes missing. However, only 

pathways that are more than 50% complete are represented. 
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It is noteworthy that we can clearly see some bins are missing a lot of genes, most likely 

due to low genome completeness rather than genuinely lacking the gene. This pattern is 

especially clearly seen when the same genome is recovered from other samples in which 

the missing genes can be identified. This pattern is due to the low genome completeness. 

Examples of these bins are S2−4_bin.27 (the second bin of UBA4738 in the graph), S18-

20_bin.25 (the 9th bin of Solirubrobacterales), which had 56% and 58% completeness 

respectively. (The average completeness is 88% and median is 95%, figure 5). 

Some species lack proline synthesis pathway completely (M00015) 

Proline synthesis is the pathway that converts glutamate to L-proline and this pathway 

has critical functions in bacteria. Proline can serve as an osmosis regulator and growth 

factor (Csonka L N, 1989), regulator for stress and signaling molecules (Christgen & 

Becker, 2019), or simply as energy and structural molecules in bacterial cells. The 

analysis reveals that 9 bins (5 species) do not possess any genes that function in this 

pathway at all (appendix 2.1). Considering the critical functions of proline, it remains an 

interesting topic for future research of how this novel bacteria species compensate for the 

lack of proline synthesis ability.  

Two species have complete Catechol meta-cleavage pathway (M00569) 

Catechol meta-cleavage pathway is a metabolism pathway that degrades catechol to 

propanol-CoA. This pathway is downstream of aromatic metabolism including toluate, 

naphthalene, salicylate, and phenol (Powlowski J et al., 1993). This pathway is well 

studied and can be found in some prokaryotic phyla including Actinobacteria. There are 
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two species that, from the analysis, encode this pathway (appendix 2.2). The appearance 

of the catechol meta-cleavage pathway hints at the aromatic-presenting environment of 

the owner of these genomes.  

Most Thermoleophila do not have NADH reductase (M00144) 

NADH plays a crucial role in ATP production in mitochondria and prokaryotes. With 

quinone, and other enzymes, NADH shifts between protonated and deprotonated states in 

redox reactions (Yagi & Matsuno-Yagi, 2003). However, most of our bins of 

Thermoleophilia are completely devoid of this pathway (appendix 2.3). The lack of 

NADH-quinone redox pathway is only emerging in the class of Thermoleophilia - 

potentially a plesiomorphic trait of the clade. The cause of such a trait needs further 

investigation.  

Novel species and succinate dehydrogenase (M00149) 

Succinate dehydrogenase is a common membrane-binding protein that is involved in 

cellular respiration. It was once believed that all aerobic cells possess this enzyme 

(Hederstedt & Rutberg, 1981). Although this claim was not rigorously tested and was 

debunked eventually with evidence, the ubiquity of this enzyme is undeniable. However, 

our analysis revealed that only the novel lineages of the bins (unidentified, and 

UBA4738) possess this gene, and all other actinobacterial bins do not, except 

S34−36_bin.39.  

One bin possesses fumarate reductase (M00150) 

Fumarate reductase is another membrane-binding protein that takes part in the Krebs 

Cycle. It is structurally and genetically very similar to succinate dehydrogenase that was 
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once indistinguishable from it (Cook et al., 2014). Study revealed that fumarate reductase 

appears mainly in anaerobic organisms (Tielens & Van Hellemond, 1998). However, 

according to phylogenetic analysis, the only bin, S34-36_bin.43, possessing fumarate 

reductase belongs to the genus Pseudonocardia, which respire aerobically according to 

other studies (Trujillo et al., 2017) (Appendix 2.5). 

Some species lack Cytochrome bc1 complex (M00151) 

Cytochrome bc1 complex is a well-studied enzyme that is involved in energy 

metabolism. It occurs in many prokaryotes as well as mitochondria (Crofts, 2004). 

Despite its functional importance, it is not obligatory and alternative pathways exist 

(Trumpower B L, 1990). Our analysis reveals this pattern that some bins do not possess 

Cytochrome bc1 complex. (Appendix 2.6).  

Some bins lack Cytochrome C oxidase (M00155) and ATP-synthase (M00157) may be 

due to low completeness 

Cytochrome C oxidase and ATP synthase are the last enzyme complexes of the electron 

transport chain. Cytochrome C oxidase, similar to 16s RNA, is a benchmark for the study 

of evolution because of its universal appearance and conserveness (Castresana et al., 

1994). However, there are 8 bins that do not contain cytochrome C oxidase (appendix 

2.7) and seven bins that do not contain ATP synthase (appendix 2.8). Considering that 

some bins with negative results are from identical genomes with other bins with positive 

results, I suspected that the negative result can be false negative due to low completeness 

of genomes. One-way ANOVA test was performed and gave p values of 0.0032 for 
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lacking Cytochrome C oxidase and 0.00004 for lacking ATP-synthase due to low 

assemblage completeness, confirming the alternative hypothesis.  

Crassulacean acid metabolism pathway detected in all the bins (M00168) may be due to 

contamination 

The Crassulacean acid metabolism (CAM) pathway is adapted by plants to circumvent 

arid conditions. It is believed to be exclusive to plants because it evolved from plants 

long after the divergence between plants and other Eukaryotic organisms. It is almost 

impossible to appear in prokaryotes’ genomes (Bräutigam et al., 2017). Some debates 

claim the detection of the pathway in other prokaryotic assembled bins was unofficially 

recognized as due to contamination or due to misassembly of their genomes. However, 

newest study indicates such system is also identified in other Actinobacteria, 

Streptomyces (Sedeek et al., 2023). The analysis shows that all of our bins have a certain 

amount of CAM pathway detected. The unidentified bins and UBA4738 even have 

completed pathways. This result is mind-boggling and further investigation is definitely 

required to explain it.  

Phosphate acetyltransferase-acetate kinase pathway (M00579) 

This enzyme cluster transforms acetyl-CoA to acetate. According to previous studies, this 

pathway regulates acetate and acetyl-CoA levels in bacteria and is responsible for 

pathogenicity and adaptation in some bacteria species such as, B. burgdorferi, the 

pathogen of Lyme disease (Groshong & Blevins, 2014). There are 5 bins that have the 

complete pathway (appendix 2.9). 
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Gaiellales, an order of Thermoleophilia, does not have menaquinone synthesis pathway 

(M00116) 

Menaquinone, or vitamin K2, is the quinone in the electron transport chain of prokaryotes 

(Dairi, 2012). It works cohesively with NADH in the NADH-quinone pathway 

(M00144), mentioned above. It is an interesting finding that many Thermoleophilia bins 

have neither NADH-quinone pathway nor menaquinone synthesis pathway (appendix 

2.10). Considering the all the Gaiellales MAGs have high completeness level, the result 

adds further evidence that some Thermoleophilia is abandoning the NADH-quinone 

enzyme complex system.  

Biotin synthesis pathway is detected in some bins (M00123) 

Biotin, also known as vitamin H, is an essential cofactor in lipid metabolism. Although 

the ability of synthesizing biotin is missing in humans, prokaryotes often possess the 

ability to synthesize it. Biotin synthesis pathway is common in prokaryotes (Streit & 

Entcheva, 2003) but only 19 out of our 55 bins possess the complete biotin synthesis 

pathway (appendix 2.11). Within these bins, S13-15_bin.14 and S34-36_bin.81 belong to 

the genus Mycobacterium. Studies have shown that biotin synthesis is essential for the 

pathogenesis of Mycobacterium tuberculosis (Soto-Martin et al., 2020).   

Misdetection of pyridoxal phosphate synthase is NOT likely due to low genome 

completeness (M00916) 

Pyridoxal phosphate, or vitamin B6 is an essential cofactor of many common cellular 

functions. It can be either synthesized or scavenged from the environment. (Mukherjee et 

al., 2011). Pyridoxal phosphate synthase is found in most of our bins, except 9 of them 
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(appendix 2.13). One-way ANOVA test indicates that the misdetections may not be due 

to genome incompleteness (p = 0.217), which means the organisms that these bins belong 

to do not have the ability to synthesize vitamin B6, at least when considering the 

pyridoxal phosphate synthase pathway.  

Beta-lactam resistance (M00627) 

Beta-lactam is a class of antibiotics. The most renowned members of beta-lactam are 

penicillin and cephalosporin (Holten & Onusko, 2000). Because of the wide application 

of beta-lactam as an antibiotic, many strains of bacteria have developed resistance to it. 

The common form of beta-lactam resistance is seen in bacteria with genes for beta-

lactamase, which breaks down beta-lactam by cleaving its 4-membered ring (Bush K et 

al., 1995). The gene of beta-lactamase synthesis is detected in some bins in our samples, 

including those that belong to the Mycobacterium and some Gaiellales (appendix 2.16). It 

is noticeable that the bins that belong to novel lineages also contain beta-lactamase 

synthase, which indicates that this strain may have gone through beta-lactam selection at 

some point in its evolutionary history.  

MexJK-OprM multidrug resistance transcriptional factor in two bins (M00643) 

MexJK-OprM pathway is a weak multidrug resistance efflux system first identified in 

Pseudomonas aeruginosa (Pechère et al., 1998). The system has three active components, 

an inner membrane pump, a cross-membrane linker, and an outer membrane efflux porin. 

The gene responsible for these three components is under the regulation of the 

transcriptional factor, MexL (Muller Cédric et al., 2011). In our sample, two bins, S13-
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15.bin 87 and S34-36.bin 174, are detected with MexL, but do not possess any 

downstream open reading frames (Appendix 2.17). 

Vancomycin resistance in S13-15.bin 87 (M00651) 

Vancomycin resistance is achieved by altering peptidoglycan sequence to lower the 

affinity of vancomycin, leading to binding failure (Kumar, 2017). This pathway is a two-

component system and consists of seven different enzymes (Masuda Nobuhisa et al., 

2000). In our sample, S13-15 bin 87 is detected with an incomplete vancomycin 

resistance pathway (Appendix 2.18). 

QacA multidrug resistance protein in S34-36.bin 43 (M00714) 

QacA is another efflux system that promotes resistance against a large variety of 

antibiotics. It is first identified in Staphylococcus aureus (Mitchell et al., 1998). The 

pathway has two parts, a promoter QacR and its downstream effluxer SmvA. S34-36 bin 

43 is identified with the effluxer, SmvA, but lacks its promoter (Appendix 2.19). 

Mprf in W1-4.bin 7 (M00728) 

MprF is a key component of cationic antimicrobial peptide resistance systems. Together 

with its two upstream regulators, GraS/R, this pathway modifies phospholipids by 

addition of lysine to create resistance against antimicrobial peptides (Yang Soo-Jin et al., 

2012). The gene encoding the functional protein, MprF, was detected in W1-4 bin 7, but 

its two regulators were not found (Appendix 2.20).  
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Fatty acid elongation (M00083) 

Bacterial fatty acid elongation takes place in four steps. The first step is the ketoacyl 

synthases, performed by FabB and FabF. The second step is the reduction of 3-ketoacyl-

ACP, done by FabG. The third step is the dehydration of 3-OH-acyl-ACP by FabZ and 

followed by another reduction performed by FabI. These four steps are performed by 5 

cohesive fab enzymes. In our samples, this pathway is detected in 22 bins. All these bins 

possess the complete set of five enzymes, indicating the conservation of this pathway in 

our Actinobacteria bins (Appendix 2.22). 

Mycobacteria is the only group of bins that can perform nitrate reduction (M00530) 

The reduction of nitrate to ammonia is performed mostly by bacteria. In aquatic 

environments, nitrate reducing bacteria can make up to 50% of the bacterial population. 

Despite the prevalence of nitrate reducing bacteria in aquatic and extreme environment, 

most of bins do not possess the enzyme necessary to reduce nitrate, except the bins from 

genus Mycobacterium (appendix 2.24) 

GABA shunt system in some bins (M00027) 

Although GABA is well-known for its role as neurotransmitter in eukaryotic nerve 

systems, it also serves several other functions in bacteria. Research shows GABA is 

catabolized to succinate and utilized as energy and can be potentially related to acid stress 

(Feehily & Karatzas, 2013). In our samples, some bins from Mycobacteria and 

Acidimicrobiia encode genes for the GABA shunt pathway (appendix 2.25). It is possible 

that such a system exists in these bins for anti-acid response. 
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Glyoxylate Cycle (M00012) 

The glyoxylate cycle is a simplified TCA cycle that only exists in prokaryotic organisms 

and in some nematodes. The glyoxylate cycle utilizes 5 of the 8 enzymes in the TCA 

cycle, and two cycles differ at the downstream processing of isocitrate. In the glyoxylate 

cycle, isocitrate is converted to glyoxylate then succinate, instead of transforming into 

alpha-ketoglutarate (Kondrashov et al., 2006). This cycle permits cells to perform 

carbohydrate metabolism without available 6 carbon sugar. In our samples, most 

Thermoleophilia bins have complete glyoxylate cycle, as well as one bin from 

Acidimicrobiia (Appendix 2.26). The occurrence of glyoxylate cycle in our bins falls 

within the expectation for organisms living in nutrient-poor environments of steam vents.   

Purine degradation (M00546) 

Purine and its derivatives serve as nitrogen and carbon sources for many bacteria. Some 

of the bacteria, such as Agmenellum quadruplicatum is able to utilize xanthine, adenine, 

or even uric acid as an energy source (Neilson & Lewin, 1974). There is only one bin in 

our sample, bin S34-36_bin.43, that demonstrates the ability to utilize purine as it 

possesses a complete pathway for catabolizing xanthine to urea.  

Adaptation to thermophilic environments 

There is no universal characteristic of thermophily, especially at a genome-level. Because 

of this, it is hard to predict the thermotolerance of an organism just by simple genome 

examination without further physiological characterization and extensive culture study. 

However, there are many genes and functional proteins that have been studied and 

recorded that thermophiles often possess. They are highlighted below. 
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Heat shock proteins 

One example is heat-shock proteins (HSP). First discovered in 1960, this large family of 

proteins plays an important role in responding to heat stress (Ritossa, 1962). The main 

role of HSPs is to stabilize proteins under denaturing environments. HSPs are widely 

found in organisms in all three domains of life. In order to investigate HSPs in 

Actinobacteria, we selected four commonly known HSPs - Dnak, GrpE, GroE/L, and 

ClpB, within the species. 

 

Dnak is the prokaryotic homologue of HSP70. This enzyme folds peptide to proper 

configuration during heat stress, and also takes part in protein trafficking systems (Gomes 

2009). GrpE is an up-regulator of Dnak, and is responsible for various protein folding 

mechanisms (Delaney, 1990). GroEL is the prokaryotic homologue of HSP10. Similar to 

Dnak’s function, GroEL is also a chaperonin. It is necessary for proper protein synthesis 

for many bacteria under heat stress (Zeilstra-Ryalls et al., 1991). Another heat-shock 

protein that is also examined is ClpB. ClpB has homologs across most living organisms. 

The reference gene that is used for screening is ClpB of Chlamydia (Shirai et al., 2000). 

This gene also plays a role in protein stabilization.  

 

The screening result indicates that all four types of the HSPs are prevalent across the 

bins. (Figure 4). Occasionally, some bins are missing the gene, but when the same 

genome is assembled from a different sample, the gene appears in the complementary 
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bin. With this pattern, it is almost very likely that all of the Actinobacteria in the sample 

contain all four classes of the HSPs. 

Sulfur metabolism 

The element sulfur is one of the most abundant elements in living organisms for its key 

roles in fundamental structural function and metabolic processes. For example, the 

formation of disulfide bonds is one common secondary structure of peptides. Acetyl-

CoA, the key metabolite of many pathways, utilizes thioester to link the coenzyme group. 

Despite its prominent roles, the ability to absorb sulfur from the environment is not 

universal to all domains of life. In fact, plants and microorganisms, as well as some fungi 

are the main producers of organic sulfur for their ability to assimilate sulfur from 

surrounding (Carbonero et al., 2012). 

Compared to the identified sulfate/sulfite metabolism pathways, the sulfate uptake 

modules are not as illustrated, one of the few systematically studied sulfate uptake 

pathways is the CysA/M/T/W gene cluster. These genes encode a membrane-binding 

active transporter, with a periplasmic substrate binding site and three other subunits 

(Sirko A et al., 1990). The CysA/M/T/W system is the first step of sulfur metabolism, 

because this enzyme cluster takes in sulfate and thiosulfate from the environment.  

There are two types of sulfur metabolism pathways in microorganisms - the assimilatory 

and dissimilatory pathways.  

The assimilatory pathway picks up environmental sulfate and incorporates it into a 

nucleoacid, adenylyl-sulfate (APS) and eventually transforms into 3’phospho-adenylyl-

sulfate (PAPS). These two steps can be performed by multiple similar enzyme groups, 

mainly categorized into two homologous groups, the PAPSS and CysC/D/N cluster. The 
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former is a universal utility kinase that can be found in eukaryotic organisms, including 

in humans (Venkatachalam et al., 1998), while the latter appears mostly in prokaryotes. 

The end product of these steps, 3-phosphoadenylylsulfate is further processed in 

prokaryotes, and the sulfate group is cleaved into sulfite by CysH and then into H2S, by 

either CysI/J or sulfite reductase. These enzyme pathways, constructing a 4-step 

reductive reaction (Figure 4a), concludes the assimilatory pathway (Grein et al., 2013).      

The dissimilatory pathway shares similar intermediates with the assimilatory pathway, 

but the chemistry behind it is distinct. Unlike the assimilatory pathway which consumes 

energy in each step of the reaction, dissimilatory pathway is used to conserve energy. The 

inorganic sulfate is taken in and transferred to adenylyl group, similarly to the 

assimilatory pathway, forming APS. But from this step, the adenylyl-sulfate is reduced 

directly into sulfite, skipping the 3’phosphoadenylyl-sulfate intermediate. The sulfite in 

this reaction served as an electron acceptor for various reactions, conserving energy. This 

reaction is strictly anaerobic and has completely different sets of enzymes. The initial 

conversion to APS is done by the SAT enzyme, followed by redox AprA/B enzyme 

cluster, and the energy conservation metabolic step proceeds with DsrA/B (Grein et al., 

2013) (Figure 7b). 

Specialized sulfur metabolism ends by incorporation of H2S into cysteine, a common 

amino acid. In bacteria, cysteine is synthesized from serine. The reaction between H2S 

and the precursor of cysteine, O-acetyl-serine, is a one-step reaction catalyzed by cysteine 

synthase. Cysteine synthase is a very broad class of enzymes, and many members can be 

hardly considered homologous.  
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Figure 7: There are two major sulfur uptake pathways, (a)assimilatory and 

(b)dissimilatory pathway. The assimilatory pathway is universal across prokaryotic and 

eukaryotic organisms, while dissimilatory is restricted to certain bacteria and archaea.  
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Figure 8:  Binary plots presenting the presence of each gene related to four sulfur 

metabolism pathways. Starting from left to right: Cys membrane transporter complex, 

sulfur assimilation, sulfur dissimilation, and cysteine synthase. 
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In order to assess the ability to metabolize sulfur, we use the KEGG database to identify 

homologues of specific enzyme clusters within the annotated genomes recovered from 

the assembly. These clusters are then mapped based on known metabolic pathway 

modules. There are four pathway modules that we are particularly interested in.  

Secondary metabolites 

Secondary Metabolites plays important roles in modern drug discovery. However,  

The secondary metabolites annotated in our samples can be classified into several groups 

(Table 3). 
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Figure 9: Classification of genes for secondary metabolites identified in Each MAGs. 

The prevalence of RiPP gene cluster in Acidimicrobiia and Thermoleophilea 

The secondary metabolites potentially produced by the Actinobacteria in our samples can 

be classified into several groups. One of the largest categories is the RiPPs. RiPPs are 

ribosomally-synthesized peptides with post translational modifications. They are also 

recognized as PRPs in other literatures. This category contains many members of natural 

products that have great pharmaceutical potential. For example, thioamidite has potential 

antitumor effect (Eyles et al., 2021); Lanthepeptides features members that has 
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antimicrobial and antialloydanic capabilities (Repka et al., 2017); And some linear 

azoline-containing peptides (LAP) has unconventional antibacterial selectivity. 

 

The RiPP clusters widely appeared in most of our samples ranging from Thermoleophilia 

to Microbacterium. Yet, RiPP clusters from different species tend to be unique and do not 

share any homologous relationship with other RiPP clusters in other genomes. BigScape 

alignment system was unfruitful when attempting to find homologous relationships 

between clusters from different species.  

 

Figure 10: Network analysis reveals all homologous clusters originate from bins 

belonging to the same species. 
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Figure 11: A mapping of two predicted secondary metabolites from the MAGS. Even for 

the same category of secondary metabolites, the cluster varies in size, structure, and 

sequence greatly.  

 

Surprisingly, both new species’ bins lack any RiPP clusters, differentiated from most 

other bins belonging to identified Actinobacteria species.  

NRPS and mycobacteria 

As the figure 8 indicates – Mycobacterium bins are unique from all other bins due to the 

presence of a significant number of secondary metabolite genes. Among half of these 

clusters are non-ribosomal peptide synthases (NRPSs).  

NRPSs belong to unconventional protein synthesis pathways. They are large, multi-

modular enzyme groups that synthesize peptides outside of ribosomes (Martínez-Núñez 

& López, 2016). Downstream products of NRPS are often toxins, antibiotics, and 

siderophores.  

According to previous study, Actinobacteria genomes are a common source of NRPS 

discovery (Wang et al., 2014). NRPS genes contains several segments, i.e. modules.  

Actinobacterial NRPS are frequently mono-modular or bi-modular (Martínez-Núñez & 

López, 2016). Our result does support this claim as all NRPS genes we identified have no 

more than two modules. The only exception is a homolog of mycobactin synthase. This 
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gene encodes a siderophore that is unique to some species of Mycobacteria and is found 

in Mycobacterium tuberculosis (McMahon et al., 2012). This gene only appeared in the 

two bins belonging to the genus Mycobacterium according to taxonomic classification 

(Figure 12). 
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Figure 12: NRPs in the two mycobacteria bins are homolog (70% identical) of 

mycobactin. They are both Bi-modular NRPs. 

 

The unclassified lineages 

According to the taxonomy classification, we have two genomes of bins that belong to 

organisms that are phylogenetically diverged from known Actinobacteria species. 

There is no BCG cluster detected in any of the bins belonging to UA genomes. The UT 

bins have at least 3 unique PKS-other BSC, one terpene, and one other type of BSC.  

Are the two Mycobacteria bins similar to M. tuberculosis? A whole genome comparison     

Besides the novel lineages described here, one of the most intriguing findings of this 

study is the detection of the two bins classified to belong to the infamous Mycobacteria 

genus. This genus is renowned for some of its dangerous pathogenic members such as 

Mycobacterium tuberculosis (MTB).  
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General comparison 

Our first curiosity is to find out how closely related this Mycobacterium is to MTB. Early 

phylogenetic analysis indicates that they are distantly related and the Mycobacterium in 

the sample does not belong to the MTB complex. A whole-genome comparison using the 

Anvi’o tool was performed between the two recovered bins from the sample and a 

reference genome of MTB, H37v. 2566 distinctive genes are detected in the two bins, and 

3622 genes are detected in the MTB reference genome (Figure 13). Among these, 2300 

genes are recognized as homologs and aligned between both bins and the reference 

genome.  
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Figure 13: The pan-genomic comparison of two Mycobacterial MAGs and MTB. Each 

unit of the disk represent one gene. The inner three pink rings indicate are the actual gene 

presence. The outer three green rings indicate the similarity between the aligned genes.  

Identification of virulence genes 

Although MTB is infamous for its pathogenicity, its sister species in the same genus 

Mycobacterium are often less pathogenic. In fact, most non-TB mycobacteria are 

environmental microbes that live in soil and water (Nishiuchi et al., 2017). However, it is 
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important to recognize that, even though these species are environmental, they can still 

infect living organisms. Therefore, it is important to investigate the pathogenicity of this 

newly found environmental mycobacterium.   

 

In order to investigate whether the Mycobacteria from our sample are pathogenic, I 

conducted a bioinformatic approach to estimate its pathogenicity. Pathogenicity is the 

ability of an organism to cause disease, which is a more absolute term. To quantify it, I 

first screened for virulence genes in the genome.  

 

MTB's virulence is determined by complex traits that are interacting between many 

different genes and environmental factors. In her reputable review, Dr. Marina Forrellad 

implied that the “true” virulence gene are the genes, while loss-of-function, attenuate the 

strains’ ability to cause damage in the host but do not limit its survival in cell culture 

(Forrellad et al., 2013). This review provided a list of about 139 of genes that are 

considered to be virulence factors according to the above criteria that have been studied 

previously. Some of these genes repeat more than once, others are preliminary studies 

that lack detailed annotation. Therefore, 77 distinct genes with annotated sequence data 

were selected and screened in the assembled bins. Based on their contribution to the 

attenuation of the pathogen, we categorize them into four levels - eight Low impact genes 

that only slightly or occasionally reduce proliferation of the pathogen in host; 52 medium 

impact genes that reduce proliferation of the pathogen in a consistent manner; 10 high 

impact genes not only reduce pathogen colonization, but also increase host survival rate; 
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and 7 deterministic genes are the ones that totally cripple the pathogenicity of the strain if 

missing (Appendix 2). 

 

For well-annotated genes, whole genome comparisons can be done for screening and to 

check the presence of the genes. For genes with complete sequence but are not in curated 

databases, their presence is examined by performing BLAST searches of the reference 

sequences against the bins. For the 77 genes screened, 86% of deterministic genes, 90% 

of high impact genes, 69% of medium impact genes, and 75% low impact genes were 

recovered from the bins.  

 

Figure 14: Examining the presence of 78 virulence genes of MTB in the MAGs.  

 

Among the deterministic genes, ideR is the only one found to be absent in the bins. IdeR 

is the “master switch” of the iron uptake system of MTB which suppresses host iron-

chelating agents such as siderophores (Ghosh et al., 2015). MTB H37v possesses an 
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extensive iron uptake system. This system secures MTB iron uptake in the iron deficient 

environment of lysosome in the initial infection of macrophage. But it is lethal in terms of 

iron-overdose if unattended once iron supply returns to normal condition in a later phase 

of infection (Rodriguez et al., 2002). In this manner, IdeR is crucial for the proliferation 

of H37v MTB.  

 

Realizing the species-specific importance of IdeR, it is reasonable to believe that, if the 

pathogen does not have an aggressive iron uptake system, such off-switch gene is not 

necessary. In other words, IdeR can be essential for successful MTB infection, but it is 

perhaps not as necessary for a pathogen that does not parasitize macrophages from 

lysosome invasion.  

 

Another gene with lower virulence factor is a dipeptide ABC transporter ATP-binding 

protein, OppD. ABC transporters are a large family of membrane transporters, capable of 

effluxing everything from cellular protein, metal iron, to antibiotics such as beta-lactin 

(Soni et al., 2020). Detailed function characterization study is still lacking, but the oppD-

loss-of-function mutant was confirmed with impaired persistence in macrophage 

infection (Green et al., 2000).  

 

From the preliminary information, we can deduce a similar conclusion about the ideR 

gene, that oppD ecoded protein that is essential for successful MTB infection in the lung, 

but lacking it does totally negate the pathogenicity of the strain of the bins. 
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As a summary, the Mycobacterium bins we recovered from the steam vent biofilm 

samples possess most of the virulence factors. For some virulence factors that are 

considered essential for MTB, they are infection type-dependent. It is reasonable to 

believe that this species of Mycobacterium may still be pathogenic, to some degree. 

However, it is difficult to speculate if it has a natural host in this particular environment.  

 

Adaptation of the mycobacteria in geothermal habitats 

The assimilatory sulfate reductase belongs to the sulfur assimilation pathway mentioned 

above. This gene is only found in the Mycobacteria bins from the environmental sample, 

but not in the M. tuberculosis reference genome, thus hinting at the differences between 

the two species’ niches. Of course, the downstream metabolic pathway of cysteine and 

methionine synthesis are also identified only in the bins of experiment. Demonstrating 

the experimental Mycobacteria has complete sulfur metabolism capability compared to 

M. tuberculosis. 

 

Heat-shock protein repressor R (HspR), is a transcription factor that represses the heat 

shock protein gene. It was first only identified in a limited number of species, mostly 

Streptococcus (Servant & Mazodier, 2001), but with advances in sequencing technologies 

more homologues of HspR were identified. The HspR gene in our bin belongs to an 

ortholog group known as MerR. MerR are believed to be a group of highly specialized 

transcription factors, responding to specific metal, osmosis, and salt stimuli (Brown et al., 

2003). Although studies have reported MerR homolog appearing in M. tuberculosis 
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(Singh et al., 2018), this variant is only identified in the experiment bin, but not in the 

reference M. tuberculosis genome.  

 

Recently, the toluene degradation pathway was identified in several novel Mycobacteria 

– Unlike M. tuberculosis, these species are mostly environmental, dwelling in water, 

rocks, and other less-organic habitats (Tay et al., 1998 and Zhang et al., 2013). This 

pathway remarkably enables the degradation of toxic xenobiotics such as toluene, 

benzene, as well as other aromatic compounds, and is recognized by its profound 

economical/ecological values. Other pathways of xenobiotic degradation, such as 

phthalate, phenylacetate, trans-cinnamate degradation pathways also appeared in the 

environmental sample, but are missing in the M. tuberculosis reference genome.  

Will this Mycobacterium infect you? 

Whole genome alignment and phylogenetic inference showed that this genome belongs to 

a species that is very closely related to M. xenopi. First discovered in 1959 in a frog’s 

infection, this species of Mycobacterium shows reduced pathogenicity (Schwabacher, 

1959), compared to MTB, but it is still capable of infecting immunocompromised 

humans. Studies showed that M. xenopi proliferates in hot tap water piping systems, 

confirming that it is thermo-tolerant to a certain degree (Dailloux et al., 2003). This 

evidence supports my claim that the Mycobacterium recovered from the sample has 

reduced, but definite pathogenicity. This strain will likely show similar pathology to M. 

xenopi. The Big Island of Hawaii also has a sizable population of Coqui frogs, and it 

might be logical to speculate that this species of Mycobacterium may infect these 

invasive frogs on the island. 
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Discussion 

 
 

Because of the special environmental conditions, geothermal sites often host distinct 

microbes that are unusual, and they give us opportunities to peek deeper into the nature of 

life. The diverged evolutionary paths provide a reference point to calibrate our thesis and 

tune our models. The exotic habitats expand our understanding of genes and enzymes. 

The uncommon niche provides a new subject for ecology studies. Biological 

breakthroughs, such as the discovery of heat-resistant Taq polymerase crucial for PCR 

and the discovery of Asgard archaea that illuminated the transition between eukaryotic 

and prokaryotic cells, all came from geothermal microbial studies.  

 

On the flip side, geothermal microbes are also more challenging to study. In an era when 

most microbiology studies were conducted by plating and microscopes, when 99% of the 

members of the microbial population would be missed through the experiment for even 

terrestrial mesophilic microbes, it was impossible to have thorough investigation of 

geothermal microbes. From researchers’ perspective, these microbes were considered the 

“dark matter” of the community (Marcy et al., 2007). 

 

Bioinformatic and whole genome sequencing revolutionized the field of geothermal 

microbiology. Using metagenomics, species that were previously unidentified before can 

now be identified and their genomic sequences can be analyzed., each representing a 

genome recovered from a species. These metagenome-assembled genomes (MAGs) can 

open a window for us to take a look at this microbiological dark matter. 
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When the tree is built, it is noticeable that some bins are very closely related to each 

other. There are several ways to identify whether these bins are from the same genome. A 

rapid way of examination would be ANI value comparison. In general, if the ANI value 

between two bins is less than 95%, they are considered as different species (Figueras et 

al., 2014). Our analyses showed that all similar bins came from different samples with 

more than 99% ANI similarity. To compare these bins, whole genome comparison can be 

used. Most of the annotated genes have 100% similarity (Figure 7) and the difference in 

mismatched genes are due to contig terminals (e.g.: partial genes due to truncated 

regions). It is reasonable to conclude that these bins are from the same species but located 

in different samples.   
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Figure 15: The ANI values between each pair of MAGs. 

 

Of course, gene annotation serves more than just a tool to examine the similarity between 

bins with high ANI values. The most important role of gene annotation in this study is to 

infer the physiology of the species. An overview of the annotated systems can provide 

useful information to infer the capabilities of the organisms. Different groups of 

organisms share a distinct gene repertoire, providing some clues to their evolutionary 

history and growth conditions. For example, most Thermoleophilia lack NADH 

dehydrogenase; Solirubrobacteria, compared to Gaiellales, have complete cysteine 

synthesis capabilities.  

 

Gene annotation also helps us identify new possible secondary metabolites. Historically, 

the hotspot for new secondary metabolites discoveries had always been in the class of 

Actinobacteria, such as Streptomyces. Although we did not recover any Streptomyces 

genomes in our samples, another member of the Actinobacteria - Mycobacterium - is 

confirmed to have an unusual number of secondary metabolites. These bins contain many 

NRPS genes responsible for many enzymes such as toxins, antibiotics, and siderophores, 

hinting at the complicated evolutionary history and niche of the organism.  

 

To verify whether the Mycobacteria in our sample is truly pathogenic, gene annotation 

and other bioinformatic software were performed to examine the virulence genes. The 

analyses confirmed that the strain retained most of the known virulence genes. 
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Phylogenetic analysis also helps us to locate its close relatives. With these investigations, 

we inferred that the Mycobacteria in our sample could be an opportunistic pathogen.  

 

The progression of sequencing technologies and bioinformatic tools provided us with 

enhanced ways to explore the dark matters of microbiology. Microbes that have never 

been physically examined before can now be discovered and analyzed using these 

aforementioned tools. Its physiology, phylogeny, and even pathogenicity can be 

examined using just sequence information. Yet, these studies are only the beginning of 

the journey. The information from bioinformatic study serves as a road map that will 

further shed light on the direction of further studies. 
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Appendices 

 

 

Appendix 1: 

Pathway MAGs 

Missing proline 

synthesis 

pathway 

S29−31_bin.88, S34−36_bin.39, S34−36_bin.47, PDB5_bin.19, 

S13-15_bin.39, S34-36_bin.46, S2-4_bin.40, S18-20_bin.3, S7-

8_bin.17 

Complete 

MetaCyc 

pathway 

S13-15_bin.43, S2-4_bin.27, S18-20_bin.37, S34-36_bin.129, 

S29−31_bin.278 

Missing NADH 

reductase 

S7−8_bin.38, S7−8_bin.27, S34−36_bin.126, S34−36_bin.12, 

S22−25_bin.18, S2−4_bin.8, S13−15_bin.87, S13−15_bin.83, 

S13−15_bin.7, S37_bin.17, S34−36_bin.49, S34−36_bin.49, 

S34−36_bin.47, S34−36_bin.174, S34−36_bin.115, 

S29−31_bin.281, S29−31_bin.214, S18−20_bin.25, 

S13−15_bin.101 

Complete 

succinate 

dehydrogenase S34−36_bin.39, UBA4736 and unidentified bins 

Complete 

fumarate 

reductase S34-36_bin.43 

Complete 

cytochrome bc1 

complex 

P23-25_bin.4, PDB5_bin.19, PDB5_bin.31, S13-15_bin.116, S13-

15_bin.14, S13-15_bin.39, S13-15_bin.87, S18-20_bin.27, S18-

20_bin.3, S2-4_bin.40, S2-4_bin.55, S2-4_bin.65, S29-

31_bin.129, S29-31_bin.214, S29-31_bin.248, S29-31_bin.278, 

S29-31_bin.281, S29-31_bin.52, S29-31_bin.88, S34-36_bin.123, 

S34-36_bin.126, S34-36_bin.13, S34-36_bin.164, S34-

36_bin.174, S34-36_bin.39, S34-36_bin.43, S34-36_bin.46, S34-

36_bin.49, S34-36_bin.80, S34-36_bin.81, S34-36_bin.94, S7-

8_bin.17, W1-4_bin.33, W1-4_bin.37, W1-4_bin.39 

Missing 

cytochrome C 

oxidase 

S13-15_bin.7, S13-15_bin.78, S2-4_bin.55, S2-4_bin.27, S34-

36_bin.47, S34-36_bin.49, S37_bin.17, S18-20_bin.25 

Missing ATP 

synthase 

P23-25_bin.93, S13-15_bin.83, S18-20_bin.25, S34-36_bin.43, 

S34-36_bin.47, S34-36_bin.49, S7-8_bin.38 

Phosphate 

acetyltransferase-

acetate kinase 

pathway 

S29−31_bin.129, S13−15_bin.14, S34−36_bin.8, PDB5_bin.31, 

S18−20_bin.2) 

Missing 

menaquinone 

synthesis 

pathway 

PDB5_bin.31, S13-15_bin.120, S13-15_bin.87, S18-20_bin.16, 

S18-20_bin.27, S2-4_bin.84, S22-25_bin.18, S34-36_bin.115, 

S34-36_bin.123, S34-36_bin.126, S34-36_bin.80, S7-8_bin.27, 

S7-8_bin.38, W1-4_bin.37, W1-4_bin.7 
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Complete Biotin 

synthesis 

pathway 

S29−31_bin.129, S13−15_bin.14, S34−36_bin.81, PDB5_bin.31, 

S18−20_bin.27 

Compete MoCo 

synthesis 

pathway 

PDB5_bin.19, S13-15_bin.43, S18-20_bin.37, S18-20_bin.3, S2-

4_bin.27, S2-4_bin.40, S34-36_bin.129, S34-36_bin.39, S34-

36_bin.46, S7-8_bin.17 

Missing 

pyridoxal 

phosphate 

synthase 

PDB5_bin.31, S13-15_bin.120, S13-15_bin.83, S18-20_bin.16, 

S18-20_bin.25, S18-20_bin.27, S2-4_bin.84, S22-25_bin.18, S7-

8_bin.27 

More than 50% 

complete 

anaerobic 

cobalamin 

synthesis 

pathway 

S13-15_bin.14, S34-36_bin.43, S34-36_bin.81, S29-31_bin.278, 

S29-31_bin.52, S34-36_bin.94, W1-4_bin.39, S18-20_bin.3, S2-

4_bin.40, S34-36_bin.39, S34-36_bin.46, S7-8_bin.17 

More than 50% 

complete aerobic 

cobalamin 

synthesis 

pathway 

S29-31_bin.52, S18-20_bin.3, S2-4_bin.40, S29-31_bin.278, S34-

36_bin.39, S34-36_bin.46, S34-36_bin.94, S7-8_bin.17, W1-

4_bin.39, S13-15_bin.14, S34-36_bin.43, S34-36_bin.81 

Beta-lactam 

resistance 

PDB5_bin.19, PDB5_bin.31, S13-15_bin.39, S18-20_bin.27, S18-

20_bin.3, S2-4_bin.40, S34-36_bin.39, S34-36_bin.43, S34-

36_bin.46, S7-8_bin.17 

MexOpr 

multidrug 

resistance S13-15_bin.87, S34-36_bin.174 

Vancomycin 

resistance S13-15_bin.87 

QacA multidrug 

resistance S34-36_bin.43 

mprF W1-4_bin.71 

Acetoacetyl-CoA 

synthesis 

PDB5_bin.31, S13-15_bin.120, S13-15_bin.14, S13-15_bin.87, 

S18-20_bin.16, S18-20_bin.27, S22-25_bin.18, S34-36_bin.123, 

S34-36_bin.126, S34-36_bin.81, S34-36_bin.94, W1-4_bin.71 

Fatty acid 

elongation cycle 

P23-25_bin.4, PDB5_bin.31, S13-15_bin.120, S13-15_bin.83, 

S13-15_bin.87, S18-20_bin.16, S18-20_bin.27, S2-4_bin.55, S2-

4_bin.65, S2-4_bin.84, S22-25_bin.18, S29-31_bin.248, S34-

36_bin.123, S34-36_bin.126, S34-36_bin.13, S34-36_bin.164, 

S34-36_bin.81, S7-8_bin.27, S7-8_bin.38, W1-4_bin.33, W1-

4_bin.39, W1-4_bin.71 

Sulfate 

assimilation 

PDB5_bin.19, S13-15_bin.101, S13-15_bin.116, S13-15_bin.120, 

S13-15_bin.14, S18-20_bin.16, S18-20_bin.25, S18-20_bin.3, S2-

4_bin.40, S2-4_bin.84, S22-25_bin.18, S29-31_bin.129, S29-

31_bin.281, S34-36_bin.39, S34-36_bin.46, S34-36_bin.81, S7-

8_bin.17, S7-8_bin.27 
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Nitrate reduction S13-15_bin.14, S34-36_bin.81, S34-36_bin.94 

GABA shunt S13-15_bin.14, S29-31_bin.278, S34-36_bin.81 

Full Glyoxilate 

cycle 

PDB5_bin.19, PDB5_bin.31, S13-15_bin.120, S13-15_bin.14, 

S13-15_bin.39, S13-15_bin.87, S18-20_bin.16, S18-20_bin.27, 

S18-20_bin.3, S2-4_bin.40, S2-4_bin.84, S22-25_bin.18, S29-

31_bin.278, S34-36_bin.123, S34-36_bin.126, S34-36_bin.39, 

S34-36_bin.46, S34-36_bin.81, S7-8_bin.17, S7-8_bin.27 

Lelior pathway 

P23-25_bin.4, P23-25_bin.93, PDB5_bin.19, S13-15_bin.14, S13-

15_bin.39, S13-15_bin.83, S18-20_bin.3, S2-4_bin.40, S2-

4_bin.55, S2-4_bin.65, S29-31_bin.129, S29-31_bin.248, S29-

31_bin.278, S29-31_bin.52, S34-36_bin.13, S34-36_bin.164, S34-

36_bin.39, S34-36_bin.46, S34-36_bin.81, S7-8_bin.17, W1-

4_bin.33, W1-4_bin.39 

propanoyl-COA 

catabolism 

S13-15_bin.14, S29-31_bin.248, S29-31_bin.278, S29-31_bin.52, 

S29-31_bin.88, S34-36_bin.43, S34-36_bin.81, S34-36_bin.94 

Glucogen 

synthesis S13-15_bin.14, S29-31_bin.129, S34-36_bin.81, W1-4_bin.39 

purine 

degradation S34-36_bin.43 
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Appendix 2: 

KEGG 

number gene impair decisive In bin? 

K01637 Isocitrate lyases persist/pathogenecity/survival d y 

K00666 Fatty acid ligase CFU/pathology/survival d y 

K02066 membrane protein CFU/pathology/survival d y 

K02067 

lipid transport 

binding protein CFU/pathology/survival d y 

K00635 

diacyglycerol O-

acyltransferase CFU/pathology/survival d y 

K26252 

iron-dependent 

repressor and 

activator IdeR Essential e n 

K14956 ESAT-6 protein CFU e y 

K15583 

dipeptide ABC 

transporter ATP-

binding protein CFU/survival h n 

K11609 

Lipids and Fatty 

Acid Metabolism CFU h y 

K01992 

ABC-2 type 

transport system 

permease protein CFU/survival h y 

K01909 fatty acid ligase CFU/survival h y 

K16645 

heparin binding 

hemagglutinin 

HbhA CFU/adhesion h y 

K03070 

preprotein 

translocase subunit 

SecA CFU/survival h y 

K11065 

thioredoxin-

dependent 

peroxiredoxin CFU/survival h y 

K00336 

NADH-quinone 

oxidoreductase 

subunit G CFU/survival h y 

K13527 

proteasome-

associated ATPase CFU/survival/path h y 

K06994 

RND drug 

exporter CFU/survival h y 

K07695 

NarL family, 

response regulator 

DevR CFU+ l n 

K07682 

NarL family, 

response regulator 

DevR CFU+ l n 



75 
 

K16049 

3,4-DHSA 

dioxygenase CFU mild l y 

K13993 

HSP20 family 

protein weight loss l y 

K08884 

serine/threonine-

protein kinase bac l y 

K07386 metalprotease CFU l y 

K07669 

response regulator 

MprA CFU l y 

K20468 heme transporter moderate CFU l y 

K12430 

polyketide 

synthase survival m n 

K12436 

polyketide 

synthase CFU m n 

K12426 Fatty acid ligase CFU m n 

K12427 

Fatty acid 

adenylyltransferase CFU m n 

K12434 

polyketide 

synthase CFU m n 

K25621 

hypothetical 

protein CFU m n 

K25622 lipid carrier CFU m n 

K16191 

peptidoglycan-

binding protein 

ArfA CFU m n 

K10236 

trehalose/maltose 

transport system 

substrate-binding 

protein CFU m n 

K25307 

protein-tyrosine-

phosphatase CFU m n 

K14698 

Repressor of mtb 

and mtb-2 CFU m n 

K14699 

Repressor of mtb 

and mtb-2 CFU m n 

K07507 

putative Mg2+ 

transporter-C CFU m n 

K02483 response regulator CFU m n 

K19686 ribonuclease VapC CFU m n 

K19687 vapBC CFU m n 

K00574 CFA synthase CFU m y 

K00119 

alcohol 

dehydrogenase CFU m y 

K05343 trehalose synthase CFU m y 
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K16167 chalcone synthase CFU m y 

K12433 

polyketide 

synthase CFU m y 

K06994 drug exporter CFU m y 

K03333 cholestrol oxidase CFU m y 

K15981 

steroid C26-

monooxygenase CFU m y 

K22821 

acyl-CoA 

dehydrogenase CFU m y 

K22822 

acyl-CoA 

dehydrogenase CFU m y 

K02040 

phosphate 

transport system 

substrate-binding 

protein CFU m y 

K02036 

phosphate ABC 

transporter ATP-

binding protein CFU m y 

K06153 

undecaprenyl-

diphosphatase CFU m y 

K14953 ipoprotein LpqH CFU m y 

K02020 

molybdate 

transport system 

substrate-binding 

protein CFU m y 

K03101 signal peptidase II CFU m y 

K24126 

lipoyl-dependent 

peroxiredoxin 

subunit C CFU m y 

K14652 

3,4-dihydroxy 2-

butanone 4-

phosphate synthase CFU m y 

K03782 

catalase-

peroxidase CFU m y 

K14652 

GTP 

cyclohydrolase II CFU m y 

K14949 

serine/threonine-

protein kinase CFU m y 

K14743 

membrane-

anchored mycosin 

MYCP CFU m y 

K04788 

mycobactin 

phenyloxazoline 

synthetase growth m y 
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K12950 

manganese/zinc-

transporting P-type 

ATPase C CFU m y 

K02484 response regulator CFU m y 

K07768 

sensor histidine 

kinase SenX3 CFU m y 

K07776 

sensor histidine 

kinase SenX3 CFU m y 

K03086 RNA pol sigma CFU m y 

K03088 RNA pol sigma survival m y 

K03090 RNA pol sigma CFU m y 

K13640 Heat shock protein CFU m y 

K18955 Whib regulator survival m y 

K02446 fructose reductase CFU m y 

K00526 

ribonucleoside-

diphosphate 

reductase beta 

chain CFU m y 

K01104 

protein-tyrosine 

phosphatase CFU m y 

K10215 monooxygenase CFU m y 

 

 


