
A PARTIAL CHARACTERIZATION OF THE 

PISOLITHUS TINCTORIUS MICROBIOME 

 

_______________ 

 

 

A University Thesis Presented to the Faculty 

of 

California State University, East Bay 

 

 

_______________ 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science in Biology 

 

 

By 

Mo Kaze 

June 2017  



	

	 ii	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mo Kaze © 2017 

 
  



	

	 iii	

Abstract 

 

Relationships between the three domains of life can provide 

insight in the origins of life on Earth and the evolution 

of Eukaryotes by symbiogenesis and horizontal gene 

transfer. Archaeal and Bacterial interactions and possible 

contributions with Eukarya continue to be identified. The 

microbiome of a Yellowstone National Park geothermal pool 

proximal fungus, Pisolithus tinctorius, was partially 

characterized using standard microbiological approaches and 

metagenomic analysis. Archaeal and bacterial genera were 

identified by Next Generation Sequencing and De Novo and 

Reference-based assembly. Liquid Chromatography-Mass 

Spectrometry identified compounds present in Archaea and 

Bacteria. Identification of the microbiome community 

provides information regarding symbiotic associations. 
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Introduction  

 

Early Life Origins 

Interactions between and among Archaeal, Eubacterial 

and Eukaryotic species can provide important insights into 

understanding the origin of life on Earth and evolution of 

Eukaryotes by symbiogenesis and horizontal gene transfer. 

Archaea play an essential role in the Earth’s ecosystem1 and 

are present in every type of natural and human-created 

environment on Earth: from deep ocean floors2, to glacial 

ice3, to spacecraft clean rooms.4 Archaea make up the 

earliest branches of the tree of life5 and may be as old as 

3.5 billion years.6 Their unique structures and abilities 

made them well suited to survival in the challenging 

environment of a tumultuous Earth when life began7, and 

Archaea have played a significant role in Eukaryogenesis 

through symbiogenesis. Evidence indicates the Last 

Eukaryotic Common Ancestor was Archaeal8 with current 

genomic analysis strongly supporting this theory.9 

Eubacteria (referred as Bacteria from this point) have 

contributed in a similar fashion to evolution.10 There is 

significant evidence of horizontal gene transfer between 

Archaea and Bacteria.11 Bacteria also have driven the 
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evolution of Eukaryotes through symbiogenesis12 which is 

supported by increasing molecular phylogenetic evidence. 13 

Archaeal and Bacterial interactions and possible 

contributions to Eukarya continue to be identified, and 

current advances in molecular techniques offer exceptional 

opportunities to study the microbiomes of most, if not all 

Eukaryotes. 

 

Archaea  

Archaea have unique cellular structures when compared 

to Bacteria and Eukarya. Cell wall features enabled Archaea 

to thrive in extraordinarily diverse and intense 

environments such as high and low pH, very high and very 

low temperatures, high pressures, and high salinity.14 The 

cell wall may also contain an S-layer, a paracrystalline 

surface layer of highly structured protein or glycoprotein 

units.15 Unlike Bacteria and Eukarya, Archaea cell membranes 

are composed of completely saturated isoprenoid groups with 

ether linkages.16 The isoprenoid chains can have as many as 

forty carbons.17 Long, unsaturated isoprenoid chains can 

contain ring structures and are flexible in composition 

allowing membrane fluidity in fluctuating temperatures.18 
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Highly cyclized isoprenoid membrane components are 

associated with survival in very high temperatures.19 

Proteinaceous and lipid-dense membranes offer protection 

from harsh external environments by maintaining internal 

homeostasis. Prevention of desiccation and accumulation of 

DNA-damaging ions and compounds are essential to survival 

and replication. Phytanyl-ether composition of membranes 

prevents degradation of the cell and allows function to 

continue even in gradients with ranges of six pH units.20 

Archaea possess cell membranes as monolayers, instead of 

the typical bilayer presentation in other types of cells, 

which offer protection from dissolution in high 

temperatures and proton transfers. 

Adaptations by Archaea to extreme environments also 

include many metabolic capabilities such as: utilization of 

methane as a carbon source,21 use of elemental and gaseous 

sulfur,22 and heavy metal tolerance.23 Transcription in 

Archaea shares similarities to that of Eukarya: Archaeal 

RNA polymerase subunits are structurally similar to 

Eukarya, and Archaea contain a TATA-box element a similar 

gene sequence found in approximately twenty-four percent of 

the human genome and also present in yeast.24 However, gene 

regulation in Archaea has several features shared only with 
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Bacteria: cis-acting elements resemble bacterial operators 

and homologues of a Leucine Responsive Protein (LRP) have 

been identified. LRP is known as a global regulator in 

bacteria.25 Bacterial 16S ribosomal RNA does differ from 

Archaeal 16S rRNA. Subdivisions of Archaea have provided 

some information regarding conserved sequences, however, 

there are no “universal” sequences that have been 

identified that provide coverage of all four subdivisions: 

Thermoprotei, Euryarchaeota, Korarchaeota, and 

Nanoarchaeota.26 

 

Metagenomics 

New genome sequencing techniques have provided more 

information about the microbial taxa present in various 

ecosystems.27 Metagenomic analyses have provided further 

identification of microbial taxa in environments.28 A 

microbiome is the total collection of genomes of 

microorganisms in a system.29 Characterizing components of 

the microbiome of specific environments provides us with 

information about who is there and what they might be 

doing.  

Archaea are present in many microbiomes: from our own 

human gut30 and oral microbiomes31 to deep sea sponges.32 
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Metagenomic characterization of microbiomes and their 

functions is a quickly developing field that integrates 

modern genomic techniques and microorganismal symbiotic 

theory.33 Identification of interactions between host-

microbe and microbe-microbe can provide new insights into 

evolution.34,35 This is especially interesting considering the 

location of Archaea on the tree of life, as Archaeal 

structures and functions are a pastiche of Bacteria and 

Eukarya.  

Advances in sequencing, computation, and data analysis 

have increased our abilities to determine what species of 

microorganisms, based on their unique genetic makeup, are 

present. Recognition that complex organisms contain 

intricate ecosystems of microorgansisms that interact with 

each other and their host has launched a new field of 

research, Microbiomics. Single-cell sequencing technology 

has been developed and we can now determine single gene 

differences between individual organisms.36  

 

Symbioses 

Technological developments are providing us insight 

into Horizontal Gene Transfer (HGT), the transmission of 

genetic material between organisms. It is now possible to 
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directly compare the genomes of individual cells. The 

presence or absence of sequences and genes can be 

determined and compared over time. HGT can influence 

evolution by conferring new traits and abilities that can 

improve survival37 as well as by generation of novel 

species.38 Understanding unique features of Archaea could 

lead to new discoveries regarding various topics such as: 

useful enzymes similar to Taq polymerase39, the lack of 

known Archaeal pathogens40, and bioremediation of toxic 

waste sites, heavy metal contamination, and oil spills.41,42 

One example of evidence for HGT between Archaea and a 

Eukaryote involves fungi. For example, Archaeal rhodopsin 

(named bacteriorhodopsin) is used to absorb photons and 

power a proton pump.43 Many fungal species maintain light-

sensing proteins homologous to the bacteriorhodopsin 

structure identified in Archaea.44 In addition, there are 

many species of thermophilic fungi that utilize specific 

enzymes to survive in high temperatures.45 These fungi may 

have derived this ability from thermostable enzymes that 

originated in Archaea.46 Bacteria-fungal interactions 

include notable symbioses such as the rise of lichens47 and 

the reproductive dependence of Rhizopus microsporus on 

Burkholderia rhizoxinica.48  
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Yellowstone National Park 

Geothermal pools are of special interest to 

researchers due to their extreme conditions. The wide range 

of conditions are generally found in few locations 

worldwide. It is theorized that they remain similar to an 

early earth environment in terms of ion and heavy metal 

concentrations, carbon availability, and high 

temperatures.49 The origin of extremophiles and the 

conditions that brought forth life can be and are 

investigated in these ideal settings.50 The Yellowstone 

National Park (YNP) geothermal system provides an 

accessible and unique ecosystem containing myriad different 

variables such as pH, temperature, and ion concentrations.51 

The Norris Geyser Basin in YNP occurs at the intersection 

of two fault lines.52 Geothermal pools in Yellowstone 

National Park have yielded an extraordinary variety of new 

Archaeal and Bacterial species and have provided new 

insight into specialized metabolic capabilities of 

Archaea.53,54 Symbiotic associations between Archaeal and 

Bacterial extremophiles and other life forms, such as 

plants and fungi, within Yellowstone National Park pose 

interesting questions about life under extreme conditions. 
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Pisolithus tinctorius  

P. tinctorius is an ectomycorrhizal fungus that forms 

well-characterized symbiotic associations with pine trees 

around the world.55 These associations are known for over 

thirty species of trees including Eucalyptus, Oaks and 

Willows.56 A single report indicated that P. tinctorius in 

YNP exists as a free-standing fungus lacking any symbiotic 

relationship with a pine tree.57 However, there is no 

additional evidence that this is the case. It is likely 

that P. tinctorius fruiting bodies raised near geothermal 

pools in YNP are actually in symbiotic associations with 

the Pinus contorta (common name: Lodgepole pine tree) that 

ring them. Lodgepole pines thrive in relatively acidic soil 

conditions58 and make up nearly 80% of the tree species 

found in YNP.59 Acidic soil can be created by many natural 

factors such as: forest fires, build up of organic matter, 

and proximity to geothermal pools.60,61 While any association 

between P. tinctorius and Pinus species in YNP remains to 

be studied, growth of P. tinctorius near the geothermal 

pools in YNP is intriguing as this environment is quite 

different from the pine forest bed and could be considered 

stressful to most Pisolithus species. 
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Pisolithus tinctorius are known, however, to assist 

survival of Pinus species in stressful environments such as 

drought conditions. P. tintorius has demonstrated growth 

in, and tolerance of, heavy metal solutions such as those 

found in geothermal soils in YNP.62 The ability of P. 

tinctorius to sustain growth in high concentrations of 

aluminum, iron, copper, zinc and lower concentrations of 

metals like nickel, cadmium, chromium, and mercury also 

mirror Archaeal lineages that thrive in such conditions.63 

It is possible that Archaea may be interacting and aiding 

P. tinctorius growth in soils that contain heavy metals.  

Archaea not only demonstrate tolerance for what would 

normally be considered toxic environments, they often 

require the presence of heavy metals for metabolic 

function.64 Thermophilic Archaea demonstrate a unique 

ability to thrive in high iron, highly acidic environments, 

and oxidize heavy metals for energy.65 As mentioned earlier, 

a better understanding of the contributions Archaeal species 

may be making to bacterial and fungal species could aid 

insights into evolution and symbiogensis as well as 

solutions to bioremediation of human-generated toxic 

environments.  
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Using a combination of microbiological, molecular and 

microscopy techniques, I will investigate the members of the 

P. tinctorius fruiting body microbiome. My aim is to isolate 

and identify Bacterial and Archaeal members contained within 

the fruiting bodies of P. tinctorius. I will analyze the 

surrounding environment, including the soil containing the 

fruiting bodies. Many challenges arise when undertaking 

research of Archaea. Very little is known about species that 

have not been cultivated in laboratory settings making 

phylogenetic analysis and primer design for Polymerase Chain 

Reaction (PCR)-based comparison to known species difficult. 

Archaea have complex cell wall structures that confer an 

ability to survive in harsh environments, however, this can 

lead to difficulties isolating their DNA with in standard 

extraction procedures.66  

Also, genetic analysis of microbiomes can be 

overwhelmed by the species representing the largest amount 

of material in the sample.67 Isolation of individual 

Archaeal cells and imaging with optical microscopy 

techniques has been challenging due to their small sizes,68 

though super-resolution microscopy, deconvolution software, 

and electron microscopy have been successful in imaging some 

structural features.  
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Objectives 

1. Identify and categorize the culturable members of P. 

tinctorius using standard and novel approaches. 

2. Characterize the sequenced microbial community of P. 

tinctorius. 

3. Identify Archaeal compounds using Liquid Chromatography 

Mass Spectrometry in order to provide evidence of the 

presence of Archaeal structures and metabolites within P. 

tinctorius. 
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Archaea and Bacteria - Classic Analysis 

 

MATERIALS AND METHODS  

Introduction 

Pisolithus tinctorius fruiting bodies were harvested 

from the periphery of two geothermal sites, Norris Proper 

and Norris Annex, in Yellowstone National Park, Wyoming 

(Figure 1). I performed DNA extraction and analysis in to 

order to identify bacterial members and characterize its 

microbiome. Analysis of an organismal microbiome surviving 

in these challenging environs may provide insight into 

early origins of life, biochemical metabolic pathways, 

horizontal gene transfer and have exo-biological 

applications. YNP-dwelling P. tinctorius thrive in harsh 

conditions consisting of acidic pH, high temperatures, 

extreme sulfur concentrations, siliceous soil, and low 

availability of organic material. To obtain a comprehensive 

profile of the members of the microbiome, a descriptive 

analysis of the environment of Norris Proper and Norris 

Annex was conducted. Following in-ground analysis, fruiting 

bodies were harvested from both sites. Microorganisms from 

the interior and exterior were cultured on plates of 
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various media and DNA was directly isolated from the 

interior of the fungus and the surrounding soil. DNA was 

amplified for Next Generation Sequencing by PCR and colony 

PCR using universal primers for Bacterial 16S rRNA, and in-

house designed primers targeting Archaeal 16S rRNA.  

 

Culturing  

Archaea are difficult to grow in liquid and on solid 

culture media.69 The chemical compositions and extreme 

conditions of their environments are complex and challenging 

to reproduce in a laboratory.70 I tested various known media 

(described in more detail later) for well-studied Archaeal 

species in order to determine if one or more of the media 

delivered successful growth. Conditions such as pH, salt 

concentration, and elemental sulfur concentrations were 

altered in order to determine the effect on growth. Liquid 

media, as well as solid media, protocols were developed to 

determine if Archaeal microbiome members required a solid 

substrate for biofilm formation or facultative aerobic 

growth conditions. 71 
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DNA Extraction and Sequencing  

Genomic studies of uncultured Archaea are now the main 

method for identification of Archaeal species in an 

environment or microbiome.72 Several branches of Archaea 

have been focused on solely due to their ability to be 

cultured in a laboratory environment and many more species 

remain mysterious.73 Classification of individuals present 

in microbiome and environmental samples becomes less 

complicated as bioinformatic analysis techniques continue to 

improve. DNA was isolated directly from the filtrates 

(described in detail later) and from growth on solid and 

liquid cultures. While the microbiome was expected to have 

some eubacterial members, I focused on identifying Archaea-

specific lineages.  

 

Harvesting  

 P. tinctorius fruiting bodies were extracted from two 

regions in Yellowstone National Park (Figures 2 and 3). The 

entire P. tinctorius fruiting body was removed aseptically 

from the ground using an Ames™ (Griffon Co. New York, NY) 

8.5-inch hand bulb planter that was wiped down with 70% 

ethanol on September 19th, 2016. Roots were included. 
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Samples were placed in sterile Whirlpack™ (Enasco, Fort 

Atkinson, WI) plastic bags and labeled. They were stored at 

ambient temperature. All samples were processed within 

twenty-four hours of removal. Samples were named based on 

site features were given the samples (e.g., NAH represents 

Norris Annex Hilltop). 
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Figure 1. Norris Geyser Basin collection sites in 

Yellowstone National Park, 44°43'43.2"N 110°41'50.6"W. A) 

Entry path into Norris Annex collection site. B) Collection 

site at Norris Proper.  
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Figure 2. Schematic of Norris Annex. Brown dots indicate 

sites where P. tinctorius fruiting bodies were harvested. 

The pink dot indicates where open-air plates were placed 

but no fruiting body was present or harvested. TT locations 

are where open air media plates were placed around a 

fruiting body. TT3 control was randomly selected for plate 

placement as there was no fruiting body present. (Not to 

scale) 
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Figure 3. Schematic of Norris Proper. Brown dots indicate 

sites where P. tinctorius fruiting bodies were harvested. 

(Not to scale) 
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Vacuum Filtration   

Three lobes of an individual fruiting body of P. 

tinctorius were placed in a sterile Waring™ commercial 

blender carafe containing 50 mL of sterile phosphate buffer 

(0.3792 g NaH2PO4 * 2 H2O,0.9713 g Na2HPO4, with 1000 mL 

diH2O, solution then autoclaved) and blended for five 

minutes until a smooth consistency was obtained. 

Approximately 25 mL of the mixture was passed through a 425 

μm sieve before being placed into a filter unit and vacuum 

filtered until all the liquid was captured. A Nalgene™ 

(Thermo Fisher Scientific, Waltham, MA) 150 mL Analytical 

Filter unit vacuum filtration cup with a vacuum hose 

attachment and 0.45 μm filter were used to remove fungal 

spores, sand and other large structures from the fruiting 

body. The blend was too thick to move across the filter 

easily and needed to be cleared from the filter itself with 

a sterile, metal spatula to ensure flow-through. Care was 

taken to ensure the filter within the unit not damaged. One 

hundred mL of additional phosphate buffer were added to the 

blend to maintain flow-through.  
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Stepwise filtration 

A stepwise serial filtration method was used and based 

on a protocol provided by Anna Engelbrektson of the Coates 

Laboratory at University of California Berkeley. An entire 

fruiting body of P. tinctorius was placed in a sterile 

Waring™ commercial blender carafe with 100 mL of sterile 

phosphate buffer (0.3792 g NaH2PO4 * 2 H2O,0.9713 g Na2HPO4, 

with 1000 mL diH2O, autoclaved) and blended for five minutes 

until a smooth consistency was obtained. The blend was 

poured into a Luer Loc™ (Medline Industries, Lathrop, CA) 

tip 30 mL syringe with a Minisart™ (Sartorius Inc, Germany) 

5.0 μm filter attached. No pressure was applied to the blend 

in the syringe. When the drip stopped, the filter was 

changed to a fresh one. The gravity flow-though was 

collected and placed in a new syringe with a Nalgene™ 

(Thermo Fisher Scientific, Waltham, MA) 3.0 μm filter. The 

syringe plunger was not inserted. No pressure was applied 

to the blend in the syringe and the flow-through was 

collected and placed in a new syringe with a Cameo™ (Micron 

Separations Inc, Westborough, MA) 1.0 μm or 1.2 filter. 

These steps were repeated and the 1.0 and 1.2 μm filtrate 

filtered with 0.8 μm filters and then Acrodisc™ (Pall, Port 
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Washington, NY) 0.2 and 0.22 μm filters. An aliquot of 

filtrate from each filter used was collected. This was 

performed for three fruiting bodies generating fifty-two 

samples.     

 

Verification of Filtrate  

Filtrates were mixed with 5.0 μL of SytoBC® (Thermo 

Fisher Scientific, Waltham, MA) green fluorescent nucleic 

acid stain on a glass (Carl Zeiss, Germany) coverslip. Five 

μL of each filtrate were stained. Each coverslip was covered 

with a tent of aluminum foil and allowed to dry on a slide 

warmer at 40°C for 5 minutes. Each coverslip was placed on a 

standard slide and imaged with a Zeiss Axio Imager wide 

field scope (Zeiss, Germany). Slides were sealed with nail 

polish and stored at room temperature in an opaque box.   

 

Selection of Archaea Culturing Media  

Several media were made based on existing protocols 

(see Liquid Media Formulations) for various known 

terrestrial Archaea. One liter volumes of liquid media were 

individually, aseptically inoculated with the range of 

filtrates and stored at various temperatures (24°C - 37°C). 
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We took optical density measurements at 550 nm and 600 nm 

of media alone and media inoculated with filtrate in order 

to verify growth. Changes to the clarity of the medium is 

an indication of cellular division. Media demonstrating 

growth based on visual inspection and optical density 

measurements were selected and modified (pH, sulfur and 

sodium concentrations) in order to optimize growth.74  

 

Liquid Media Formulations  

T. acidophilum 7a (Ta7a)75 

1 g Yeast extract (Difco 0127-17-9), 10 g Dextrose, 3 

g KH2PO4, 0.5 g MgSO4, 6.8 g (NH4)2SO4, 0.25 g CaCl2�

2H2O, 1000 mL diH2O. Adjust pH to 1.65 with H2SO4 (50% 

v/v). Sterilize by heating to 100°C for 30 minutes in 

water bath and store at room temp.  

T. acidophilum 7b (Ta7b) 75 

1 g Yeast extract (Difco 0127-17-9), 17 g Sucrose, 0.5 

g MgSO4, 6.8 g (NH4)2SO4, 0.25 g CaCl2�2H2O, 1.3 g KOH, 

1.5 mL H3PO4, 1000 mL diH2O. Autoclave solution.  
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S. acidocaldarius Medium 9 (SAM9) 75 

6.0 g K2SO4, 1.0 g NaH2PO4, 0.6 g MgSO4�7H2O, 0.2 g CaCl2

�2H2O, 1000 mL diH2O with a trace mineral solution of 

5.0 g FeCl3�6H2O, 0.5 g CuCl2 �2H2O, 0.5g CoCl2�6H2O, 

0.5 g MnCl2�4H2O, 0.5 g ZnCl2 dissolved in 100 mL of 1N 

HCl. Autoclave solution. 

 

Sulfolobus Medium - Tryptone (SMT) 75 

2.0 g Tryptone, 1.0 g Yeast Extract, 1.3 g NaH2PO4, 0.28 

g KH2PO4, 0.25 g MgSO4� 7H2O, 0.07 g CaCl2�2H2O, 0.028 g 

FeSO4�7H2O, 1.8 mg MnCl2� 4H2O, 4.5 mg Na2B4O7 � 10H2O, 

0.22 mg ZnSO4�7H2O, 0.05 g CuCl2�2H2O, 0.03 mg NaMoO4�

2H2O, 0.03 mg VOSO4�2H2O, 0.01 mg CoSO4�2H2O, and 1000 

mL diH2O. Autoclave solution. 

Sulfolobus Medium - Sucrose (SMS) 75 

2.0 g sucrose, 1.0 g Yeast Extract, 1.3 g NaH2PO4, 0.28 

g KH2PO4, 0.25 g MgSO4� 7H2O, 0.07 g CaCl2�2H2O, 0.028 g 

FeSO4�7H2O, 1.8 mg MnCl2� 4H2O, 4.5 mg Na2B4O7�10H2O, 

0.22 mg ZnSO4�7H2O, 0.05 g CuCl2�2H2O, 0.03 mg NaMoO4�
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2H2O, 0.03 mg VOSO4�2H2O, 0.01 mg CoSO4�2H2O and1000 mL 

diH2O. Autoclave solution. 

 

Ignococcus Media (IM) 76 

13.85 g NaCl, 3.5 g MgSO4�7H2O, 2.75 g MgSO4�7H2O, 0.5 

g KH2PO4, 0.38 g CaCl2�2H2O, 0.33 g KCl, 0.25 g 

(NH4)2SO4, 0.05g NaBr, 0.015 g H3BO3, 0.16 g NaHCO3, 7.5 

mg SrCl2�6H2O, 25 μg KI, 5.0 g. elemental sulfur, and 

1000 mL diH2O. Autoclave solution. 

 

Pyrococcus furiosus (PF) 77 

0.5 g KH2PO4, 2 mg NiCll2�6H2O, 1.0 g Yeast Extract, 

0.5 g Tryptone, with a trace element solution of 3.0 g 

MgSO4� 7H2O, 1.0 g MnSO4� H2O, 1.0 g NaCl, 0.1 g FeSO4�

7H2O, 0.1 g CoCl2�6H2O, 0.1 g ZnSO4�7H2O, 0.01 g CuSO4�

5H2O, 0.01 g AlK(SO4)2�12H2O, 0.01 g H3BO3, 0.01 g 

Na2MoO4�2H2O, after adding 1000 mL diH2O and 

autoclaving add 0.5 g Na2S.   

Thioglycolate media 78 

Dextrose 
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Fifteen g Pancreatic Digest of Casein, 5 g Yeast 

Extract, 5.0 g Dextrose, 2.5 g NaCl, 0.5 g L-

cysteine, 0.5 g Sodium Thioglycolate, 0.001 g 

Resazurin, 0.75 g Agar with 1000 mL of diH2O and 

then autoclaved and 20 mL distributed to capped 

test tubes. Media were inoculated with a loop 

full of each filtrate and incubated for 48 hours 

at 37°C.  

 

Glucose 

Fifteen g Pancreatic Digest of Casein, 5 g Yeast 

Extract, 5.0 g Glucose, 2.5 g NaCl, 0.5 g 

Lcysteine, 0.5 g Sodium Thioglycolate, 0.001 g 

Resazurin, 0.75 g Agar with 1000 mL of diH2O and 

then autoclaved and 20 mL distributed to capped 

test tubes. Media were inoculated with a loop 

full of each filtrate and incubated for 48 hrs at 

37°C.  

 

Inoculation of Liquid Cultures  

A control tube containing 10 mL of liquid medium was 

used for each medium tested. Ten mL of medium were added to 

a glass culture tube along with 200 to 250 μL of filtrates. 
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Sterile technique was utilized to prevent contamination. 

Inoculates were stored at selected temperatures (4°C, room 

temperature, 37°C, 40°C, 50°C, 60°C and 80°C) in order to 

observe optimal growth temperature. Cultures were incubated 

at various lengths from 1-63 days. Twenty mL culture tubes 

were each given ten mL of media (T. acidophilum 7a media 

designated “Ta7a”, T. acidophilum 7B, designated “Ta7b”, S. 

acidophilus basal medium, designated “SA”). The 

corresponding media and 5.0 μL filtrate, the clearest 

filtrate was selected, was added to tubes using sterile 

technique.  Each were mixed using either the vortex or 

finger-flick technique. Experimental and control tubes were 

placed in a 37°C incubator, left at room temperature or 

placed in a 4°C refrigerator and visually inspected every 

seven days for 63 days. 

 

Optical Density Measurements and Comparisons  

Turbidity of liquid cultures was measured at 550 nm, 

the standard measurement for bacterial growth, and 600 nm, 

a common measurement for Archaeal growth. Three and one-

half mL of individually inoculated medium were measured for 

each sample and 1.5 mL of medium served as the blank.  
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Solid Media  

One and one-half grams of Phytagel™79(Sigma Aldrich, 

St. Louis, MO) were added to 150 mL of room temperature 

liquid medium and stirred gently to dissolve evenly. Ten mL 

of Phytagel™-medium mix were distributed into forty mL 

glass Petri dishes and autoclaved. Slants and deeps with 

Phytagel™-medium mix were made and inoculated with 

filtrates using a metal inoculating needle in order to 

screen for anaerobic and/or facultatively aerobic growth. 

Fourteen slants were made in 20 mL glass culture test tubes 

with approximately 15 mL of Phytagel™-Ta7a medium, and 

fourteen slants were made with with approximately 15 mL of 

Phytagel™-Ta7b medium. Twenty-one deeps were made in 25 mL 

screw-top glass culture test tubes with approximately 15 mL 

of Phytagel™-Ta7a medium, and twenty-one deeps were made in 

25 mL screw-top glass culture test tubes with approximately 

15 mL of Phytagel™-Ta7b medium. 

Ten grams of Phytagel™ powder were dissolved in 1L 

each of Ta7a, Ta7b, SAM9, SMT, SMS, IM, and PF media, 

autoclaved and immediately poured into plastic, pre-

sterilized 35 mm Petri dishes (“plates”). Approximately 40 

mL of Phytagel™-media were poured aseptically into each 

plate. Phytagel™-media solidified quickly, and required 
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pouring immediately after being removed from the autoclave. 

Once solidified, Phytagel™-media cannot be reheated or re-

melted. Phytagel™-Ta7a and Phytagel™-Ta7b media were also 

altered with the addition of two grams of elemental sulfur 

per one liter.  

 

Inoculation of Solid Cultures  

Fourteen Phytagel™-Ta7a medium slants were inoculated 

with two each of the 5.0 μm, 3.0 μm, 1.2 μm, 1.0 μm, 0.8 μm, 

0.22 μm and 0.2 μm filtrates. All fourteen Phytagel™-Ta7b 

medium slants were inoculated with two each of the 5.0 μm, 

3.0 μm, 1.2 μm, 1.0 μm, 0.8 μm, 0.22 μm and 0.2 μm 

filtrates. Seven of each filtrate size of the Ta7a and Ta7b 

slants were incubated at room temperature and the other 

seven were incubated at 37°C for ten days. Twenty-one 

Phytagel™-Ta7a medium deeps were inoculated with three each 

of the 5.0 μm, 3.0 μm, 1.2 μm, 1.0 μm, 0.8 μm, 0.22 μm and 

0.2 μm filtrates and twenty-one Phytagel™-Ta7b medium deeps 

were inoculated with three each of the 5.0 μm, 3.0 μm, 1.2 

μm, 1.0 μm, 0.8 μm, 0.22 μm and 0.2 μm filtrates. Seven of 

each filtrate size of the Ta7a and Ta7b deeps were 
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incubated at room temperature for fourteen days. Seven of 

each filtrate size of the Ta7a and Ta7b deeps were 

incubated at 37°C for fourteen days. Seven of each filtrate 

size of the Ta7a and Ta7b deeps were incubated at 60°C for 

fourteen days. 

Twenty-five plates containing Phytagel™-Ta7a medium 

and twenty-five plates with Phytagel™-Ta7b medium were 

inoculated with 100 μL of five each of 5.0 μm, 3.0 μm, 1.0 

μm. 0.8 μm and 0.2 μm filtrates. Twenty-five plates 

containing Phytagel™-Ta7a medium were saturated with 250 μL 

of 5.0 μm filtrate pipetted directly on the surface and 

spread with a sterile glass spreader aseptically, and 

incubated at room temperature for three days. Twenty-five 

plates containing Phytagel™-Ta7b medium were also saturated 

with 250 μL of 5.0 μm filtrate using the same method.  

 

Yellowstone National Park Field Work 

Freshly harvested fruiting bodies were washed with 

sterile phosphate buffer solution. Samples from each 

mixture from the nine harvested fruiting bodies were 

individually streaked on solid media. Work was performed 
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inside a cabin. Care was taken to sanitize the surfaces and 

work as cautiously and as quickly as possible to avoid 

contamination. The roots of the nine fruiting bodies were 

removed with a sterilized razor blade and placed in sterile 

Whirlpack™ plastic bags. The exterior of each fruiting body 

was carefully removed using a sterile scalpel. Interiors 

were thinly sliced with a sterile scalpel or with a 

sterilized microplane and subsequently stamped onto 

Phytagel™-Ta7a, Phytagel™-Ta7b, Phytagel™-Ta7a with 

elemental sulfur, Phytagel™-Ta7b with elemental sulfur, 

Lysine Iron Agar, and Kligler Iron Agar media plates. Thin 

slices, approximately three centimeters in diameter were 

cut and placed onto solid media and left to incubate on the 

solid media for two weeks. Interior samples were ground 

with a sterile mortar and pestle and mixed with 5 mL of 

sterile PBS. Sterile inoculating loops were used to streak 

the mixture on each media plate and incubated at room 

temperature.  

At the YNP geothermal sites Phytagel™-Ta7a, Phytagel™-

Ta7b, Phytagel™-Ta7a with elemental sulfur, and Phytagel™-

Ta7b with elemental sulfur plates were placed directly next 

to fruiting bodies and at a distance of twelve inches from 

the edge of the plate and placed another plate (Figure 4). 
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Plastic Petri dish lids were removed from the plates (“open 

air” plates) in order to capture microbes in the 

environment (Figure 5). Samples were incubated at ambient 

temperature in the field for approximately sixty minutes. 

Lids were placed on the plates and incubated at ambient 

temperature for two weeks. Samples were placed in a sealed 

ice chest for transportation back to Hayward, CA.   
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Figure 4. Schematic of open air plate placement. Media 

plates were placed at the base of the fruiting body and 

twelve inches from it. (Not to scale) 
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Figure 5. Open air plate placement at site TT1 around a P. 

tinctorius fruiting body in Norris Annex. 
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Optimization of Media  

Media were compared visually for growth in order to 

determine which provided the best conditions for growth. 

The concentration of elemental sulfur and sodium were 

calculated for the “winner media.” We generated a 

concentration experiment to determine which amount improved 

growth. We made media with 5%, 10% and 15% concentrations 

of sulfur and sodium chloride. Geothermal water in 

Yellowstone is typically acidic.80 As a result, the pH of 

selected media was altered for each at a range from 4.0 to 

7.5 in order determine which pH had a positive effect on 

growth.   

 

DNA Extraction and Sequencing    

DNA was extracted directly from all filtrates and from 

solid and liquid cultures. Several isolation kits were used:  

MoBio UltraClean™ Soil DNA Isolation Kit (Qiagen, Carlsbad, 

CA), MoBio PowerSoil™ DNA Isolation Kit, and MoBio Microbial 

UltraClean™ DNA Isolation Kit. DNA concentrations were 

determined using a NanoDrop 2000™ (Thermo Fisher Scientific, 

Waltham, MA). Seven μL of isolated DNA were placed with 1 μL 

of DNA visualization dye into a 1% agarose gel with 1% 
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concentration of SybrSafe™ DNA Gel Stain (Thermo Fisher 

Scientific, Waltham, MA) in order to determine the quality 

of the DNA from the extraction procedures. DNA that 

demonstrated visible bands after processing with the 

ChemiDoc™ (Bio Rad, Hercules, CA) was then used for a PCR 

reaction using 45 μL of Platinum Blue PCR SuperMix™ (Thermo 

Fisher Scientific, Waltham, MA) with 0.75 μL of 10 mM of the 

forward and reverse universal bacterial 16S rRNA primers 

(Forward primer: B27F: AGAGTTTGATCCTGGCTCAG and Reverse 

primer 1492: 5′-TACCTTGTTACGACTT), with 3.0 μL of DNA and 

1.5 μL of DNAse-free water. PCR products were visualized on 

1.2% agarose gel with 1% concentration of SybrSafe. PCR was 

run using the following thermocycler settings:  

95°C 85 sec   x 1 

 94°C 35 sec 

 55°C 55 sec x 12 

 72°C 45 sec  

94°C 30 sec 

55°C 55 sec x 12 

72°C 120 sec 

94°C 35 sec 

55°C 55 sec x 8 

72°C 180 sec 

72°C 10 min   x 1 
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4°C HOLD 

Archaeal universal primers for Euryarcheota were 

selected81, 82, 83 (Table 1) and used in several combinations 

(Table 2). DNA concentrations were measured using a NanoDrop 

2000™ (Thermo Fisher Scientific, Waltham, MA). Seven μL of 

isolated DNA were placed with 1 μL of DNA visualization dye 

into a 1% agarose gel with 1% concentration of SybrSafe™ DNA 

Gel Stain (Thermo Fisher Scientific, Waltham, MA) in order 

to determine the quality of the DNA from the extraction 

procedures. DNA that demonstrated visible bands after 

processing with the ChemiDoc™ (Bio Rad, Hercules, CA) was 

then used for a PCR reaction using 45 μL of Platinum Blue 

PCR SuperMix™ (Thermo Fisher Scientific, Waltham, MA) with 

0.75 μL of 10 mM of each forward and reverse Archaeal 

primers, sequences listed in Table 1, with 3.0 μL of DNA and 

1.5 μL of DNAse free water. PCR was run using the 

thermocycler settings listed above. PCR products were 

visualized on 1.2% agarose gel with 1% concentration of 

SybrSafe™ DNA Gel Stain (Thermo Fisher Scientific, Waltham, 

MA). 
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Table 1. Archaea Primers. 

909bR TTTCAGTCTTGCGACCGTAC 

341pF AATGATACGGCGACCACC 

1000cR GAGAGGTGGTGCATGGCC 

909aR TTTCAGCCTTGCGACCGTAC 

909dR TTTCAGTCTTGCGGCCGTAC 

340aF CCCTACGGGGTGCACCAG 

805pF CAAGCAGAAGACGGCATACGAGAT 

909cR TTTCAGCCTTGCGGCCGTAC 

340bF CCCTATGGGGCGCAGCAG 

915R GTGCTCCCCCGCCAATTCCT 

21F TTCCGGTTGATCCTGCCGGA 
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Table 2. Archaea primer combinations.  
 
Forward Primer Reverse Primer 

340aF 1000cR 
341pF 909bR 
805F 909d 
340bF 909aR 
21F 909cR 
340aF 1000cR 
340aF 915R 
21F 909aR 
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PCR products were sent to Elim (Elim 

Biopharmaceuticals, Hayward, CA) for PCR product clean-up 

and sequencing. Elim Bio uses Illumina™ (Illumina, San 

Diego, CA) based Next-gen Sequencing and Sanger sequencing. 

Sequencing results were aligned using The National Center 

for Biotechnology Inforation’s (NCBI) Basic Local Alignment 

Search Tool (BLAST) program.84 

 

Widefield and Confocal Microscopy   

Bacterial cultures were individually centrifuged in 

sterile centrifuge tubes at 13,000 rpm. Supernatants were 

removed, and each pellet was mixed with 5.0 μL of DAPI 

(Thermo Fisher Scientific, Waltham, MA), SytoBC® green 

fluorescent nucleic acid stain (Thermo Fisher Scientific, 

Waltham, MA), and acridine orange staining solution (Thermo 

Fisher Scientific, Waltham, MA. Each cell-dye mix was 

smeared on glass (Carl Zeiss, Germany) coverslips 

previously cleaned with 100% ethanol and a dust-free wipe. 

Each coverslip was covered with a tent of aluminum foil and 

allowed to dry on a slide warmer at 40°C for 5 minutes. Each 

coverslip was subsequently placed on a standard slide with 

5.0 μL Prolong Gold® Antifade Mount (Thermo Fisher 
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Scientific, Waltham, MA) and imaged with a Zeiss Axio 

Imager™ (Carl Zeiss, Germany) wide field scope. Cells were 

also imaged using a Leica SP5™ confocal (Leica 

Microsystems, Germany) with settings that were appropriate 

to the excitation and emission spectra of each cellular dye 

(DAPI 358/461 nm, SytoBC® 485/500 nm, acridine orange 

502/525 nm). Images were processed using ImageJ.85 

 

Structured Illumination / Super-Resolution Microscopy  

Bacterial pellets were acquired and prepared for 

microscopy as described above but without Prolong Gold. 

Each coverslip was placed on a standard slide and imaged 

using a Zeiss Elyra™ (Carl Zeiss, Germany) at the 

University of California Berkeley Biological Imaging 

Facility. Imaging assistance and system training was 

provided by Dr. Steve Ruzin. Images were processed using 

Imaris™ (Bitplane Oxford Instruments, Concord, MA) software 

and Zeiss Zen Black™ (Carl Zeiss, Germany) deconvolution 

software.   
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RESULTS 

 

Filtration 

 All filtration protocols were successful in removing 

large pieces of cellular debris from the P. tinctorius 

fruiting body. Filtrates ranged in color from clear to 

opaque brown. The dark brown coloration was not always 

removed by the smallest filter size. Spores were verified 

to be absent by optical microscopy and compared to images 

containing spores (Figure 6).  
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Figure 6. Image of spore density 200X. Spores are 

approximately 40 μm in diameter. Sample was cut on with a 

Leica CM3050 S Research Cryostat™ (Leica Microsystems, 

Germany) and is unstained. Imaged with a Zeiss Axio Imager™ 

(Carl Zeiss, Germany). 
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Media 

 The liquid media experiments were unsuccessful. 

Initially, growth was observed in the Ta7a and Ta7b media 

and they were selected to move forward with experiments. 

However, the growth was determined to fungal after Gram 

staining indicated fungal morphology. The amount and filter 

size of filtrate added to the liquid cultures did not 

appear to make a difference. Optical density readings were 

taken for un-inoculated media that were used as the blanks. 

The Pyrococcus furiosus (PF) media was pitch black once the 

iron component was added and no reading could be taken. The 

color and density of this media also made visual inspection 

for growth impossible. Optical density readings were only 

available for very clear filtrates (Table 3). Darker 

filtrates, once added to the liquid cultures were too 

opaque to measure optically.  
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Table 3. Optical density values for twelve liquid cultures.  

 

Tube 
code 

Contents Incubation 
Temperature 

 Initial 
OD 
reading 
(500 nm) 

Initial 
OD 
reading 
(600 nm) 

12 day 
incubation 
OD reading 
(500 nm) 

12 day 
incubation 
OD reading 
(600 nm) 

MK37-
1 

10 ml 7A Control at 
37C 

0.0 0.0 0.001 0.028 

MK37-
2 

10 ml 7B Control at 
37C 

0.0 0.0 0.004 0.009 

MK37-
3 

10 ml SA Control at 
37C 

0.0 0.0 0.007 0.011 

MK37-
4 

10 ml 7A + 250 
!l 5.0 filtrate 

37C -0.001 0.004 0.113 0.065 

MK37-
5 

10 ml 7B + 250 
!l 5.0 filtrate 

37C 0.088 0.040 -0.111 0.063 

MK37-
6 

10 ml SA + 250 
!l 5.0 filtrate 

37C 0.015 0.005 0.009 0.0056 

MK37-
7 

10 ml 7A + 250 
!l 5.0 filtrate 

Room 
temperature 
(~22C) 

0.037 0.021 0.107 0.090 

MK37-
8 

10 ml 7B + 250 
!l 5.0 filtrate 

Room 
temperature 
(~22C) 

-0.002 0.009 0.054 0.035 

MK37-
9 

10 ml SA + 250 
!l 5.0 filtrate 

Room 
temperature 
(~22C) 

0.028 -0.000 0.038 0.028 

MK37-
10 

10 ml 7A + 250 
!l 5.0 filtrate 

Refrigerator 0.003 0.00 0.005 0.012 

MK37-
11 

10 ml 7B + 250 
!l 5.0 filtrate 

Refrigerator 0.023 0.0021 0.037 0.026 

MK37-
12 

10 ml SA + 250 
!l 5.0 filtrate 

Refrigerator NA NA NA NA 
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Solid media results were more successful. The addition 

of Phytagel™ powder to liquid media formed a solid 

substrate for growth and provided an anaerobic environment. 

Dry media were taken to the Yellowstone field work 

laboratory site where boiling water was added to make one 

liter of liquid cultures with freshly harvested P. 

tinctorius. An undergraduate research assistant mistakenly 

added Phytagel™ powder to the dry mix. As the media cooled, 

it became apparent that it was solidifying. However, this 

turned out to be a happy accident as the P. tinctorius was 

trapped in a suspension within the one liter bottles and 

sealed. After incubating at room temperature for twenty 

days, the bottles were opened by breaking off the base with 

a hammer. In a hood each of the six solid Phytagel™ “logs” 

were slid out gently and cut with a sterile spatula into 

slices. Colonies from the central interior region of the 

slices were removed from the gel suspension with a sterile 

razor blade for DNA extraction and sequencing (Figure 7). 

Anaerobic Gordonia was identified from these interior 

slices. While the open air plates showed fungal growth, 

bacterial species also grew and were able to be removed, 

isolated, cultured, sequenced and identified (Figure 8). 
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A 

 

B 

 
C 

 

D 

 
 
 
Figure 7. Phytagel™ “log” processing. A) Solidified medium 

after removal from glass bottle. B) Slice of “log” with 

growth. C) Spherical colony was cut from slice. D) Gel 

containing colony was processed for DNA extraction.  
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Figure 8. Open air plate growth from location TT2. There is 

a variety of fungal and bacterial growth as well as debris 

such as dirt, sand, and pine needles. 
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Environmental Conditions in YNP during sampling  

 The ambient temperature in Norris Annex was 50˚C. There 

was very light rain. The open air plates were exposed to 

rain water and this could have affected growth. There was 

no obvious breeze. Distance measurements were taken when 

safe to do so, however, measurements between locations was 

not always possible. The P. tinctorius fruiting bodies were 

located mainly at the tree line around each geothermal pool 

site. We identified pine needle debris, branches, and moss 

that was sage green in color and branched. Moss that 

appeared dead and was black in color was present within 

inches of the fruiting bodies (Table 4). 
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Table 4. Environmental observations at Norris Proper and 

Norris Annex sample sites. 

 
Harvest code Notes  
NP1-1  fruiting body and roots sample taken  
NP1-2 fruiting body and roots sample taken  
NP1-M  red mushroom  
NP-1-3  against a rock, had black tree roots in soil hole  

NP2-M2  
multi colored (green, red, orange) multi-leaf plant, succulent 
like, short root 

NP2-1  loosely packed, wetter/darker soil, 35 inches from tree 
NP2-2  big root, wetter soil  

NP2-3  
soil was claylike, moist and warm to the touch, 15 feet from 
NP2-2 

NANE-1  
Norris Annex North East, soil is crumbly dense mud, cold to 
the touch 

NAH-1 
Norris Annex Hilltop red, coopery oily leak from fruiting 
body, many roots, dry and sandy, surrounded by moss 

NADO-1  

Norris Annex Direct Opposite (opposite entry point) ~20 feet 
to sulfur pool, on top of tree root, cold to the touch, 
powdery sand 

NADO-2 

Norris Annex Direct Opposite (opposite entry point) lots of 
roots, ~1 foot demo pine needle ring of Lodgepole pine tree, 
silica soil, sandy 

NACS-1  
Norris Annex Caddy Shack, no trees, organic dead wood and pine 
needles, no root, soil is cold to the touch, sandy and powdery  

NA1-1 
Sandy rocky soil, wet, minimal roots, 94.5 inches from needle 
line around pine tree 

TT1/NA1-2 
 

pulled from 28.5 inches from pine tree base, and 10.5 from 
needle line, sandy rocky top soil, soil pH was 5.0, hard soil, 
firm, cold to the touch, one tree root, sage colored moss 
present around fruiting body 

 
TT2/NA1-3 
 

72.5 inches from tree base, 38.5 inches from needle line, 3.5 
cm across body, tree roots clearly visible, dead pine needles 
in soil hole, soil pH 4, closer to pool/center of region 

TT3 control 
 

soil - pH2  

TT4/NA1-4 
 

no pine needles, fruiting body was 142.25 inches from largest 
tree base, 21 inches from a small sapling and 44.25 inches 
from a medium sizes sapling, lots of moss alive and dead (sage 
and black in color), pine needles around, pine cones around, 
clay like soil, lots of roots, pine needles inside soil hole, 
soil pH = 5  
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DNA Extraction and Sequencing  

 Three readings for isolated DNA were taken for each 

sample using a NanoDrop 2000™ (Thermo Fisher Scientific, 

Waltham, MA) to ensure measurement precision. DNA 

concentrations were higher than 6.0 ng/uL for 76% of our 

isolations (Table 5). DNA with concentrations over 6.0 

ng/uL and a 260/280 ratio higher than 1.75 were visualized 

on a 1% agarose diagnostic gel. DNA with strong bands was 

amplified with PCR. PCR products were visualized on a 1% 

agarose diagnostic gel and successful amplifications were 

sent to Elim (Elim Biopharmaceuticals, Hayward, CA) for 

sequencing. Due to the large number of media plates with 

isolated colonies I also sent plates with growth directly 

to Sequetech (Sequetech, Mountain View, CA) for colony PCR 

and Applied Biosystems (Thermo Fisher Scientific, Waltham, 

MA) sequencing. Sequences were identified using NCBI BLAST 

tools.84 
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Table 5. DNA concentrations and ratios for eleven samples.  

Sample ID 
Nucleic 
Acid Conc. Unit A260 A280 260/280 260/230 

FP-83 121.8 ng/µl 2.436 1.312 1.86 1.8 

FP-83 130.6 ng/µl 2.612 1.401 1.86 1.7 

FP-83 133.6 ng/µl 2.671 1.425 1.87 1.68 

FP-84 205.6 ng/µl 4.113 2.253 1.83 2.13 

FP-84 206.3 ng/µl 4.127 2.254 1.83 2.13 

FP-84 204.9 ng/µl 4.098 2.248 1.82 2.09 

FP-85 28.2 ng/µl 0.565 0.319 1.77 0.72 

FP-85 29.5 ng/µl 0.59 0.345 1.71 0.72 

FP-85 29.5 ng/µl 0.59 0.342 1.73 0.72 

FP-86 75.2 ng/µl 1.505 0.827 1.82 2.65 

FP-86 76.2 ng/µl 1.523 0.845 1.8 2.53 

FP-86 76.8 ng/µl 1.535 0.836 1.84 2.55 

FP-87 69.1 ng/µl 1.381 0.776 1.78 1.78 

FP-87 70.5 ng/µl 1.41 0.798 1.77 1.71 

FP-87 70 ng/µl 1.4 0.786 1.78 1.68 

FP-88 21.8 ng/µl 0.436 0.235 1.85 1.92 

FP-88 22.3 ng/µl 0.447 0.247 1.81 1.85 

FP-88 22.5 ng/µl 0.45 0.251 1.79 1.75 

FP-89 74.5 ng/µl 1.49 0.787 1.89 1.54 

FP-89 73.9 ng/µl 1.478 0.793 1.86 1.51 

FP-89 74.2 ng/µl 1.484 0.791 1.88 1.49 

FP-90 11.8 ng/µl 0.235 0.147 1.6 1.36 

FP-90 11.9 ng/µl 0.238 0.142 1.68 1.23 

FP-90 15.9 ng/µl 0.319 0.2 1.59 1.02 

FP-91 133.8 ng/µl 2.677 1.513 1.77 1.7 

FP-91 134.3 ng/µl 2.687 1.544 1.74 1.72 

FP-91 133.4 ng/µl 2.668 1.52 1.76 1.69 

FP-92 5.1 ng/µl 0.102 0.071 1.44 2.11 

FP-92 4.4 ng/µl 0.089 0.051 1.73 2.21 

FP-92 5.2 ng/µl 0.104 0.075 1.39 1.49 

FP-93 6 ng/µl 0.121 0.08 1.5 0.76 

FP-93 7.8 ng/µl 0.155 0.127 1.23 0.72 

FP-93 6.9 ng/µl 0.139 0.106 1.31 0.64 
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Six hundred isolations from fifteen fruiting bodies 

and fifteen soil samples were obtained. Three hundred and 

thirteen were sequenced and two hundred and ninety-seven 

(94%) successfully identified (Table 6). Thirty-two 

different genera of bacteria were identified. The majority 

of the genera are from the phylum Proteobacteria (Figure 

9). Proteus species were also identified. The majority of 

the sixty-two soil sample isolations had very low 

concentrations of DNA. Four of the samples were sent for 

sequencing and resulted in two genera, Bacillus and 

Paenibacillus. Due to budgetary constraints the remaining 

sixty samples were not amplified with PCR and not sent for 

sequencing. No Archaeal species were identified.  
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Table 6. Cultured Genera. 
 
Genus Number of identified  
Bacillus 108 
Burkholderia 41 
Microbacterium 38 
Staphylococcus 14 
Acinetobacter 12 

Pseudomonas 11 
Proteus 10 
Paenibacillus 8 
Curtobacterium 7 
Unknown 7 
Nocardia 4 
Brevibacterium 3 
Cellulosimicrobium 3 
Cohnella 3 
Dyella 3 
Gordonia 2 
Kitasataspora 2 
Massilia 2 

Mycobacterium 2 
Neisseria 2 
Pantoea 2 
Paracoccus 2 
Raoultella 2 
Acidocbacteria 1 
Acidocella 1 
Clostridium 1 
Geobacter 1 
Streptomyces 1 
Stenotrophomonas 1 
Planomicrobium 1 
Ralstonia 1 
Sphingomonas 1 
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Figure 9. Relationships between cultured genera. Nodes are 

indicated by black dots. (Not all nodes are labeled)  

	
	
	
	
	
	
	
	
	
	



	

	

55	

DISCUSSION	
 

Filtration 

 Filtration was successful in producing material that 

did not contain large pieces of debris. However, the 

filtrate did not have a uniform appearance indicating that 

some material made it through the process. Liquid cultures 

inoculated with filtrate were unsuccessful and it is 

possible that I filtered out all the cells and did not 

actually distribute any into the liquid media. This is also 

possibly the case for the solid media. Filtrates that were 

spread or poured directly onto the solid media may not have 

contained any cells. Filtration also made pellet formation 

and retrieval difficult. Unexpectedly, the smaller sized 

filters produced filtrates that did not spin down easily 

into pellets of cells. This may be evidence that there were 

no cells or very few cells present. Modifications to DNA 

isolation protocols were required as I was unable to form 

pelleted cells in order to begin the extraction process 

according to the extraction kit protocols.   
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Imaging 

 Super-resolution imaging did not show any verifiable 

Archaeal cells. Imaging of of the filtrates at high 

magnification indicated that the spores were successfully 

removed, however, there were no clearly identifiable 

structures indicating the presence of Archaeal species. It 

is possible that the cellular dyes used were not specific 

enough for the cell walls and did not bind. It is also 

possible that the dye stained all debris present and did 

not allow for specific visualization of the cells.  

 

Culturing  

 The stepwise filtration processes were an attempt to 

filter out larger cells and aid in the isolation of 

Archaeal and bacterial species. However, liquid media 

culturing was unsuccessful. Spectroscopic measurements 

often indicated there was no change between the un-

inoculated media and the inoculated media. Cultures were 

left to grow for up to two months with fresh media added, 

again, no growth occurred. Our liquid cultures ranged from 

ten milliliters to one liter in size. Alterations to NaCl 

concentration, pH, and sulfur concentration made no 
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difference. Solid media did not demonstrate any growth. It 

is possible elemental sulfur was not the form our species 

required for metabolism. We did not test media additions of 

sulfur forms such as sulfite, sulfate or other sulfur 

compounds. After the culturing experiments were completed, 

I found an article about successfully culturing archaeal 

species in a laboratory setting.86 The authors outline 

liquid media that must be prepared in ten to fifty liter 

quantities with fresh media replaced at consistent 

intervals.  

 Thioglycolate media cultures did demonstrate some 

growth. However, the DNA yield was too low (less than 1 

ng/uL) to be amplified with PCR and sent for sequencing. It 

is possible that we did not extract enough cells from the 

media in order to extract the DNA successfully. It is also 

possible that what looked like growth was debris or other 

non-living material.  

 

Contamination 

There were some issues with contamination. Liquid 

media was quickly contaminated and demonstrated fungal 

growth before addition of filtrate. We had open air plates 

in the laboratories in order to see what our common 
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contaminants would be; they were mainly fungal. We cultured 

several colonies of Staphylococcus hominis and 

Staphylococcus epidermis. These are common human skin 

dwellers and, while they are also found in the soil, they 

appeared on our open air plates as well as filtrate-

cultured pltes. The contamination plates, once identified 

by sequencing, and the open air plates were used to confirm 

contamination visually.  

The samples, and filtrates made from them, may have 

become contaminated at multiple points in the process. P. 

tinctorius fruiting bodies that became filtrates were not 

autoclaved so as not to kill any members of the microbiome 

susceptible to high temperatures. Samples were moved in and 

out of a freezer repeatedly, exposed to open air as pieces 

were removed, and sliced in the open air before being 

stamped on plates. Filtrates were processed with syringes 

that could have become contaminated after the plungers were 

removed and exposed to open air. The vacuum filter 

containers were not autoclaved, the hoses attached to the 

vacuum were not sterile, and the vacuum filtration occurred 

by windows that were not sealed entirely to the outside. 

Filtrate tubes were opened and closed repeatedly exposing 

them to potential contamination.  
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Optical density readings were also affected by 

contamination. Liquid cultures may have started out with 

contaminated media. Despite using sterile technique, growth 

occurred which appeared to be bacterial but was identified 

as fungal when stained with crystal violet and Congo red 

cellular dyes. The main fungal contaminant was visually 

identified as Aspergillus, most likely Aspergillus 

nidulans. This is a very common fungal contaminant. 

Inhibition of bacterial growth was the reason I initially 

did not add cyclohemixide to our media.87  

 

DNA Isolation and PCR 

DNA was successfully isolated from six hundred 

extractions which came from isolations of bacteria from the 

fifteen freshly-harvested field work specimens (438 from P. 

tinctorius fruiting bodies and 62 from the surrounding soil 

samples). I was successful in identifying nearly all of our 

bacterial cultures. The mixed bacterial 16 rRNA universal 

primer set, B27F and 1492R, while amplifying a broad range 

of species may have missed some bacterial species. Despite 

the low concentrations of the soil sample isolations, it 
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would be interesting identify them via PCR and sequencing 

and rule out any exterior species.  

 In order to ensure tough Archaeal membranes were being 

lysed successfully, I modified the procedure of the DNA 

isolation kits to include an additional step where samples 

were incubated at 65°C to 80°C with sodium dodecyl sulfate 

prior to mechanical breakage with glass beads or sand. It 

is possible that this step was not enough to lyse any 

archaeal cells present. This alteration to the protocol did 

increase our bacterial DNA yields.  

The universal archaeal primers were unsuccessful in 

amplification and sequencing results. In regards to PCR, 

the archaeal primer sets showed unspecific amplification 

for nearly all the combinations. DNA isolation results that 

visualized a dark band were amplified with PCR sent for 

sequencing. However, the NCBI nucleotide BLAST results were 

inconclusive. For example, samples 92-3, 92-6, and 92-8, 

which used primer combination 1000c reverse and 340a 

forward. The results for 92-3 and 92-6 showed no results 

available when using all three optimization options (highly 

similar sequences, more dissimilar sequences, and somewhat 

similar sequences). It is odd that the 1% agarose gel run 

to visualize the PCR product for sample 92-3 indicated a 
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single, bright band indicating that there was amplified DNA 

present (Figure 10).  
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Figure 10. 1% Agarose gel with PCR Product for Sample 92-3. 

Lane 3 shows a dark band of approximately 1,700 base pairs. 
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While the Archaeal primer set used to amplify the DNA 

appeared successful, the same set used for sequencing did 

not appear to work. The sequencing result had 1,282 

characters with 352 characters (27%) being unknown 

(represented with an N). Nearly a third of the sequence is 

unknown. The sequencing file was opened in 4peaks™ software 

(Nucleobytes, Aalsmeer, The Netherlands) and ten N’s were 

edited to an A, C, T, or G by visually identifying the peak 

height and color and determining the applicable base gave a 

new sequence to compare. Editing just ten bases provided 

enough of a change to give a result when compared in an 

NCBI BLAST search with results optimized for highly similar 

settings (Figure 11). However, while the result indicates a 

genus and species for sample 92-3, Nocardia soli, the 

identity percentage is too low and the E-value is too high 

to consider it a conclusive identification.   
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Figure 11. Screen shot of NCBI’s BLAST results for Sample 

92-3 with a 10 base pair edit. 
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Sample 92-8 had no results when optimized for highly 

similar sequences. Results do return when optimized for 

more dissimilar sequences, however, the top ten results all 

have a query coverage percent lower than 26%, identity 

match percentages lower than 79%, with large expect values 

and most importantly all ten are different genera (Table 

7). The top twenty results had ten different genera 

represented.  

Another unexplained difference was the length of the 

sequencing results. Results for the primer 1000c sequences 

were longer than both universal bacterial primers. Current 

literature indicated that the universal archaeal primers 

should have similar base pair lengths81,82. It is unclear why 

the results were not similar in length. 

  



	

	

66	

Table 7. Top ten NCBI BLAST results for Sample 92-8. 

Genus Max 

Score 

Total 

Score 

Query 

Coverage 

E-

Value 

Identity 

Nocardia 100 182 26% 1s-16 79% 

Gordonia 150 255 23% 6e-32 71% 

Mycobacterium 89.7 151 20% 2e-13 74% 

Gemmmatirosa 132 132 18% 2e-26 72% 

Kribella 122 122 18% 3e-23 72% 

Brveundimonas 188 188 16% 4e-22 72% 

Pseudonocardia 107 107 14% 3e-16 72% 

Tessaracoccus 95.1 95.1 14% 1e-8 70% 

Corynebacterium 114 114 14% 2e-20 75% 

Aggrococus 109 109 11 2e-19 77% 
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 These findings indicate several issues. We have non-

specific amplification with this primer set leading to 

multiple regions being amplified and leading to poor 

sequencing results. The poor sequencing data lead to the 

varying results returned post-BLAST. While it is possible 

that there were multiple species’ DNA present in the sample 

tube before the PCR process was run, as this was isolated 

from an environmental sample, it is unlikely that PCR 

amplified ten individual species. Poor sequencing results, 

with a small number of useable bases, are insufficient to 

compare to those in the NCBI database. This type of 

comparison results in exceptionally low coverage 

percentages and increases the number of possible species 

the sequence can match. Thus, this sample was categorized 

as “Unknown.” Samples with similar issues regarding low 

coverage and low match were also categorized as “Unknown.” 

 

Species Coverage 

Isolated DNA would have likely contained several 

species’ genetic material. However, as one result was 

amplified and that one amplified species sequenced, I 

likely missed identification of the others present within 

the sample. Many of these isolations had low yields of 
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genetic material and were not amplified with PCR. The list 

of cultured bacterial species (Table 6) is not 

representative of the complete microbiome of P. tinctorius. 

The cultured species only represent what species we were 

able to grow, re-plate, extract DNA from, amplify with PCR, 

sequence and identify based on a close match to a species 

in a database of known species. It is possible that results 

from sequencing that did not have a close match are 

currently unidentified. We mainly cultured aerobic species 

of bacteria, and this is expected as our cultures were not 

placed in anoxic environments. The exception being the 

Phytagel™ “logs” that grew anaerobic Gordonia. 

Previous research by Lauzon and her graduate students 

indicated Paenibacillus species were a common culturable 

isolate. Initially, I was working with frozen samples 

provided by a NASA colleague that lacked the date the 

fruiting body was harvested. This made it challenging to 

know the exact age of the samples, however, the samples 

were approximately one-year-old. This is likely why we 

identified mainly Bacillus species, as they are spore-

formers and likely withstood being frozen for a long period 

of time. Paenibacillus is also a spore-former and also able 

to withstand dramatic changes in temperature.88 Fresh 
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culturing at the site of the harvest likely made a 

difference in the species we were able to successfully 

culture. I also utilized Phytagel™ as a solidifying agent 

to media which may have acted as a substrate for various 

bacterial species not commonly observed with the standard 

solidifying agent, agar. Species may have also had 

preference for a more solid surface on which to grow. 

Phytagel™ added to media provided a much firmer surface 

than standard agar. As previous efforts have reported on 

the isolation and potential roles of such bacterial species 

in the genera Bacillus, Burkholderia, and Paenibacillus in 

the P. tinctorius microbiome, I will introduce and focus on 

some of the bacteria that were not previously isolated P. 

tinctorius sampling. 

 

Acinetobacter 

 Acinetobacter species are Gram negative, aerobic, non-

fermentative bacteria that are environmentally pervasive. 

Mesophilic Acinetobacter species are found in water, soil 

and been cultured from clinical specimens such as blood, 

stool, and sputum.89 There are several pathogenic 

Acinetobacter strains.90 They are commonly identified in 

geothermal regions and have previously been identified in 
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Yellowstone National Park geothermal pools.91 They have been 

identified in geothermal waters and soils in Iceland92, a 

geothermal spring in Amazonian Peru93 and acidic hot springs 

in Japan.94 Unfortunately, only the genus Acinetobacter was 

identified by sequencing. This makes it difficult to 

determine the exact function that species of this genus may 

be contributing within the P. tinctorius microbiome. 

There are currently known Acinetobacter–fungal 

interactions. One of which occurs between Acinetobacter and 

S. cerevisiae. Acinetobacter demonstrates increased growth 

when in the presence of S. cerevisiae.95 There is also 

evidence that Acinetobacter species are able to exhibit 

antifungal properties.96 This function could offer a 

protective ability to P. tinctorius and help it outcompete 

other fungal species present. The open air plates showed a 

wide variety of fungal growth (Figure 8) indicating the 

presence of potential competitors. Acinetobacter has been 

shown to have high natural transformation frequencies.97 

However, horizontal gene transfer between plants and 

bacteria residing in soil has not been demonstrated with 

Acinetobacter species.98  

 Acinetobacter has also been studied in relation to 

its high tolerance of heavy metals. Bacteria have several 
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methods to handle toxic heavy metal exposure. Heavy metal 

contamination in soil can cause the bacterial cell to take 

up the metal ions leading to an accumulation within the 

cell, they are then able to utilize enzymes to reduce the 

toxic uptake.99 Heavy metal tolerant bacteria are also able 

to utilize efflux pumps that actively transport heavy metal 

ions back to the outside environment.100 Acinetobacter 

johnsonii has demonstrated the capability to thrive in 

heavy metal conditions with Lanthanum.101 Acinetobacter 

haemolyticus that was removed from waste water contaminated 

with heavy metals has displayed a unique capacity to 

survive and reduce hexavalent chromium.102 This is surprising 

as hexavalent chromium is strongly mutagenic.103 Several 

genes have been identified in Acinetobacter species that 

account for its ability to survive in copper contaminated 

environments.104 It would be especially interesting to find 

out if these genes for metal tolerance also appears in the 

genomes of other bacterial species comprising the P. 

tinctorius microbiome. 

Acinetobacter species have demonstrated the ability to 

oxidize long chain alkanes and utilize them as a carbon 

source.105 The dense, oily interior of P. tinctorius is 

likely an ideal environment for Acinetobacter species. 
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Acinetobacter species have several genes for alkane 

hydroxylase. These constitutively active enzymes allow for 

the breakdown of long chain alkanes.106 Oxidation of long 

chain alkanes can be a complex process and Acinetobacter 

also have novel genes for an oxygenase that is likely 

acting as the first enzymatic catalyzer.107 Acinetobacter are 

able grow on hydrocarbon only substrate and bind 

hydrocarbon droplets using its fimbrae. 108 This use of 

hydrocarbons as a metabolic substrate and ability to attach 

to it specifically makes Acinetobacter species presence 

within the P. tinctorius fruiting body microbiome less of a 

mystery.  

 

Gordonia 

Gordonia species are Gram positive, aerobic, and do 

not form spores.109 They are commonly found in soil and there 

are several pathogenic species that cause disease in 

humans.110 Several species in this genera have unique 

abilities to thrive in difficult conditions. Gordonia 

alkivorans has enzymes that can break down long chain 

alkanes such as hexadecane.111 Other Gordonia species can 

break down aromatic and halogenated hydrocarbons112 and 

utilize hydrocarbons as their sole carbon source.113  
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Several species have the ability to desulphurize 

aromatic sulfur compounds.114 Gordonia desulfuricans, 

Gordonia alkanivorans, and Gordonia nitida are all able to 

remove sulfur groups from long chain hydrocarbons.115, 116 

Desulfurization genes have been identified and successfully 

cloned into E. coli allowing it to acquire the ability to 

remove sulfur groups from hydrocarbons.117 This ability is 

especially relevant given the high concentration of sulfur 

in the soil and waters of Yellowstone National Park’s 

geothermal pools.118 It would be interesting to identify the 

transformation frequencies of Gordonia and investigate 

whether or not these genes are present in the other 

microbiome member species’ genomes. It is possible that 

transferring the ability to reduce sulfur-toxicity allows 

the bacterial members and P. tinctorius to survive in high 

sulfur concentrations. It is unknown if there are aromatic 

sulfur compounds within the P. tinctorius fruiting body. 

 

Geobacter 

 Geobacter species are Gram variable, anaerobic, and 

are non-spore-forming bacteria.119 This anaerobic genus was 

cultured serendipitously. Unfortunately, I was not able to 

determine the identity of the species of Geobacter we 
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cultured. Geobacter species are able to survive in harsh 

conditions and are able to directly oxidize heavy metals 

and organic compounds into carbon dioxide.120 Insoluble iron 

in the environment is difficult to reduce completely, 

however Geobacter metallireducens possesses this ability.121 

G. metallireducens uses desaturase to couple oxidation 

reactions to iron.122 G. sulfurreducens can reduce sulfur 

compounds123 and, interestingly, use their pili for electron 

transfer indicating that they have conductive appendages.124 

Geobacter can also reduce forms of arsenic found in the 

environment, arsenite and arsenate.125 

It is possible that Geobacter species within P. 

tinctorius are acting as an energy source for other 

microbes or for P. tinctorius itself. Geobacter species 

display unique electricity conducting ability and may be 

attracted specifically to heavy metals. Geobacter biofilms 

have been grown on anodes where they demonstrated the use 

of their conductive pili to pass electrons creating a 

microbial fuel cell.126 These conductive pili are likely used 

by Geobacter in order to search out heavy metals for 

electron transfer.127 The ability to employ heavy metals for 

electron transfer and the oxidation of organic compounds 
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into carbon dioxide make them ideal members of a 

microbiome.  

 

Pseudomonas 

 Pseudomonas are Gram negative aerobes that do not form 

spores.128 They are ubiquitous in aquatic and terrestrial 

environments and are well studied pathogens.129 Of the eleven 

Pseudomonas cultures identified, one was P. japonica, five 

were P. putida, and five were not identified to species. I 

will discuss some features of Pseudomonas putida.  

 P. putida is a common soil dweller and is often found 

in the rhizosphere of plants. It has an optimal growth 

temperature range of 25° – 30° C. These rhizobacteria are 

able to colonize a rhizosphere, attach to root surfaces, 

and provide essential processes for the plant such as 

protection from harmful bacteria and fostering growth.130 P. 

putida can attach directly to the exterior of seeds and in 

some cases directly penetrate them131 allowing infected seeds 

to maintain the bacteria in its new location. P. putida may 

even be required for development and growth of the seed.132  

 P. putida is a well-known bioremediator. It can break 

down benzene, toluene, xylenes133 and many other human-made 

xenobiotics such as polystyrene (styrofoam).134 P. putida has 
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several genes for the breakdown of cyclic hydrocarbons on a 

transmissible plasmid.135 P. putida can also metabolize 

halocarbons such as trichloroethylene136 and polycyclic 

aromatic hydrocarbons found in coal, tar and diesel.137 This 

species also has a remarkable ability to quickly alter its 

cellular membrane composition in response to stressful 

conditions which provides it an edge to survival in harsh 

and fluctuating conditions.138  

Pseudomonas species utilize many different strategies 

for survival in heavy metal contaminated environments such 

as efflux pumps, accumulation and oxidation.139 P. putida can 

survive in high concentrations of heavy metals. It has 

proven capacity to thrive in very high concentrations of 

zinc, copper,140 and cadmium, as well as chromium and 

nickel.141 It can also adsorb uranium.142 

P. putida has well-studied fungal symbioses and has 

been dubbed a “mycorrhiza helper” bacteria.143 Most of the 

studied interactions are between soil-dwelling Pseudomonas 

and a vesicular-arbuscular mycorrhizal fungus.144 Pseudomonas 

species have been studied in relation to Pisolithus species 

growth where the presence of the bacteria in the 

rhizosphere was required for the growth of Pisolithus and 

establishment of the symbiotic relationship between 
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Pisolithus and its partnership with Acacia holosericea.145 P. 

putida can play a role working symbiotically with fungal 

species in order to promote plant growth.146 P. putida has 

been shown to have a successful relationship with S. 

cerevisiae where the yeast alters the pH to create ideal 

conditions for the P. putida growth while the bacteria 

generates metabolites for the yeast’s consumption.147  

Unfortunately, there is not much research regarding 

the interior microbiome of fungi, though this is changing 

quickly with the rise of metagenomic sequencing and 

analysis. The presence of the Pseudomonas species within 

the fruiting body could also be related to dispersal. The 

fungal spores may require these bacteria for development 

and growth and residing in the interior provides an 

excellent opportunity for the bacteria to infiltrate or 

attach to the spores and be carried along to the spore’s 

final landing site. The presence of P. putida within the 

microbiome of Pisolithus could be to populate the 

surrounding soil, and offer other benefits such as 

providing protection from any pathogens present in its new 

location, or to process nutrients that support development 

and growth. It could also be playing an important role in 

establishing the symbioses between the Pisolithus and the 
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Lodgepole pines that ring the geothermal pools in both 

Norris Proper and Norris Annex.  

 

Microbacterium 

 Thirty-eight results for Microbacterium species. Of 

the thirty-eight, one result was M. foliorum, one was M. 

hydrocarbonoxydans and nineteen were M. oxydans. The genus 

Microbacterium contains a Gram positive, aerobic bacteria 

commonly found in soil.148 This genus also contains a known 

pathogen in clinical samples.149 M. hydrocarbonoxydans has 

the ability to degrade crude oil and other long chain 

hydrocarbons.150 M. oxydans can also break down hydrocarbons 

and use them as its sole carbon source.151 M. oxydans 

possesses heavy metal tolerance and can thrive in high 

concentrations of nickel152 and has been isolated from 

radioactive waste dumps containing uranium, lead, and 

chromium.153 

 

The bacteria isolated from P. tinctorius and mentioned 

above all have distinct functions that allow them to 

survive in harsh conditions. These adaptations possibly 

explain their presence in the low pH and high concentration 

of sulfur environs surrounding the geothermal pools in YNP. 
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Despite representing diverse phyla, these genera possess 

members that have similar metabolic capabilities. As 

research moves forward to elucidating bacteria-Pisolithus 

interactions in YNP study of these bacteria may hold the 

key to solving man-made environmental problems and 

disasters by taking advantage of their bioremediation 

capabilities. 

 The conditions of the geothermal pools may resemble 

the conditions of Earth as life was beginning to emerge. 

The lack of atmospheric oxygen, high temperatures and pH, 

heavy metal and sulfur enriched soils were some of the 

intense conditions faced by the first lifeforms. The first 

inhabitants had the ability to respire anaerobically and 

metabolically utilize sulfate.154 Symbioses and interactions 

between early life engendered more complex forms arising.155 

Transfers of genes bearing survival strategy instructions 

occurred, thus contributing to new complexity. Early life 

on Earth evolved as the conditions on Earth changed. There 

is scientific consensus that the majority of hydrocarbons 

on Earth arose from biogenic origins.156 However, there is 

some evidence that carbon deposits may have originated 

abiogenically.157 These deposits may have come from asteroids 
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that landed on the Earth’s surface158 or were already present 

as the Earth was forming.159  

Exobiological seeding of planets in order to establish 

life will require an essential and complex composition of 

species. This seeding microbiome will be required to 

possess special abilities in order survive in high 

concentrations of iron, heavy metal dense surfaces, or 

toxic sulfur-containing environments. Species will have to 

support each other by generating metabolites, supporting 

growth and development, and recycling wastes. Species with 

high genetic rates of transmission will be good candidates. 

As new adaptations arise, transference to other species to 

aid their survival will be crucial.  

What will be the key to establishing conditions that 

can support life on other planets? I believe generating 

habitable environs that can support aerobic life is 

possible. However, in order to have an environment that can 

support life, we have to seed the exo-environment with life 

that can alter conditions in order to support aerobic life. 

It is difficult to determine all the interconnecting pieces 

in order to wholly transform an extraterrestrial 

environment. For example, it is unknown how long it would 

take to start up the complex processes of biogeochemical 
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cycling. However, it is clear that it will require many 

microorganismal species with unique abilities tailored to 

exoplanetary conditions.  

 

	

Archaeal and Bacterial Computational Analysis 

 

Previously unpublished data indicated the presence of 

thermophilic Archaea and those data directed me to use 

culture media appropriate for their nutritional 

requirements. In addition to my culture attempts, I 

screened for the presence of Archaea and Bacteria using 

existing data from Next Generation Sequencing (Baysdorfer 

et al., unpublished) and Liquid Chromatography Mass 

Spectrometry analyses of P. tinctorius (Lauzon et al., 

unpublished). Analyses of these data further add to 

describing the microbiome of P. tintorius and provide 

additional insight into media needed to culture these 

microorganisms. 

 

Metagenomic Analysis 

As we gain insight into all the species of a 

microbiome we can use computational methods to identify 
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their transcriptomes and proteomes. This information 

becomes especially powerful when investigating horizontal 

gene transfer in the context of evolution. It is possible 

to survey microbiomes at different time points and note 

changes between species and strains. Genetic transfer 

alters a population and these transmissions between 

strains, species, and genera can now be quantified, tracked 

and compared. We are making nimble strides towards 

understanding early life origins on Earth. There remain 

many questions regarding the three branches of life and 

their true divergence. As we increasingly become able to 

elucidate the processes of evolution currently occurring in 

Archaeal and Bacterial species we will soon have answers to 

these questions.  

 Metagenomic analysis has become the standard method 

for investigating the microorganismal community of 

environmental samples. Advancements in next generation 

sequencing technology and techniques have allowed us to 

identify microorganisms that cannot be cultured in a 

laboratory setting. Distinguishing symbiotic interactions 

between species that are sharing genetic material, 

metabolites, and abilities help us answer the questions of 

“who is there?” and “what are they doing?” Previously, 
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primer sets were specific for genera and could only 

identify a single individual within an environmental 

sample. Universal primer sets amplifying general regions of 

bacterial 16S rRNA sequences allow us to sequence nearly 

all members of a microbial community in an environmental 

sample. This is the case with the metagenomic data analyzed 

for this project. The file itself resolved 659,432 

sequences. This amount of data is impossible to sort and 

visualize without the aid of a computer. Computational 

tools have been developed specifically to sort sequences 

together based on similarity and use batch searches of 

Bacterial and Archaeal reference databases to return the 

identity of the sequence.  

Mass spectrometry techniques allows us to break down 

compounds molecularly and identify them by their mass. 

Identification of chemical structures using this powerful 

process can give us significant insight into the properties 

of a sample and its biological function. Liquid 

Chromatography-Mass Spectrometry (LCMS) combines two 

methods in order to analyze complex biological samples.  
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METHODS 
 

Microbiome Analysis – Bacterial 

 Information regarding the P. tinctorius DNA extraction 

process can be found in Appendix A. A Next-generation 

Illumina™ metagenomic sequencing output file was generously 

provided by Dr. Chris Baysdorfer of California State 

Univerity East Bay. The output fastq file was analyzed 

using several different methods. The file was converted 

from fastq format into fasta format using Galaxy160 and 

aligned and analyzed using command line tools: State 

University Of New York Cortland Werner Laboratory’s 

MacQiime161 and University of Michigan’s Schloss Laboratory’s 

Mothur.162 Qiime and Mothur tools were installed and run 

according to documentation on their respective websites. A 

desktop application DNAStar SeqManNGen was also used for 

assembly.163  

The same next-gen sequence file was processed in two 

ways; it was assembled using a reference-based method and 

using de novo assembly. The Qiime reference-based assembly 

used a public 16S rRNA unaligned reference database from 

Lawrence National Laboratory Berkeley and University of 

Colorado’s GreenGenes.164 The Mothur assemblies used public 
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reference databases from Max Planck Institute and Jacobs 

University’s Silva.165 SeqMan NGen assemblies were done by de 

novo and reference-based assembly using the most current 

NCBI 16S rRNA Microbial database.166 The public NCBI 16S rRNA 

Microbial database was converted to the fasta format 

required by DNAStar for use by installing NCBI’s BLAST 

tools167 and running this command168:  

 

$ blastdbcmd -db 16SMicrobial -out 16SMicrobial.fasta -

outfmt %f -entry 'all' 

 

For all methods, once the assembly was generated the 

output was aligned solely using NCBI’s BLAST tools. All 

methods were set to include matches that were 97% and 

higher for query coverage and match. For Qiime and Mothur 

output, the NCBI BLAST search files were saved as tab 

delimited files, viewed, and sorted using Microsoft Excel 

(Microsoft, Redmond, WA). DNAStar’s SeqManPro application 

was used to open the assembly file, sort the contigs by 

length and align the de novo and reference-based 

assemblies. SeqManPro uses the NCBI BLAST database hosted 

on their own servers. Output was saved as a general text 

file, converted to Microsoft Excel’s .xls format and viewed 
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and sorted using Microsoft Excel. Categories of Genus, 

Family, Order, Class, and Phylum were applied for each 

species and genus result.  In order to compare methods to 

determine if there were significant differences, the top 

thirty contigs were aligned using NCBI BLAST tools and 

organized. The top ten most occurring sequences sorted and 

analyzed.  

 

Microbiome Analysis – Archaeal 

 The next-gen fastq file was processed in the same 

method as outlined previously, however, the public 

reference databases used were specific to Archaea and 

contained only identified Archaeal sequences. An Archaea-

specific database for assembly reference was obtained from 

Michigan State University’s Center for Microbial Ecology’s 

Ribosomal Database Project (RDP)169 and used for assembly 

with DNAStar SeqManNGen application. Archaea databases were 

also obtained and used for reference based assembly from 

Silva (Table 8).  
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Table 8. Method and Reference-Based Assembly Databases. 

Method  Assembly Database & File Name 

Qiime Reference-

based, 

Bacteria  

Green Genes  

(gg_13_5.fasta) 

Mothur Reference-

based, 

Bacteria  

Silva Unaligned Bacteria 

(current.Bacteria_unaligned.fa) 

Mothur Reference-

based, 

Archaea 

Silva No Gap (Aligned) 

(nogap.archaea.fasta) 

Mothur Reference-

based, 

Bacteria  

Silva Gold No Gap 

(silva.gold.ng.fasta) 

Mothur Reference-

based, 

Archaea 

Silva Unaligned Archaea 

(silva.archaea.fasta) 

DNAStar 

SeqManNGen 

Reference-

based, 

Bacteria 

NCBI 16s rRNA 

(16SMicrobial.tar.gz.md5) 

DNAStar 

SeqManNGen 

Reference-

based, 

Bacteria 

RDP Unaligned Bacteira 

(current_Bacteria_aligned.fa) 
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Liquid Chromatography- Mass Spectrometry Analysis  

We have an extensive amount of Liquid Chromatography-

Mass Spectrometry (LCMS) data generated from our 

collaboration with Bruker (Bruker Corporation, Fremont, 

CA). LCMS can be utilized to identify structures specific 

to Archaea. Samples were prepared by a graduate student of 

Dr. Carol Lauzon (Appendix B) and processed by Bruker. 

There are many predicted compounds, such as metabolites and 

byproducts within the samples based on previously 

identified bacterial members of the microbiome. We can 

extrapolate various structures based on the fractional 

results of chemical compound results from the mass 

analysis. I used Bruker proprietary software to analyze the 

resulting data files. 

Bacterial signaling molecules used for communication 

have been extensively studied and are of are of special 

interest. Members of populations, mostly Gram negative 

bacteria, use N-acyl homoserine lactones (AHLs) for quorum 

sensing and biofilm aggregation.170 There is evidence that 

some methanogenic Archaea also use N-acyl homoserine 

lactone as a chemical signal.171 I investigated the culture 

material of inoculated and incubated media in order to 

determine if N-acyl homoserine lactone is present. Stress 
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conditions brought on by transfer from the field into the 

lab may also cause the cells to communicate.  

We used Bruker’s software DataAnalysis and utilized 

the SmartFormula feature to determine the ion formula of 

each peak. We used their scoring function to determine the 

closest identity of the compound under inspection. Ion 

formula Results were sorted by score and results with a 

score of 95 (out of 100) and higher were sent to Bruker’s 

CompoundCrawler application for chemical name 

identification. Information about the compound location in 

the file, in the spectra, mass to charge ratio, ion 

formula, error value, mSigma, and identity were copied into 

a document. Steps for Bruker’s software DataAnalysis: 1) 

launch the Data Analysis application, click log on, go to 

“File”, click “Open” and select the file, 2) click on + in 

left hand column where the file name appears to expand 

list, in the peak pane drag select the peaks, right click 

on the spectra selection and select “Find Compound” – 

chromatogram 3) click on the + in the left side tool bar to 

view “Compound Spectra”,   select a “Cmpd” to view in the 

lower pane 4) Go to “Chemistry” menu, select “SmartFormula” 

5) sort ion formula results by score, right click on ion 

formula, select “Send to Compound Crawler”. 
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RESULTS 

 

Metagenomic Analysis – Bacteria  

 Several analytical methods were used to determine the 

output of the same metagenomic file. I performed de novo 

assembly and reference based assembly. The results for each 

method and each database were organized by Phylum, Class, 

Order, Family and Genus. There were differences between the 

results of the de novo and reference-based assemblies and 

differences between the results of each database.  

 Both methods results included an “Unknown” category. 

“Unknown” was used as a label to categorize results from 

the NCBI BLAST entries that included terms such as 

“Uncultured,” “Unidentified,” and “Unknown.” Entries that 

included incomplete taxonomic information were sorted 

accordingly. For example, an entry of “Uncultured 

Alphaproteobacterium Clone 16S rRNA gene” was labeled with 

Phylum Proteobacterium, Class Alphaproteobacterium, Order 

Unknown, Family Unknown, Genus Unknown. This explains the 

differences in the breakdown of the Unknown categories 

across the taxonomic levels.  

 The single file contained 659,432 sequence reads for 

all six methods of assembly confirmed this same value post-
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analysis. The binning process returned a varying number of 

categories for each taxonomic level. It was unclear why 

this occurred. Each run was set up to analyze all 659,432 

sequences. The length of the runs themselves lasted several 

days indicating that all sequences were addressed.  

 

Phyla 

 The Silva Bacterial database for reference-based 

assembly and subsequent NCBI BLAST Megablast search 

produced twelve phyla and 65,662 total results (Table 9). 

Proteobacteria were the majority of the output with 58.3% 

of the results, “Unknown” was 22.8%, Actinobacteria 8.5%, 

Cyanobacteria 4.4%, Firmicutes 3.0%, Bacteroidetes 1.5 %, 

Thermotogae 0.8%, Spirochaetes 0.4%, Tenericutes 0.3%, 

Acidobacteria 0.1%, Euryarchaeota 0.03% and Deinococcus-

Thermus 0.006% (Figure 12). Viewing the data without the 

“Unknown” category made it easier to see the breakdown of 

the phyla more clearly (Figure 13). 

 The NCBI 16S Bacterial database for reference-based 

assembly and subsequent NCBI BLAST Megablast search 
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produced seventeen phyla and 156,608 total results (Table 

10). Moving from most numerous to fewest, Proteobacteria 

were the majority of the output with 46.3% of the results, 

“Unknown” was 34.1%, Actinobacteria 6.2%, Bacteroidetes 

6.1%, Cyanobacteria 3.8%, Firmicutes 1.6%, Thermotogae 

0.93%, Acidobacteria 0.67%, Thermodesulfobacteria 0.12%, 

Synergistetes 0.11%, Nitrospirae 0.03%, Chloroflexi 0.025%, 

Aquificae 0.017%, Deinococcus-Thermus 0.009%, Euryarchaeota 

0.005%, Candidate Phyla OS-K 0.0013% with two sequences, 

Atribacteria 0.0006% with one sequence, and Tenericutes 

0.0006% also with one sequence (Figure 14). Viewing the 

data without the “Unknown” category makes it easier to see 

the breakdown of the phyla more clearly (Figure 15). 

The number of resulting phyla in total was different 

between the two databases. The NCBI database has two times 

as many phyla than as the Silva database. In terms of 

categorization, The NCBI 16S Microbial database had five 

more phyla and differed from the Silva database by nine 

phyla. The NCBI database included eight phyla not reported 
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by the Silva database: Acidobacteria, 

Thermodesulfobacteria, Synergistes, Nitrospirae, 

Chloroflexi, Aquificae, Candidate Phyla OS-K, and 

Atribacteria, and did not include the Phylum Spirochaetes. 

The Silva database was 10% and the NCBI database output was 

24% of the 659,432 total sequences from the original 

metagenomic output. While bigger is not always better, 

based on the Silva results I decided to continue the 

analysis of the taxonomic categories Class, Order, and 

Family using the NCBI 16S Microbial database. 
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Figure 12. Phyla generated by Silva database reference-

based assembly. Twelve phyla were identified by the 

analysis.  
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Figure 13. Phylum generated by Silva database reference-

based assembly without “Unknown” category. Notice that 

Proteobacterial presence changed from 58% of the total 

phyla identified to 76% of the known phyla. Actinobacteria 

becomes the second largest category with 11% of the known 

identified phyla.  
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Table 9. Phyla generated by Silva database reference-based 

assembly. 

PHYLUM Number Identified Sequences 

Proteobacteria 38306 

Unknown 14984 

Actinobacteria 5558 

Cyanobacteria 2870 

Firmicutes 1944 

Bacteroidetes 964 

Thermotogae 507 

Spirochaetes 235 

Tenericutes 191 

Acidobacteria 75 

Euryarchaeota 24 

Deinococcus-Thermus 4 
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Figure 14. Phyla generated by NCBI database reference-based 

assembly. Seventeen phyla were identified by analysis. 

Notice that Proteobacteria were 46% of the total phyla 

identified. “Unknown” was the second largest category with 

34% of sequences.  
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Table 10. Phyla generated by NCBI 16S Microbial database 

reference-based assembly. 

Phylum Number Identified Sequences 

Proteobacteria 72492 

Unknown 53437 

Actinobacteria 9647 

Bacteroidetes 9625 

Cyanobacteria 5962 

Firmicutes 2446 

Thermotogae 1465 

Acidobacteria 1047 

Thermodesulfobacteria 184 

Synergistetes 165 

Nitrospirae 47 

Chloroflexi 39 

Aquificae 26 

Deinococcus-Thermus 14 

Eurarchaea 8 

Candidate Phila OS-K 2 

Atribacteria 1 
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Figure 15. Phyla generated by NCBI database reference based 

assembly with the “Unknown” category removed. Notice that 

Proteobacterial presence changed from 46% of the total 

phyla identified to 70% of the known phyla. Actinobacteria 

becomes the second largest category with 9% of the known 

identified phyla.  
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Class 

The NCBI 16S Microbial database for reference-based 

assembly and subsequent NCBI BLAST Megablast search 

produced thirty-five classes (Table 11). “Unknown” was the 

majority of the output with 35.4% of the results, 

Alphaproteobacteria was 23.1%, Gammaproteobacteria 17.5%,  

Actinobacteria 5.6%, Flavobacteriia 3.8%, 

Epsilonproteobacteria 2.6%, Cyanobacteria 1.8%, Cytophagia 

1.6%, Betaproteobacteria 1.6%, Cyanophyceae 1.6%, 

Deltaproteobacteria 1.5%, Clostridia 1.3%, Thermotogae 

0.93%, Acidobacteria 0.66%, Coriobacteriia 0.6%, Bacilli 

0.19%, Thermodesulfobacteria 0.12%, Synergistia 0.09%, 

Synechococcales 0.08%, Chitinophagia 0.041%, 

Sphingobacteriia 0.04%, Nitrospirae 0.03%, Aquificae 

0.017%, Acidithiobacillia 0.013%, Gloeobacteria 0.011%, 

Holophagae 0.01%, Deinococci 0.009, Petrotogales 0.008%, 

Bacteroidia 0.006%, Anaerolineae 0.0012%, Chloroflexia 

0.0006%, Halobacteria 0.0006%, Mollicutes0.0006%, and 

Thermoflexia 0.0006% (Figure 16). Viewing the data without 

the “Unknown” category makes it easier to see the breakdown 

of the classes more clearly (Figure 17). 
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Figure 16. Classes generated by NCBI 16S Microbial database 

reference-based assembly. Thirty-five percent of the 

identified classes were “Unknown”, 23% were Alpha 

Proteobacteria, 17% were Gamma Proteaobacteria and 6% were 

Actinobacteria. 
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Figure 17. Classes generated by NCBI 16S Microbial database 

reference-based assembly with “Unknown” category removed. 

Removing the category shows a different breakdown of class 

with 36% identified as Alpha Proteobacteria, 27% as Gamma 

Proteaobacteria, 9% as Actinobacteria and 6% as 

Flavobacteria. 
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Table 11. Classes generated by NCBI 16S Microbial database 

reference-based assembly. 

Class Number Identified Sequences 
Unknown 55405 
Alpha Proteobacteria 36132 
Gamma Proteobacterium 27339 
Actinobacteria 8705 
Flavobacteriia 5955 
Epsilonproteobacteria 3998 
Cyanobacteria 2793 
Cytophagia 2563 
Betaproteobacteria 2438 
Cyanophyceae 2429 
Deltaproteobacteria 2314 
Clostridia 2073 
Thermotogae 1453 
Acidobacteria 1032 
Coriobacteriia 942 
Bacilli 295 
Thermodesulfobacteria 184 
Synergistia 135 
Synechococcales 127 
Chitinophagia 64 
Sphingobacteriia 57 
Nitrospirae 47 
Aquificae 26 
Acidithiobacillia 21 
Gloeobacteria 18 
Holophagae 15 
Deinococci 14 
Petrotogales 12 
Bacteroidia 10 
Anaerolineae 3 
Negativicutes 2 
Chloroflexia 1 
Halobacteria 1 
Mollicutes 1 
Thermoflexia 1 
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Order 

The NCBI 16S Microbial database for reference-based 

assembly and subsequent NCBI BLAST Megablast search 

produced eighty-eight orders (Table 12). The top twenty-

three were: “Unknown” 41.3%, Psuedomonadales 12.0%, 

Rhizobiales 8.5%, Sphingomonadales 7.4%, Flavobacteriales 

3.9%, Rhodospirillales 2.9%, Campylobacterales 2.6%, 

Xanthomonadales 2.5%, Rickettsiales 2.4%, Cytophagales 

1.7%, Oscillatoriales 1.5%, Nostocales 1.3%, Clostridiales 

1.2%, Rhodobacteraceae 1.1%, Methylococcales 0.83%, 

Chromatiales 0.82%, Neisseriales 0.76%, Burkholderiales 

0.71%, Desulfuromonadales 0.61%, Streptomycetales 0.61%, 

Thermotogales 0.6%, and Eggerthellales 0.6% (Figure 18). 

Viewing the data without the “Unknown” category makes it 

easier to see the breakdown of the orders more clearly 

(Figure 19). 
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Figure 18. Orders generated by NCBI 16S Microbial database 

reference-based assembly. Orders with less than 0.5% 

presence do not appear with a text label.  
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Figure 19. Orders generated by NCBI 16S Microbial database 

reference-based assembly with “Unknown” category removed. 

Pseudomonodales is 20% of the identified orders with 

Rhizobiales at 15% and Sphingomonadales at 13%. Orders with 

less than 0.5% presence do not appear with a text label.  
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Table 12. Orders generated by NCBI 16S Microbial database 

reference-based assembly. 

Order  Count* Order  Count* 
Unknown 61726 Wohlfahrtiimonas 85 
Pseudomonadales 17946 Desulfovibrionales 84 
Rhizobiales 12715 Enterobacterales 84 
Sphingomonadales 11035 Chroococcidiopsidales 77 
Propionibacteriales 6046 Parvularculales 77 
Flavobacteriales 5895 Pleurocapsales 69 
Rhodospirillales 4294 Coriobacteriales 68 
Campylobacterales 3837 Chitinophagales 64 
Xanthomonadales 3790 Caulobacterales 63 
Rickettsiales 3637 Myxococcales 60 
Cytophagales 2563 Sphingobacteriales 57 
Oscillatoriales 2213 Hydrogenophilales 47 
Nostocales 1946 Spirulinales 45 
Clostridiales 1770 Nitrospirales 41 
Rhodobacteraceae 1619 Halanaerobiales 40 
Methylococcales 1243 Rhodocyclales 34 
Chromatiales 1225 Legionellales 33 
Neisseriales 1140 Kosmotogales 30 
Burkholderiales 1065 Salinisphaerales 28 
Desulfuromonadales 916 Cardiobacteriales 27 
Streptomycetales 916 Acidithiobacillales 21 
Thermotogales 896 Kosmotogales 21 
Eggerthellales 874 Gloeobacterales 18 
Oceanospirillales 817 Deinococcales 14 
Synechococcales 583 Holophagales 14 
Micrococcales 548 Aquificales 13 
Thiotrichales 431 Cellvibrionales 13 
Desulfobacterales 406 Desulfurobacteriales 13 
Corynebacteriales 335 Pseudohongiella 12 
Acidobacteriales 333 Bacteroidales 6 
Pseudonocardiales 321 Lactobacillales 6 
Bacillales 289 Bdellovibrionales 5 
Thermoanaerobacterales 258 Vibrionales 5 
Chroococcales 252 Aeromonadales 4 
Alteromonadales 237 Eilatimonas 4 
Actinomycetales 233 Haloferacales 4 
Thermodesulfobacteriales 184 Micropepsales 4 
Petrotogales 136 Anaerolineales 3 
Synergistales 135 Desulfurellales 3 
Leptolyngbyaceae 127 Acidaminococcales 2 
Kordiimonadales 105 Acanthopleuribacterales 1 
Micromonosporales 95 Chloroflexales 1 
Nautiliales 87 Entomoplasmatales 1 
Nevskiales 87 Thermoflexales 1 

* Count is the Number of identified sequences 
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Family 

The NCBI 16S Microbial database for reference-based 

assembly and subsequent NCBI BLAST Megablast search 

produced 179 families (Table 13) The top twenty-four are: 

“Unknown” 40.2%, Pseudomonadaceae 12.0%, Rhizobiales 8.5%, 

Sphingomonadaceae 5.9%, Nocardioidaceae 

3.9%, Flavobacteriaceae 3.8%, Methylobacteriaceae 3.7%, 

Campylobacteraceae 2.4%, Rickettsiaceae2.3%, 

Rhodanobacteraceae 2.1%, Acetobacteraceae 1.6%, 

Rhizobiaceae 1.6%, Hymenobacteraceae 1.2%, 

Rhodospirillaceae 1.1%, Erythrobacteraceae 1.0%, 

Moraxellaceae 0.99%, Methylococcaceae 0.87%, 

Rhodobacteraceae 0.81%, Beijerinckiaceae 0.75%, 

Micrococcaceae 0.66%, Nostocaceae 0.63%, and 

Chromobacteriaceae 0.62%, and Eggerthellaceae 0.55%, and 

Geobacteraceae 0.5% (Figure 20). Viewing the data without 

the “Unknown” category made it easier to see the breakdown 

of the families more clearly (Figure 21). 
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Figure 20. Family generated by NCBI 16S Microbial database 

reference-based assembly. Families with less than 0.5% 

presence do not appear with a text label.  

  

Unknown
40%

Pseudomonadaceae
11%

Sphingomonadaceae
6%

Nocardioidaceae
4%

Flavobacteriaceae
4%

Methylobacteriaceae
4%

Campylobacteraceae
2%

Rickettsiaceae
2%

Rhodanobacteraceae
2%

Acetobacteraceae
2%

Rhizobiaceae
2%

Hymenobacteraceae
1%

Rhodospirillaceae
1%

Erythrobacteraceae
1% Moraxellaceae

1%Methylococcaceae
1% Rhodobacteraceae

1%
Beijerinckiaceae

1% Micrococcaceae
1%

Nostocaceae
1%
Chromobacteriaceae

1%Streptomycetaceae
1%

Eggerthellaceae
1%



	

	

110	

 

 

Figure 21. Families generated by NCBI 16S Microbial 

database reference-based assembly with “Unknown” category 

removed. Pseudomonadaceae is 20% of the identified Families 

with Sphingomonadaceae at 11% and Nocardioidaceae at 7%. 

Families with less than 0.5% presence do not appear with a 

text label. 
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Table 13. Families generated by NCBI 16S Microbial database 

reference-based assembly. Count is the number of identified 

sequences. 

Family Count Family Count Family Count Family Count 

Unknown 62920 Aphanizomenonacea
e 318 Alcaligenaceae 64 Persicobacterac

eae 9 

Pseudomonadacea
e 16460 Fervidobacteriace

ae 270 Chitinophagace
ae 64 Chlorogloeopsid

aceae 8 

Sphingomonadace
ae 9353 Microbacteriaceae 259 Caulobacterace

ae 63 Litoricolaceae 8 

Nocardioidaceae 5992 Cytophagaceae 246 Nannocystineae 58 Schizotrichacea
e 8 

Flavobacteriace
ae 5892 Brucellaceae 245 Aphanothecacea

e 57 Symphyonematace
ae 8 

Methylobacteria
ceae 5789 Kangiellaceae 224 Propionibacter

iaceae 54 Xenococcaceae 8 

Campylobacterac
eae 3827 Coleofasciculacea

e 214 Kosmotogaceae 51 Fortieaceae 7 

Rickettsiaceae 3530 Comamonadaceae 211 Dermocarpellac
eae 50 Hyellaceae 7 

Rhodanobacterac
eae 3350 Rivulariaceae 206 Intrasporangia

ceae 49 Colwelliaceae 6 

Acetobacteracea
e 2514 Cytophagia 205 Hydrogenophila

ceae 47 Cyclobacteriace
ae 6 

Rhizobiaceae 2474 Eubacteriaceae 204 Spirulinaceae 45 Thermosynechoco
ccus 6 

Hymenobacterace
ae 1924 Actinomycetaceae 200 Nitrospiraceae 41 Bdellovibrionac

eae 5 

Rhodospirillace
ae 1763 Scytonemataceae 199 Halobacteroida

ceae 40 Carnobacteriace
ae 5 

Erythrobacterac
eae 1559 Promicromonospora

ceae 194 Acaryochlorida
ceae 34 Gloeotrichiacea

e 5 

Moraxellaceae 1471 Thermoanaerobacte
raceae 189 Chroococcaceae 34 Vibrionaceae 5 

Methylococcacea
e 1369 Thermodesulfobact

eriaceae 184 Cyanobacteriac
eae 34 Aeromonadaceae 4 

Rhodobacteracea
e 1281 Thermoactinomycet

aceae 177 Rhodobiaceae 34 Alcanivoracacea
e 4 

Beijerinckiacea
e 1167 Clostridiaceae 174 Rhodocyclaceae 34 Bacteroidaceae 4 

Micrococcaceae 1026 Halomonadaceae 171 Coxiellaceae 33 Haloferacaceae 4 
Nostocaceae 994 Oxalobacteraceae 164 Prochloraceae 33 Micropepsaceae 4 
Chromobacteriac
eae 980 Cyanothecaceae 161 Saccharospiril

laceae 32 Paenibacillacea
e 4 

Streptomycetace
ae 916 Neisseriaceae 160 Salinisphaerac

eae 28 Pleurocapsales 4 

Eggerthellaceae 874 Flammeovirgaceae 159 Tolypothrichac
eae 28 Psychromonadace

ae 4 

Geobacteraceae 789 Hapalosiphonaceae 145 Cardiobacteria
ceae 27 Rarobacteraceae 4 

Hyphomicrobiace
ae 750 Pseudoalteromonad

aceae 138 Thiotrichaceae 26 Temperatibacter
aceae 4 

Oscillatoriacea
e 744 Petrotogaceae 136 Deinococcaceae 22 Anaerolineaceae 3 

Chromatiaceae 725 Synergistaceae 135 Acidithiobacil
laceae 21 Desulfurellacea

e 3 

Bradyrhizobiace
ae 706 Microcystaceae 115 Stigonematacea

e 21 Entophysalidace
ae 3 

Heliobacteriace
ae 653 Peptostreptococca

ceae 108 Gloeobacterace
ae 18 Gomphosphaeriac

eae 3 

Burkholderiacea
e 628 Rhodothermaceae 107 Gomontiellacea

e 18 Acidaminococcac
eae 2 

Thermotogaceae 576 Desulfuromonadace
ae 106 Crenotrichacea

e 16 Cellvibrionacea
e 2 

Phyllobacteriac
eae 505 Bacillaceae 102 Sanguibacterac

eae 16 Erwiniaceae 2 

Peptococcaceae 503 Kordiimonadaceae 101 Gracilibactera
ceae 14 Lachnospiraceae 2 

Desulfobacterac
eae 488 Merismopediaceae 95 Holophagaceae 14 Streptostemon 2 

Xanthomonadacea
e 437 Micromonosporacea

e 95 Ruminococcacea
e 14 Thioalkalispira

ceae 2 

Xanthobacterace
ae 430 Halothiobacillace

ae 91 Thermonematace
ae 14 Acanthopleuriba

cteraceae 1 
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Family Count Family Count Family Count Family Count 
Piscirickettsia
ceae 405 Nautiliaceae 87 Cellulomonadac

eae 13 Brevibacteriace
ae 1 

Ectothiorhodosp
iraceae 397 Sinobacteraceae 87 Chamaesiphonac

eae 13 Chloroflexaceae 1 

Synechococcacea
e 369 Alteromonadaceae 83 Desulfurobacte

riaceae 13 Microbulbiferac
eae 1 

Aurantimonadace
ae 352 Chroococcidiopsid

aceae 77 Pseudanabaenac
eae 13 Planococcaceae 1 

Nocardiaceae 335 Parvularculaceae 77 Leptolyngbyace
ae 12 Pseudoflavonifr

actor 1 

Acidobacteriace
ae 332 Yersiniaceae 71 Aquificaceae 10 Shewanellaceae 1 

Hyphomonadaceae 332 Coriobacteriaceae 68 Enterobacteria
ceae 10 Spiroplasmatace

ae 1 

Pseudonocardiac
eae 321 Oscillatoriophyci

deae 68 Halieaceae 10 Streptococcacea
e 1 
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Genera 

Identification of genus is important to this project 

and was used to confirm cultured bacteria and 

contamination. Six methods in total were used to analyze to 

determine the identities of the genera. Four methods: De 

novo assembly, reference-based assembly using the Silva 

Gold Bacterial database, reference-based assembly using the 

GreenGenes Bacterial database, and reference-based assembly 

using the Ribosomal Database Project Unaligned Bacterial 

database results were compared with each other. The top ten 

results for each genus were calculated for comparison 

(Figure 22).  

The results for the reference-based assembly using the 

Silva Gold Bacterial database are: “Unknown” 41%, 

Sphingomonas 34%, Sphingobium 12%, Porphryobacter 4.7%, 

Sphingopixis 3.9%, Zymomonas 3.4%, Erythrobacter 0.7%, 

Caulobacter 0.6%, Sphingosinicella 0.5%, Afipia 0.1%, and 

Rhizorhabdus 0.1%. The results for de novo assembly are: 

“Unknown” 72.4%, Sphingomonas 16%, Pseudomonas 5.2%, 

Altererythrobacter 1.5%, Rhodanobacter 1.3%, 

Novosphingobium 0.9%, Dyella 0.7%, Sphingobium 0.5%, 

Porphryobacter 0.5%, Mesorhizobium 0.5%, and Erythrobacter 

0.5%. The results for the reference-based assembly using 
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the GreenGenes Bacterial database are: “Unknown” 44.5%, 

Pseudomonas 27.7%, Sphingomonas 11%, Sphingobium 6.2%, 

Xanthomonas 2.7%, Acidiphilium 1.9%, Novosphingobium 1.7%, 

Sphingopixis 1.3%, Porphryobacter 1.3%, Tistrella 1.3%, and 

Altererythrobacter 0.6%. The results for the reference-

based assembly using RDP Unaligned Bacterial database are: 

“Unknown” 52.7%, Sphingomonas 32.7%, Sphingopixis 3.9%, 

Azospirillum 3.7%, Tistrella 3.1%, Porphryobacter 1.4%, 

Sphingobium 0.7%, Altererythrobacter 0.6%, Skermalella 

0.6%, Erythrobacter 0.5%, and Agrobacterium 0.1%. All four 

methods have the genera Sphingomonas, Sphingobium, and 

Porphryobacter which are members of the order 

Sphingomonadales (Figure 23).  
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A B 

C D 

 

 

 

Figure 22. Top 10 genera comparison for four different 

methods of assembly. A) Reference-based Assembly using 

Silva Gold Bacterial database. B) De-novo Assembly results. 

C) Reference-based Assembly using GreenGenes Bacterial 

database. D) Reference-based Assembly using Ribosomal 

Database Project Unaligned Bacterial database. 
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Figure 23. Phylogenetic tree of the genera from the four 

method comparison. Genera with an asterisk were found in 

all four of the results. The phylogenetic tree was created 

using the Interactive Tree of Life (Letunic and Bork (2016) 

Nucleic Acids Res doi: 10.1093/nar/gkw290). Not all of the 

branching points, represented by a small, black circle are 

labeled. 
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The remaining two methods are the reference-based 

assembly using the general Silva bacterial database (Figure 

24) and reference-based assembly using NCBI 16S Microbial 

database (Figure 25). The NCBI 16S Microbial database for 

reference-based assembly and subsequent NCBI BLAST 

Megablast search produced 817 different G=genera (Table 

14). The top twenty genera results were: “Unknown” 50%, 

Pseudomonas 24.4%, Methylobacterium 8.8%, Nocardioides 

7.1%, Sphingomonas 6.8%, Campylobacter 5.9%, Rickettsia 

5.4%, Sphingobium 3.4%, Hymenobacter 3.2%, Novosphingobium 

2.3%, Dyella 2.2%, Acinetobacter 2%, Rhodanobacter 2%, 

Roseomonas 2%, Rhizobium 1.9%, Winogradskyella 1.4%, 

Azospirillum 1.4%, Aeromicrobium 1.3%, Geobacter 1.2%, 

Erythrobacter 1.1%, and Salegentibacter 1%. The Silva 

database for reference-based assembly and subsequent NCBI 

BLAST Megablast search produced 219 different genera. The 

top twenty genera results were: “Unknown” 40.8%, 

Pseudomonas 15.4%, Burkholderia 4.6%, Sphingomonas 2.9%, 

Methylobacterium 2.2%, Gluconobacter 1.6%, Nocardioides 

1.6%, Azospirillum 1.2%, Acinetobacter 1.1%, Acetobacter 

1.1%, Rickettsia 1.1%, Escherichia 1%, Cupriavidus 1%, 

Herbaspirillum 1%, Hymenobacter 0.8%, Marinomonas 0.8%, 

Halomonas 0.8%, Dyella 0.7%, Sphingobium 0.7%, and 
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Geobacter 0.7%. While there are differences in the count 

between methods, there are eleven genera in common for the 

top twenty (Figure 26).  
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Figure 24. Genera generated by Silva database Reference-

based Assembly. “Unknown” comprises 41% of the identified 

Genera with Pseudomonas at 16% and Burkholderia at 5%. 

Genera with less than 0.5% presence do not appear with a 

text label.  
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Figure 25. Genera generated by NCBI 16S Microbial database 

reference-based assembly. “Unknown” comprises 50% of the 

identified Genera with Pseudomonas at 12% and 

Methylobacterium at 4%. Genera with less than 0.5% presence 

do not appear with a text label. 
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Figure 26. Phylogenetic tree of the eleven Genera in common 

for the results from Reference-based Assemblies using the 

Silva and NCBI bacterial databases. The phylogenetic tree 

was generated using the Interactive Tree of Life (Letunic 

and Bork (2016) Nucleic Acids Res doi: 10.1093/nar/gkw290). 

Not all of the branching points, represented by a small, 

black circle are labeled. 
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Table 14. Genera generated by NCBI 16S Microbial database 

Reference-based Assembly. Count is the number of identified 

sequences. 

Genus Count Genus Count Genus Count 

Unknown 64915 Mesorhizobium 290 Pandoraea 132 
Pseudomonas 15819 Cellulophaga 273 Promicromonospora 132 
Methylobacterium 5678 Kitasatospora 269 Lyngbya 129 
Nocardioides 4629 Arthrospira 268 Granulibacter 128 
Sphingomonas 4406 Devosia 262 Leptolyngbya 127 
Campylobacter 3837 Nodularia 259 Cyanothece 126 
Rickettsia 3517 Bizionia 253 Rheinheimera 122 
Sphingobium 2236 Chelatococcus 245 Thermomonas 121 
Hymenobacter 2058 Sulfitobacter 238 Gordonibacter 120 
Novosphingobium 1509 Anabaena 236 Flavobacterium 119 
Dyella 1429 Rhodococcus 234 Acetomicrobium 117 
Acinetobacter 1312 Kangiella 224 Allochromatium 117 
Rhodanobacter 1309 Synechococcus 221 Geothermobacterium 114 
Roseomonas 1270 Fervidobacterium 220 Microcystis 114 
Rhizobium 1235 Magnetospirillum 200 Acidocella 113 
Winogradskyella 912 Coleofasciculus 199 Brasilonema 113 
Azospirillum 904 Methylocella 196 Iodobacter 113 
Aeromicrobium 817 Roseobacter 196 Jeongeupia 111 
Geobacter 773 Luteibacter 194 Tistrella 111 
Erythrobacter 700 Deefgea 193 Ulvibacter 108 
Salegentibacter 663 Oscillatoria 189 Rhodothermus 107 
Streptomyces 629 Kaistia 180 Ancylobacter 106 
Azotobacter 597 Microbacterium 179 Phyllobacterium 104 
Methylobacter 568 Lysobacter 175 Desulfobacula 103 
Bosea 530 Phormidium 172 Microcoleus 103 
Thermotoga 529 Arenibacter 171 Psychroserpens 103 
Nostoc 524 Halomonas 171 Kordiimonas 101 
Nonlabens 510 Sinorhizobium 170 Petrotoga 101 
Formosa 507 Gluconacetobacter 167 Ignatzschineria 100 
Sphingopyxis 500 Xanthobacter 167 Labrenzia 98 
Agrobacterium 474 Aequorivita 165 Terriglobus 98 
Beijerinckia 467 Chromobacterium 162 Moorea 97 
Planktothrix 459 Eubacterium 162 Silvimonas 97 
Porphyrobacter 445 Clostridium 160 Maricaulis 96 
Eggerthella 420 Octadecabacter 158 Clostridioides 95 
Methylophaga 405 Adlercreutzia 155 Gaetbulibacter 95 
Methylomonas 399 Methylomicrobium 155 Ochrobactrum 95 
Acidiphilium 387 Pimelobacter 151 Afipia 92 
Burkholderia 386 Pseudovibrio 151 Halothiobacillus 91 
Heliobacterium 384 Gillisia 150 Thioalkalivibrio 91 
Salinimicrobium 367 Calothrix 149 Ectothiorhodospira 90 
Desulfotomaculum 348 Zunongwangia 148 Fischerella 87 
Neorhizobium 338 Saccharothrix 145 Granulicella 87 
Aureimonas 337 Brucella 142 Blastomonas 86 
Altererythrobacter 333 Pseudoalteromonas 138 Ehrlichia 86 
Frateuria 321 Heliobacillus 136 Paracraurococcus 86 
Marmoricola 312 Janthinobacterium 136 Pelobacter 83 
Hyphomicrobium 309 Cyanobium 133 Spirosoma 82 
Marinomonas 300 Cylindrospermum 132 Tistrella 111 
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Table 14. (Continued) 
 
Genus Count Genus Count Genus Count 

Laceyella 81 
Thermoanaerobacte
r 53 Defluviitoga 35 

Marinobacter 80 Flexibacter 52 Erythromicrobium 35 
Okeania 80 Trueperella 52 Flaviramulus 35 
Methylocapsa 79 Aquitalea 51 Sphingomicrobium 35 
Gramella 77 Bradyrhizobium 51 Acaryochloris 34 
Lentzea 77 Caulobacter 51 Sufflavibacter 34 
Nitrosococcus 77 Lutibacterium 51 Kosmotoga 33 
Algibacter 75 Inquilinus 50 Prochlorococcus 33 
Lacinutrix 75 Nevskia 50 Psychroflexus 33 
Jannaschia 74 Stanieria 50 Dokdonella 32 
Starkeya 72 Thermosipho 50 Thalassobaculum 32 
Azorhizobium 71 Heliorestis 49 Rhodoglobus 31 
Novispirillum 71 Polaribacter 49 Xanthomonas 31 
Serratia 71 Thermodesulfobacterium 49 Flectobacillus 30 
Thiorhodococcus 71 Comamonas 48 Flexithrix 30 
Trichodesmium 71 Heliophilum 48 Kofleria 30 
Chroococcidiopsis 69 Methyloferula 48 Rivularia 30 
Scytonema 69 Edaphobacter 46 Tepidiphilus 30 
Thalassospira 69 Joostella 46 Paraeggerthella 29 

Chitiniphilus 68 
Cellulosimicrobiu
m 45 Polaromonas 29 

Marinobacterium 68 Ensifer 43 Salinibacterium 29 
Actinobaculum 67 Pontibacter 43 Siansivirga 29 
Marichromatium 66 Thiohalocapsa 43 Desulfobacter 28 
Moorella 66 Caldanaerobacter 42 Limnobacter 28 
Spiribacter 66 Desulfovibrio 42 Aquicella 27 
Thiocystis 65 Nautilia 42 Chromatium 27 
Rhodospirillum 64 Pedomicrobium 42 Fulvimonas 27 
Acetobacter 63 Spirulina 42 Haematospirillum 27 
Delftia 63 Aestuariibaculum 41 Sagittula 27 
Rhodovulum 63 Aminobacter 41 Salinisphaera 27 
Stappia 60 Belnapia 41 Sediminicola 27 
Arcanobacterium 59 Gelidibacter 41 Shimazuella 27 
Chitinimonas 59 Thermodesulfovibrio 41 Acidisphaera 26 
Perlucidibaca 59 Algimonas 40 Gracilibacillus 26 
Slackia 58 Desulfobacterium 40 Haliangium 26 
Synechocystis 58 Kozakia 40 Limnolyngbya 26 
Tenacibaculum 58 Oceanicaulis 39 Marivirga 26 
Tychonema 58 Desulfuromonas 38 Microlunatus 26 
Acidovorax 57 Phaeospirillum 38 Pseudothermotoga 26 
Blastochloris 57 Tepidanaerobacter 38 Sandarakinorhabdus 26 
Chitinibacter 57 Ahrensia 37 Tamlana 26 
Cyanobacterium 57 Acidobacterium 36 Thiothrix 26 
Micromonospora 56 Aphanocapsa 36 Azorhizophilus 25 
Laribacter 55 Glycocaulis 36 Emticicia 25 
Parvularcula 55 Lechevalieria 36 Lebetimonas 25 
Enterorhabdus 54 Pleomorphomonas 36 Acidisphaera 26 
Bacillus 53 Tahibacter 36 Gracilibacillus 26 
Desulfotignum 53 Actinosynnema 35 Haliangium 26 
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Table 14. (Continued) 
 
Genus Count Genus Count Genus Count 
Limnolyngbya 26 Mesotoga 18 Chamaesiphon 13 
Marivirga 26 Pseudogulbenkiania 18 Chitinilyticum 13 
Microlunatus 26 Streptacidiphilus 18 Chitinolyticbacter 13 
Pseudothermotoga 26 Thermovenabulum 18 Geitlerinema 13 
Sandarakinorhabdus 26 Thermovirga 18 Halotia 13 
Tamlana 26 Tolypothrix 18 Kamptonema 13 
Thiothrix 26 Azoarcus 17 Maribacter 13 
Azorhizophilus 25 Cardiobacterium 17 Meridianimaribacter 13 
Emticicia 25 Cytophaga 17 Orientia 13 
Lebetimonas 25 Gloeocapsa 17 Polymorphum 13 
Massilia 25 Mangrovimonas 17 Saccharospirillum 13 
Rhizorhabdus 25 Parvibacter 17 Actinoplanes 12 
Roseovarius 25 Rhodoplanes 17 Agreia 12 
Symploca 25 Roseivirga 17 Amantichitinum 12 
Aphanizomenon 24 Trichormus 17 Blennothrix 12 
Methylorosula 24 Acidisoma 16 Desulfosarcina 12 
Andreprevotia 23 Arcicella 16 Formivibrio 12 
Asaccharobacter 23 Caminibacter 16 Ichthyenterobacterium 12 
Asaia 23 Crenothrix 16 Lutibaculum 12 
Caenispirillum 23 Galbibacter 16 Pannonibacter 12 
Desulfofrigus 23 Hydrogenophilus 16 Rhizobacter 12 
Ornithinimicrobium 23 Methylococcus 16 Rhodocista 12 
Yeosuana 23 Rapidithrix 16 Roseospira 12 
Desulfosporosinus 22 Sanguibacter 16 Sediminibacter 12 
Gloeothece 22 Thauera 16 Subsaxibacter 12 
Macrochaete 22 Alkalispirillum 15 Altibacter 11 
Acidithiobacillus 21 Citromicrobium 15 Camelimonas 11 
Alkalilimnicola 21 Desulfococcus 15 Denitrobacterium 11 
Methylovulum 21 Desulfurobacterium 15 Fulvivirga 11 
Rufibacter 21 Geminocystis 15 Gallaecimonas 11 
Thermosediminibacter 21 Isoptericola 15 Halobacteroides 11 
Arhodomonas 20 Mariniflexile 15 Hydrocarboniphaga 11 
Methylosarcina 20 Methylocystis 15 Lyticum 11 
Sphingosinicella 20 Polymorphobacter 15 Marinicauda 11 
Advenella 19 Pseudooceanicola 15 Microvirga 11 
Croceicoccus 19 Robiginitomaculum 15 Pararhodospirillum 11 
Dechlorospirillum 19 Westiellopsis 15 Rhizorhapis 11 
Desmonostoc 19 Crinalium 14 Robiginitalea 11 
Hapalosiphon 19 Deinococcus 14 Taylorella 11 
Hoeflea 19 Donghicola 14 Xanthomarina 11 
Hydrocoleum 19 Geothrix 14 Bordetella 10 
Mastigocladus 19 Gracilibacter 14 Cavicella 10 
Methylosinus 19 Neisseria 14 Dactylococcopsis 10 
Reinekea 19 Nocardia 14 Desulfitobacterium 10 
Sphingorhabdus 19 Oblitimonas 14 Dolichospermum 10 
Croceifilum 18 Rhodoblastus 14 Eudoraea 10 
Cyanospira 18 Skermanella 14 Hassallia 10 
Gloeobacter 18 Thalassobacter 14 Koukoulia 10 
Goleter 18 Mesotoga 14 Lautropia 10 
Komagataeibacter 18 Thermonema 14 Methylopila 10 
Loktanella 18 Ammonifex 13 Paraperlucidibaca 10 
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Table 14. (Continued) 
	
Genus Count Genus Count Genus Count 
Verrucosispora 10 Ornithinicoccus 7 Dermacoccus 5 
Woodsholea 10 Pantanalinema 7 Desulfatiferula 5 

Amaricoccus 9 
Pseudoxanthobacte
r 7 Desulfofaba 5 

Hartmannibacter 9 Sedimenticola 7 Desulfoluna 5 

Hydrocoryne 9 
Thermodesulfatato
r 7 Foliisarcina 5 

Jejuia 9 Thioflavicoccus 7 Gloeotrichia 5 
Leadbetterella 9 Achromobacter 6 Granulicatella 5 
Marispirillum 9 Acidicapsa 6 Hellea 5 
Methylibium 9 Aestuariivita 6 Jiella 5 
Methylovirgula 9 Aminicella 6 Microchaete 5 
Nitratireductor 9 Amorphus 6 Pelatocladus 5 
Pusillimonas 9 Aquabacter 6 Ponticoccus 5 
Rhodobium 9 Aquisalimonas 6 Pseudochelatococcus 5 
Rhodovibrio 9 Arsenicicoccus 6 Rhodobacter 5 
Thiorhodovibrio 9 Baia 6 Rhodopila 5 
Zeaxanthinibacter 9 Colwellia 6 Rhodovastum 5 
Aliterella 8 Desulfonispora 6 Stigonema 5 
Allokutzneria 8 Ewamiania 6 Thiobacimonas 5 
Anaerotruncus 8 Gulbenkiania 6 Thiodictyon 5 
Aquibacter 8 Hansschlegelia 6 Thiorhodospira 5 
Aquimonas 8 Jejudonia 6 Vibrio 5 
Caldimicrobium 8 Leeuwenhoekiella 6 Virgibacillus 5 
Chlorogloeopsis 8 Lihuaxuella 6 Acidicaldus 4 
Desulfatibacillum 8 Nitratiruptor 6 Acidopila 4 
Desulfonatronobacter 8 Nitrospira 6 Actinokineospora 4 
Desulfuromusa 8 Nitrospirillum 6 Aliiroseovarius 4 
Gilvibacter 8 Orenia 6 Amycolatopsis 4 
Haliea 8 Oricola 6 Anaerovorax 4 
Halothece 8 Panacagrimonas 6 Angulomicrobium 4 
Intestinimonas 8 Paraoerskovia 6 Arsenicitalea 4 
Iphinoe 8 Planktothricoides 6 Bacteroides 4 
Litoricola 8 Prochlorothrix 6 Camptylonemopsis 4 
Methylocaldum 8 Pseudahrensia 6 Cetia 4 
Occallatibacter 8 Risungbinella 6 Chelativorans 4 
Persicobacter 8 Robertkochia 6 Chujaibacter 4 
Phreatobacter 8 Sinomicrobium 6 Coccinimonas 4 
Schizothrix 8 Snuella 6 Daeguia 4 
Solimonas 8 Sporohalobacter 6 Desulfatitalea 4 
Symphyonemopsis 8 Starria 6 Echinicola 4 
Thermaerobacter 8 Steroidobacter 6 Enterobacter 4 
Thermovibrio 8 Thermincola 6 Filomicrobium 4 

Acetohalobium 7 
Thermoflavimicrobiu
m 6 Flammeovirga 4 

Acidihalobacter 7 Thermosynechococcus 6 Flaviflexus 4 
Adhaeribacter 7 Xylella 6 Flavivirga 4 
Anabaenopsis 7 Zobellia 6 Flavonifractor 4 
Aquifex 7 Acidipila 5 Fluviimonas 4 
Dichelobacter 7 Actinomyces 5 Geopsychrobacter 4 
Hyella 7 Anodontia 5 Halolamina 4 
Litoribaculum 7 Aquisalinus 5 Halorhodospira 4 
Methylosoma 7 Bdellovibrio 5 Hormoscilla 4 
Oceanibaculum 7 Chitinophaga 5 Malonomonas 4 
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Table 14. (Continued) 
	
Genus Count Genus Count Genus Count 
Marinicella 4 Hippea 3 Brockia 2 

Metallibacterium 4 
Hydrogenoanaerobacteriu
m 3 Bryocella 2 

Monashia 4 Intrasporangium 3 Butyrivibrio 2 
Muriicola 4 Jishengella 3 Cellvibrio 2 
Mycoplana 4 Kribbia 3 Chiayiivirga 2 
Myxosarcina 4 Kutzneria 3 Chthonobacter 2 
Neoasaia 4 Lacihabitans 3 Crenalkalicoccus 2 
Oleomonas 4 Litoreibacter 3 Crenotalea 2 
Parasphingopyxis 4 Lutispora 3 Cyclobacterium 2 
Plantactinospora 4 Mameliella 3 Denitrobacter 2 
Plectonema 4 Maritimibacter 3 Desulfatiglans 2 
Psychromonas 4 Natronocella 3 Desulfatirhabdium 2 
Raoultibacter 4 Neptuniibacter 3 Desulfitispora 2 
Rarobacter 4 Nostochopsis 3 Desulfosalsimonas 2 
Rhizomicrobium 4 Oceanicella 3 Dongia 2 
Roholtiella 4 Oceanobacillus 3 Ectothiorhodosinus 2 
Ruegeria 4 Oerskovia 3 Elstera 2 
Scytolyngbya 4 Ornithinibacillus 3 Erwinia 2 
Temperatibacter 4 Oryzihumus 3 Fontimonas 2 
Terracidiphilus 4 Pelistega 3 Friedmanniella 2 
Umezawaea 4 Phaeochromatium 3 Halanaerobacter 2 
Zhouia 4 Phormidesmis 3 Hanstruepera 2 
Aeromonas 3 Pilimelia 3 Lechevalieria 2 
Afifella 3 Roseococcus 3 Methyloceanibacter 2 
Algivirga 3 Suttonella 3 Neptunomonas 2 
Arenitalea 3 Telmatobacter 3 Nitrococcus 2 
Arthrobacter 3 Thalassococcus 3 Nordella 2 
Aulosira 3 Thermoactinomyces 3 Oharaeibacter 2 
Aureisphaera 3 Thermobacillus 3 Paradevosia 2 
Balnearium 3 Thermocrinis 3 Pelagibacterium 2 
Caldanaerovirga 3 Thermovorax 3 Pelotomaculum 2 
Cellulomonas 3 Xenococcus 3 Phascolarctobacterium 2 
Cesiribacter 3 Actibacterium 2 Poseidonocella 2 
Chlorogloea 3 Actinotignum 2 Pseudofulvimonas 2 
Curtobacterium 3 Aerosakkonema 2 Pseudospirillum 2 
Cyanodictyon 3 Agromyces 2 Roseofilum 2 
Desulfonema 3 Alcaligenes 2 Roseofilum 2 
Fervidicola 3 Alkanindiges 2 Sabulilitoribacter 2 
Geojedonia 3 Alcaligenes 2 Sandaracinobacter 2 
Gomphosphaeria 3 Alkanindiges 2 Sedimentitalea 2 
Gomphosphaeria 3 Ameyamaea 2 Stakelama 2 
Halanaerocella 3 Anacystis 2 Taeseokella 2 
Halomicronema 3 Aquamicrobium 2 Tepidamorphus 2 
Halopeptonella 3 Arenimonas 2 Thermacetogenium 2 
Halospirulina 3 Asticcacaulis 2 Thermoflavifilum 2 
Hazenella 3 Barrientosiimonas 2 Thiocapsa 2 
Hephaestia 3 Boseongicola 2 Variibacter 2 
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Table 14. (Continued) 
	
Genus Count Genus Count Genus Count 

Zavarzinia 2 Methyloglobulus 1 Swaminathania 1 
Acetanaerobacterium 1 Methyloligella 1 Symplocastrum 1 
Aestuariihabitans 1 Methylosulfonomonas 1 Tabrizicola 1 

Albibacter 1 Microbulbifer 1 Tateyamaria 1 
Alishewanella 1 Microseira 1 Telluria 1 
Alkalimicrobium 1 Moorella 1 Terribacillus 1 
Alkanibacter 1 Nitrincola 1 Tetracoccus 1 

Alteromonas 1 Oceanococcus 1 Thermoflexus 1 
Ancalomicrobium 1 Oligella 1 Thioalkalispira 1 
Aranicola 1 Papillibacter 1 Thiobacillus 1 
Arsukibacterium 1 Paucisalibacillus 1 Thioprofundum 1 
Asanoa 1 Pelagibaca 1 Vogesella 1 
Bellilinea 1 Pelolinea 1 Acanthopleuribacter 1 
Brackiella 1 Petalonema 1   

Brevibacterium 1 Phaeobacter 1   
Carbophilus 1 Phorcysia 1   
Carboxydocella 1 Planococcus 1   

Chloroflexus 1 Pleomorphobacterium 1   
Chromatocurvus 1 Polycyclovorans 1   
Confluentibacter 1 Propionibacterium 1   
Crenobacter 1 Pseudoflavonifractor 1   
Croceimarina 1 Radiocystis 1   
Crocosphaera 1 Ralstonia 1   
Dechloromarinus 1 Rhabdochromatium 1   
Desulfospira 1 Rhodomicrobium 1   
Eucapsis 1 Romboutsia 1   
Flavitalea 1 Roseibium 1   
Fulvitalea 1 Saccharofermentans 1   
Gelria 1 Scytonematopsis 1   
Geobacillus 1 Sediminihabitans 1   
Halanaerobaculum 1 Sediminitalea 1   
Halochromatium 1 Sediminitomix 1   

Halonatronum 1 Shewanella 1   
Hoppeia 1 Silanimonas 1   

Kytococcus 1 Silvibacterium 1   
Lactococcus 1 Solwaraspora 1   

Leahibacter 1 Spiroplasma 1   
Lentilitoribacter 1 Stella 1   
Leptolinea 1 Stenotrophomonas 1   

Marivita 1 Subtercola 1   
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Table 15. Genera generated by Silva database reference-

based assembly. Count is the number of identified 

sequences. 

Genus Count Genus Count Genus Count 

Unknown 25531 Acidovorax 188 Cyanobacterium 63 

Pseudomonas 9655 Beiejrinckia 182 Chroococcidiopsis 61 

Burkholderia 2887 Rhizobium 181 Azoarcus 60 

Sphingomonas 1785 Rhodanobacter 180 Luteibacter 59 

Methylobacterium 1346 Roseomonas 173 Oxalobacter 57 

Gluconobacter 1021 Nodularia 170 Chelatococcus 54 

Nocardioides 1018 Ectothiorhodospira 160 Duganella 54 

Azospirillum 731 Aeromicrobium 155 Acidiphilium 51 

Acinetobacter 690 Nitrosomonas 150 Rhodopseudomonas 50 

Acetobacter 666 Thialkalivibrio 150 Alishewanella 48 

Rickettsia 657 Fervidobacterium 146 Capnocytophaga 48 

Escherichia 656 Massilia 145 Methylomonas 47 

Cupriavidus 630 Zymomonas 134 Xanthobacter 47 

Herbaspirillum 616 Pseudoalteromonas 126 Leptolyngbya  44 

Hymenobacter 515 Janthinobacterium 118 Prochlorococcus 44 

Marinomonas 478 Collimonas 115 Gordonibacter 43 

Halomonas 471 Cylindrospermum 104 Acidocella 42 

Dyella 465 Azotobacter 96 Blastomonas 42 

Sphingobium 458 Enterobacter 95 Calothrix 41 

Geobacter 450 Lysobacter 85 Cyanothece 41 

Anabaena 447 Frateuria 84 Hyphomicrobium 40 

Nostoc 416 Desulfovibrio 82 Trichodesmium 39 

Asaia 388 Pelobacter 79 Cellvibrio 38 

Erythrobacter 354 Rheinheimera 79 Endosymbiont 38 

Ralstonia 323 Methylocella 77 Altererythrobacter 36 

Novosphingobium 301 Polaromonas 77 Ancylobacter 36 

Sphingopyxis 284 Okeania 73 Tistrella 36 

Pandoraea 260 Variovorax 72 Pimelobacter 35 

Eggerthella 250 Stenotrophomonas 71 Petrotoga 34 

Clostridium 245 Laribacter 70 Lyngbya 32 

Porphyrobacter 225 Oscillatoria 69 Desmonostoc 31 

Synechococcus 219 Comamonas 65 Marmoricola 30 

Chromohalobacter 208 Herminiimonas 65 Paraburkholderia 30 

Microcystis 202 Aphanizomenon 64 Spiribacter  30 

Ehrlichia 192 Psychrobacter 64 Methylocapsa 29 
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Table 15. (Cont.) 

Genus Count Genus Count Genus Count 

Moraxella 29 Caulobacter 17 Dechlorosoma 8 

Aphanocapsa 28 Xenococcus 17 Desulfovibrio 8 

Azorhizobium 28 Belnapia 16 Jeongeupia 8 

Dolichospermum 28 Defluviitoga 16 Nitrobacter 8 

Deefgea 27 Rubrivivax 16 Acidicaldus 7 

Delftia 27 Actinobacterium 15 Agrobacterium 7 

Tolypothrix 26 Alcalilimnicola 15 Chitiniphilus 7 

Flavobacteria 25 Gloeothece 15 Dokdonella 7 

Spirulina 25 Kozakia 15 Rivulariaceae 7 

Ahrensia 24 Marinospirillum 15 Acidihalobacter 6 

Bradyrhizobiaceae 24 Xanthomonas 15 Hapalosiphon 6 

Methyloferula 24 Desulfuromonas 14 Mesorhizobium 6 

Pseudoduganella 24 Formosa 14 Chitinibacter 5 

Trichormus 24 Geitlerinema 14 Chlorogloeopsis 5 

Acidisphaera 23 Gloeocapsa 14 Citromicrobium 5 

Anaplasma 23 Halotalea 14 Cyanospira 5 

Chitinimonas 23 Roholtiella 14 Ensifer 5 

Rhodospirillum 23 Alkalispirillum 13 Kosakonia 5 

Gillisia 22 Bacillus 13 Methylomicrobium 5 

Desulfotomaculum 21 Fischerella 13 Natronocella 5 

Gloeobacter 21 Kofleria 13 Taxeobacter 5 

Hydrocoleum 21 Cyanobium 12 Acidithiobacillus 4 

Hydrocoryne 21 Phormidium 12 Aeromonas 4 

Magnetospirillum 21 Actinomycetales 11 Deinococcus 4 

Methylorosula 21 Chromatium 11 Nitrococcus 4 

Nevskia 21 Iodobacter 11 Chroococcales 3 

Adlercreutzia 20 Microchaete 11 Achromobacter 2 

Cardiobacterium 20 Afipia 10 Acidisoma 2 

Hoeflea 20 Eubacterium 10 Alteromonas 2 

Hylemonella 19 Hydrocarboniphaga 10 Brevibacterium 2 

Neisseriaceae 19 Phaeospirillum 10 Chitinolyticbacter 2 

Neorickettsia 19 Zobellia 10 Chroococcus 2 

Leptothrix 18 Dichelobacter 9 Cobetia 2 

Reinekea 18 Empedobacter 9 Denitrobacterium 2 

Arhodomonas 17 Thermosynechococcus 9 Nitratireductor 2 

Acaryochloris 23 Acidomonas 8 Citrobacter 1 
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Culturables Confirmation 

 The metagenomic analysis provided confirmation of the 

bacterial species we cultured (Table 16). We cultured two 

species of Proteus, Proteus penneri and Proteus vulgaris. 

There was no additional information from the NCBI BLAST 

search regarding the strain of Proteus vulgaris.  
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Table 16. Confirmation of Cultured Bacteria. Count is the 

number of identified sequences. 

 

Genus Count Present in 
Metagenomic data? 

Bacillus 125 Yes 
Acinetobacter 108 Yes 
Burkholderia 44 Yes 
Microbacterium 39 Yes 
Brevibacterium 23 Yes 
Paenibacillus 14 No 
Acidobacteria 12 Yes 
Cellulosimicrobium 11 Yes 
Clostridium 10 Yes 
Curtobacterium 5 Yes 
Dyella 5 Yes 
Cohnella 4 No 
Geobacter  3 Yes 
Gordonia 3 Yes 
Staphylococcus 3 Yes 
Unknown 3 NA 
Kitasatospora 2 Yes 
Massilia  2 Yes 
Micrococcus 2 Yes 
Mycobacterium 2 Yes 
Neisseria 2 Yes 
Raoultella 2 No 
Sphingomonas 2 Yes 
Stenotrophomonas  2 Yes	
Streptomyces 2 Yes 
Alicyclobacillus 1 Yes 
Nocardia 1 Yes 
Pantoea 1 Yes 
Paracoccus 1 Yes 
Planomicrobium 1 No 
Proteus 1 No 
Pseudomonas 1 Yes 
Ralstonia 1 Yes 
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Metagenomic Analysis – Archaea  

Silva publishes a manually curated Archaea-only 

sequence reference database. This database was used to 

assemble the metagenomic output which was then run through 

a Megablast function using NCBI BLASTn tools and compared 

to the NCBI nucleotide database. There were two Silva 

databases: one aligned and one unaligned. Both were used in 

order to see if there were differences in the results. 

There were no differences in the eight genera 

identified by the Silva database, however, the count of 

each genus was different. The Silva databases, aligned and 

unaligned, gave genera results: Methanobacterium, 

Methanocaldococcus, Methanococcus, Methanothermococcus, 

Methanotorris, Pyrococcus, Palaeococcus and Thermococcus. 

The Silva unaligned results were 2,995 sequences and the 

aligned results were 1,460 sequences. The Silva unaligned 

results were: “Unknown” 32.0%, Methanocaldococcus 26.4%, 

Methanococcus 16.6%, Methanothermococcus 8.1%, Thermococcus 

7.1%, %, Pyrococcus 5.0%, Methanotorris 4.3%, Palaeococcus 

0.2%, and Methanothermococcus 0.1% (Figure 27). The Silva 

aligned results were: “Unknown” 25.6%, Methanocaldococcus 

24.7%, Methanococcus 22.1%, Methanothermococcus 10.4%, 
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Thermococcus 8.2%, Pyrococcus 5.3%, Methanotorris 2.7%, 

Methanobacterium 0.41%, and Palaeococcus 0.4% (Figure 28). 

This process was used to see if there were any results 

that differed from a de novo assembly and subsequent NCBI 

BLAST search (Table 17). Each method had the same number of 

genera identified. However, while both the Silva Aligned 

and Silva Unaligned databases used for reference-based 

assembly had the same genera, the de-novo assembly varied 

by one genus. Methanothermobacter appears instead of 

Pyrococcus. The Silva unaligned had two times as many 

sequence results as the aligned and three and a half times 

as many as the de novo assembly. The de novo assembly 

resulted in 821 sequences. The de novo assembly results 

were: “Unknown” 66.7%, Methanobacterium 14.4%, 

Methanothermobacter 5.4%, Methanocaldococcus 4.4%, 

Methanococcus 3.7%, Thermococcus 2.9%, Methanothermococcus 

1.6%, Methanotorris 0.7%, and Palaeococcus 0.2% (Figure 

29). The de novo assembly had a much larger percentage of 

“Unknowns”.  
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Figure 27. Silva Archaea-specific Unaligned Database 

Reference-based Assembly. Eight genera were identified. 
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Figure 28. Silva Archaea-specific Aligned Database 

Reference-based Assembly. Eight genera were identified. 

  

Methanobacterium
<1%

Methanocaldococcus
25%

Methanococcus
22%

Methanothermococcus
11%

Methanotorris
3%

Pyrococcus
5%

Palaeococcus
<1%

Thermococcus
8%

Unknown
26%



	

	

136	

 

 

Figure 29. Archaeal genera from de-novo assembly.  
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Table 17. Comparison of Three Methods of Archaeal Assembly  

SILVA ARC ALIGNED De Novo SILVA UNALIGNED 
Genus # Genus # Genus # 
Methanobacterium 6 Methanobacterium 118 Methanobacterium 4 
Methanocaldococcus 361 Methanocaldococcus 36 Methanocaldococcus 792 
Methanococcus 323 Methanococcus 30 Methanococcus 497 
Methanothermococcus 152 Methanothermococcus 44 Methanothermococcus 243 
Methanotorris 40 Methanothermobacter 13 Methanotorris 130 

Pyrococcus 78 Methanotorris 6 Palaeococcus 6 
Palaeococcus 6 Palaeococcus 2 Pyrococcus 150 
Thermococcus 120 Thermococcus 24 Thermococcus 214 
Unknown 374 Unknown 548 Unknown 959 
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Liquid Chromatography-Mass Spectrometry Analysis 

 Files containing the LCMS data were analyzed by 

members of my research team in a combined effort to move 

through the files in an efficient fashion. Data were 

recorded in a master file for easy searching of identified 

compounds. Each peak was selected for ion formula matching. 

Spectrum data with a score of 100.00 was sent for 

identification and then transferred to the Bruker 

CompoundCrawler application for identification. Individual 

peaks were expanded out to ensure the highest peak’s mass 

to charge ratio (m/z) was selected (Figure 30).  

Results from CompoundCrawler were captured and the 

compound structure was added to the master document. Bruker 

software allows the user to select up to ten databases to 

search for identities, however, I found that the default 

five databases initially set up with the software took too 

long to return results. The results returned when using 

only three databases versus five were identical. In order 

to optimize the time for results to return, I selected 

three popular databases for ion formula matching: The Royal 

Society for Chemistry’s ChemSpider172, Chemical Entities of 

Biological Interest (known as ChEBI)172 and The National 

Center for Biotechnology’s PubChem.174 In some cases, the ion 
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formula resulted in 500 or more possible compound 

identities. When a large number of results occurred, the 

top twenty-five compounds were selected and recorded. There 

were many compounds identified but the ones applicable to 

our project are included. Table 18 shows a sample of the 

LCMS results. This non-comprehensive table includes data 

from seven different files and has forty-six results. The 

ion formula, location in the spectra, m/z and 

CompoundCrawler identification are presented.  

 Many long chain fatty acids were identified (Figure 

31) such as octadecadienoic acid (C18H31O2, m/z 279.2329), 

dodecanoic acid (C12H23O2, m/z 199.1701), and 13-Docosenamide 

(C22H44NO, m/z 338.3421). There were also long chain carbon 

compounds that had no identification results. This includes 

compounds with carbon counts over thirty such as C45H73N2O12 

C43H61N16O2, and C30H49O17. Some other long chain carbon 

compounds identified are: stearic acid (C18H36O m/z 284.477), 

1-tetradecanoic acid (C14H28O2 m/z 228.371), ricinoleic acid 

(C18H34O3 m/z 298.461), and hydroprene (C17H30O2 m/z 266.419) 

(Figure 32). 

Vaccenic acid was found several times in multiple LCMS 

data files representing different samples. Methyl-1,4-

benzoquinone (Figure 32) and 2-methyl-2,5-dimorpholino-
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benzoquinone (Figure 33) were identified as well as 1,4-

Dihydroxy-5,8-bis{[2-(1-piperidinyl)ethyl]amino}-9,10-

anthraquinone (C28H35N4O4, m/z 491.2665), and N-acetyl-1,4-

benzoquinone imine (C8H6NO2, m/z 148.0403). Additional 

identified compounds: duryne (C30H48O m/z 440.701), 

chrysogeside E (C41H77NO9 m/z 728.051), trehalose (Figure 34) 

as well as phytosphingosine (C18H39NO m/z 317.507), picolinic 

acid (C6H5NO2 m/z123.109), and fumarate (C4H2O4 m/z 114.057) 

(Figure 35). 

 

 

  



	

	

141	

 

 

Figure 30. Screen capture of expanded peak. Each peak may 

have a range of m/z leading to several possible ion 

formulas. Individual peaks were expanded in order visually 

determine the correct ion formula to analyze. This is the 

detail view of vaccenic acid. 
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Table 18. Sample of LCMS results. 
 
Data File Ion formula Location m/z Compound 

NP2E_mid_base_
GA6_01_3320.d C34H53N5O2 

Cmpd 24 
16.40min  
MS 
16.33-
16.43min 

563.831 

9-(2-ethylphenyl)-3-hexadecyl-
1,7-dimethyl-
1H,2H,3H,4H,6H,7H,8H,9H-
pyrimido[1,2-g]purine-2,4-
dione 

NP2E_mid_base_
GA6_01_3320.d C44H83NO7 

Compd 20 
15.68 
min 

738.6237 

4-(3-tert-butoxy-3-keto-
propyl)-4-
(docosanoylamino)pimelic acid 
ditert-butyl ester 

NA2_whole 
piso_GA1_01_34
12.d 

C18H35O2 
Cmpd 12 
15.43 
min 

283.2643 (2S)-2-methylheptadecanoic 
acid 

NA2_whole 
piso_GA1_01_34
12.d 

C18H33O2 
Cmpd 11 
14.84 
min 

281.2481 trans-vaccenic acid, vaccenic 
acid 

NA2_whole 
piso_GA1_01_34
12.d 

C16H31O2 
Cmpd 10 
14.74 
min 

255.417 hexadecanoic acid, ethyl 
myristate 

NA2_whole 
piso_GA1_01_34
12.d 

C37H74NO5 
Cmpd 10 
14.74 
min 

612.558 
N-(2-hydroxyicosanoyl)-4-
hydroxy-15-
methylhexadecasphinganine 

NA2_whole 
piso_GA1_01_34
12.d 

C18H31O2 
Cmpd 9 
14.36 
min 

279.2329 

malvalic acid, linoleic acid, 
laballenic acid, 
octadecadienoic acid, 
chaulmoogric acid, stearolic 
acid 

NA2_whole 
piso_GA1_01_34
12.d 

C14H27O2 
Cmpd 8 
13.97 
min 

227.2013 

tetradecanoic acid, 
isomyristic acid, ethyl 
laurate, hexyl octanoate, 
isobutyl decanoate 

NA2_whole 
piso_GA1_01_34
12.d 

C21H42NO5 
Cmpd 8 
13.97 
min 

388.3067 No results 

NA2_whole 
piso_GA1_01_34
12.d 

C17H29O2 
Cmpd 8 
13.97 
min 

265.217 (S)-hydroprene, hydroprene, 
(R)-hydroprene 

NA2_whole 
piso_GA1_01_34
12.d 

C18H31O2 
Cmpd 8 
13.97 
min 

280.445 

malvalic acid, linoleic acid, 
laballenic acid, 
octadecadienoic acid, 
stearolic acid 

NA2_whole 
piso_GA1_01_34
12.d 

C18H33O3 
Cmpd 7 
13.14 
min 

297.2437 ricinoleic acid, 3-oxostearic 
acid, 18-hydroxyoleic acid 

NA2_whole 
piso_GA1_01_34
12.d 

C16H30O3 
Cmpd 7 
13.14 
min 

297.2437 

3-oxopalmitic acid, 
13,14,15,16-tetranorlabdane-
8alpha,12,18-triol, 2-
oxopalmitic acid 

NA2_whole 
piso_GA1_01_34
12.d 

C18H38NO3 
Cmpd 6 
12.54 
min 

316.2864 phytosphingosine, D-xylo-
phytosphingosine 

NA2_whole 
piso_GA1_01_34
12.d 

C21H31O5 
Cmpd 5 
12.31 
min 

364.482 11beta,17alpha,21-
trihydroxypregnenolone 

NP2A_high 
base_GB2_01_34
57.DJ.d 

CHO2 
Cmpd 8. 
15.44 
min 

44.9981 formic acid 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C18H35O2 
Cmpd 8. 
15.44 
min 

283.2646 stearic acid 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C40H80NO5 
Cmpd 8. 
15.44 
min 

654.6042 N-(2-hydroxydocosanoyl)-4-
hydroxysphinganine 
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NP2A_high 
base_GB2_01_34
57.DJ.d 

C18H33O2 
Cmpd 7. 
14.85 
min 

281.2486 vaccenic acid 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C18H31O2 
Cmpd 6. 
14.37 
min 

279.2329 octadecadienoic acid 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C12H23O2 
Cmpd 5 
13.13 
min 

199.1701 dodecanoic acid 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C7H5O2 Cmpd 4. 
5.87 min 121.0292 picolinic acid 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C6H9O3 Cmpd 4. 
5.87 min 129.0555 6-oxohexanoic acid, 2-

hydroxyhexano-6-lactone 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C9H6NO Cmpd 4. 
5.87 min 144.0455 3-methyleneoxindole, quinolin-

4-ol, isoquinolin-1(2H)-one 

NP2A_high 
base_GB2_01_34
57.DJ.d 

C8H6NO2 Cmpd 4. 
5.87 min 148.0403 N-acetyl-1,4-benzoquinone 

imine 

NA8_high 
base_GA4_01_34
31.MT.d 

C4HO4 Cmpd 5 
14.13min 112.988 fumarate 

NA8_high 
base_GA4_01_34
31.MT.d 

C6H9O3 
Cmpd 10 
13.80 
min 

129.0553 Mevalolactone 

NA8_low 
base_GA2_01_32
98 file 

C4H3O4 
Cmpd 10 
13.80 
min 

115.0037 methylmalonate(2-) 

NA8_low 
base_GA2_01_32
98 file 

C4H7O5 
Cmpd 10 
13.80 
min 

135.0299 threonic acid 

NA8_low 
base_GA2_01_32
98 file 

C9H16NO8 
Cmpd 10 
13.80 
min 

266.0879 miserotoxin 

NA8_low 
base_GA2_01_34
18 

C7H5O2 Cmpd 3 
4.62 min 121.0293 2-Methyl-1,4-benzoquinone 

NA8_low 
base_GA2_01_34
18 

C28H35N4O4 Cmpd 2 
3.73 min 491.2665 

1,4-Dihydroxy-5,8-bis{[2-(1-
piperidinyl)ethyl]amino}-9,10-
anthraquinone 

NP2E_low 
base_GA5_01_34
36.d 

C10H9N14O Cmpd 1 
1.36 min 341.1086 trehalose 

NA low base 
GA2 01 3296 C43H82NO7 

Cmpd 78 
16.72 
min 

724.6088 

{[2-
(Dodecanoyloxy)propanoyl]imino
}di-2,1-ethanediyl 
didodecanoate 

NA low base 
GA2 01 3296 C37H66N5O 

Cmpd 78 
16.72 
min 

596.5256 No results 

NA low base 
GA2 01 3296 C28H41O 

Cmpd 78 
16.72 
min 

393.3155 ergosta-4,6,8(14),22-tetraen-
3-one 

NA low base 
GA2 01 3296 C28H41 

Cmpd 78 
16.72 
min 

377.3203 

3a,6-Dimethyl-3-[(2E)-1,4,5-
trimethyl-2-hexenyl]-
3,3a,4,5,7,8,9,10-octahydro-
2H-cyclopenta[a]anthracene 

NA low base 
GA2 01 3296 C42H74N5O5 

Cmpd 77 
16.61 
min 

728.5682 2'-Deoxy-3',5'-di-O-
palmitoyladenosine 

NA low base 
GA2 01 3296 C48H80N3O7 

Cmpd 74 
16.16 
min 

810.5997 

2-{4-[(15R)-15-
{(2R,2'R,5R,5'R)-5'-[(1S,5S)-
1,5-
Dihydroxyundecyl]octahydro-
2,2'-bifuran-5-yl}-15-hydroxy- 
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NA low base 
GA2 01 3296 C26H54NO3 

Cmpd 74 
16.16 
min 

428.4098 N-octanoyldihydrosphingosine 

NA low base 
GA2 01 3296 C30H49O 

Cmpd 73 
16.08 
min 

425.3789 Lupenone 

NA low base 
GA2 01 3296 C22H44NO 

Cmpd 70 
15.64 
min 

338.3421 13-Docosenamide 

NA2_whole 
piso_GA1_01_34
12.d 

C45H73N2O12 
Cpmd 13 
16.53 
min 

NA No results 

NA2_whole 
piso_GA1_01_34
12.d 

C43H61N16O2 
Cpmd 13 
16.53 
min 

NA No results 

NA2_whole 
piso_GA1_01_34
12.d 

C30H49O17 
Cmpd 8 
13.97 
min 

681.2974 No results 
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Figure 31. Compound structures identified by 

CompoundCrawler. A) Duryne. B) Vaccenic acid. C) 

Chrysogeside E. D) Trehalose. Images generated by 

CompoundCrawler.  

A 

B 

C 

D 
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Figure 32. LCMS Spectra for 2-Methyl-1,4-benzoquinone. C7H5O2 

m/z 121.093. 

 
 
 

 
 
 
 

Figure 33. LCMS Spectra for 2-methyl-2,5-dimorpholino-

benzoquinone. C15H19N2O4, m/z 291.1348. 
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A  

B  

 

C   

C    

 

Figure 34. LCMS identified compounds. A Phytosphingosine.175 

B) N-octanoyldihydrosphingosine.176 C) Picolinic acid.177 D) 

Fumarate.178   
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A   

B    

C    

D  

 

Figure 35. Long chain carbon compounds. A) Stearic acid.179 

B) 1-tetradecanoic acid.180 C) Ricinoleic acid.181 D) 

Hydroprene.182 
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DISCUSSION 

 

Culturables Confirmation 

Verifying the suspected contaminated plates and soil 

samples against the metagenomic data clearly indicated 

which species we inadvertently cultured and were actually 

contamination, and which species occurred on the exterior 

of the fungus and not the interior. Staphylococcus 

epidermis, a common species of the human skin microbiome183 

was cultured several times and eventually sequenced. 

Staphylococcus hominis, body-odor causing skin dweller184 was 

also cultured several times. However, neither species 

appears in the metagenomic results. This would have been 

helpful as an attenuated P. vulgaris strain is used in the 

CSUEB Microbiology labs where we performed our culturing. 

We carried P. vulgaris with us on a batch of lysine-iron 

agar plates that we took to Yellowstone. We saw the growth 

when we unpacked them and sequenced them later. Several of 

the open air plates had growth of species that were not 

included in the metagenomic data. This process appears 

successful in aiding us to rule out species that could have 

come from the exterior environment. Cohnella sp. was 

isolated from open air plates, as well as Planomicrobium 
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sp. and Raoultella ornithinolytica, none of which were 

found in the metagenomic results.  

	
Metagenomic Analysis- Bacteria  

 There were significant differences in the results of 

the Silva and NCBI database reference-based assembly 

methods. However, the most occurring genera for both NCBI 

and Silva, after the category “Unknown”, was Pseudomonas. 

Pseudomonas putida made up 6% of the identified species of 

Pseudomonas for the Silva data and 3% of the NCBI data. 

Nocardioides, Sphingomonas, and Rickettsia were the other 

genera both in the top ten results for Silva and NCBI. 

Nocardioides nitrophenolicus was the most common identified 

species for both databases along with Sphingomonas 

paucimobilis and Rickettsia japonica. While the presence of 

the Rickettsia genus is mysterious, examining the other 

three species provide insight into the way this microbiome 

may be functioning within P. tinctorius.  

 

Pseudomonas putida 

 P. putida is a Gram negative aerobic bacterium that is 

commonly found in soil.185 It is a known colonizer of plant 

roots. Living within the plant’s rhizosphere, these 
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bacteria offer a protective role by preventing pathogens 

from their own genus from attacking the plant186 and 

providing nutrition by processing forms of sulfur 

accessible to the plant.187 Most interesting, P. putida has 

been found to play a role in increasing the growth and 

extension of fungal hyphae188,189 and aid in the initiation of 

fruiting bodies of fungal species.190 This known symbiotic 

association with other fungal species identification of 

Pseudomonas indicate the likelihood of this bacteria 

playing a similar role within the fruiting bodies of 

Pisolithus tintorius. It would be interesting to 

investigate the presence of P. putida within P. tinctorius 

hyphae and the Lodgepole pine roots.  

 

Nocardioides nitrophenolicus  

 The Nocardioides genus are Gram positive, aerobic 

mesophiles.191 They have characteristic fungal-like 

extensions but are bacteria.192 Its optimal growth conditions 

are pH 8 and 30°C.193 It can survive in a temperature range 

of 15°C to 40°C and a pH as low as 6.194 N. nitrophenolicus 

has the ability to break down 4-Nitrophenol, thus providing 

its nomenclature. 4-nitrophenol is a phenol group with a 

nitro group attached. 4-nitrophenol is broken down by N. 
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nitrophenolicus into 4-nitrocatechol under aerobic 

conditions.195 P. putida has the ability to break down 4-

nitrocatechol into hydroquinone.196 Moraxella species, also 

found in the metgenomic results, can also break down 4-

nitrocatechol.197 It is possible these species are working 

together to break down nitroaromatics occurring within the 

P. tinctorius fruiting body.   

 

Sphingomonas paucimobilis 

S. paucimobilis is a species of Gram negative aerobe 

that commonly reside in soil. They are unique in that their 

outer cell membrane is made of sphingosine-containing 

glycosphingolipids and has no lipopolysaccharides.198 S. 

paucimobilis contains a special oxygenase that can break 

down lignin.199 Lignin is the most common aromatic biomass.200 

Sphingomonas species have the ability to break down 

multiple forms of aromatic hydrocarbons and can utilize 

catechols as a substrate. S. paucimobilis can break down 

multiple types of polycyclic aromatic hydrocarbons, common 

environmental pollutants, into CO2.
201  
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Rickettsia japonica 

 There were 1,147 sequences identified as R. japonica 

accounting for 33% species of the Rickettsia genus. The 

next species, with 14% of the species identified was R. 

rickettsia. Both of these species are obligate 

intracellular bacteria that do not live outside of their 

tick hosts and are not found in the environment. They are 

the causative agents of spotted fever (Japanese and Rocky 

Mountain, respectively) R. japonica is found in and 

transmitted by Dermacentor taiwanensis and Haemaphysalis 

flava tick species.202 These Gram negative bacteria are not 

culturable outside of mammalian and insect cells. It is 

unclear why this genus occurred so often in the metagenomic 

results. It is possible there was waste material containing 

the bacteria or a tick was processed with the fruiting body 

or soil samples. 

 

Metagenomic Analysis- Archaea  

 Attempts to culture and image Archaeal species was 

unsuccessful. However, Archaeal species appeared in the 

metagenomic data. While the results did not match exactly 

for the Silva and NCBI databases, they had an overlap of 
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seven out of eight species. There is also a possible 

explanation for the failure of the liquid media cultures in 

that our liquid media was developed for Igniccocus, 

Sulfolobus, and Thermoplasma species, none of which were 

identified by the metagenomic output. The media used was 

likely missing necessary components to support successful 

growth of Eurarcheota. All the genera identified were 

Eurarcheota (Figure 36). Our media was tailored mainly for 

Crenarcheota. I did not modify media to account for the 

metabolic requirements of methanogenic archaea.  

 Genera under the class Methanococci have recently been 

reclassified and separated due to their differenced in 

thermotolerance.203 These genera have a very high similarity 

when comparing their genomes. It is possible that instead 

of the four Methanococci there is only one species 

represented. It is also possible that the imaging failed as 

Methanococci have larger cellular sizes, often 1.5 µm and 

up, and I may have filtered them out entirely. 

Methanotorris species autofluoresce and if present, their 

emission spectra may have been filtered out entirely.204    
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Figure 36. Relationships between identified Archaeal 

genera. 
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Methanogenic Archaea 

 Species within Methanococcus of Archaea are known as 

methanogenic mesophiles.205 Species of the genus have been 

found in terrestrial soil and marine sediments.206 

Methanococcus archaea use CO2, hydrogen, formate and 

acetate.203 Several species have formate dehydrogenases that 

utilize formate along with CO2 and hydrogen ions to produce 

methane.207 Methane production requires heavy metal ions and 

several Methanococcus species require selenium ions for 

metabolism.208 There is a wide range of Methanococcus species 

found in Yellowstone National Park’s geothermal springs.209 

Methanocaldococcus jannaschii was the most common species 

identified by the metagenomic results. M. jannaschii is a 

methanogenic, chemolithoautotrophic, anaerobic, 

hyperthermophilic species.210 Previously categorized as 

Methanococcus they were reclassified due to their growth at 

high temperatures.211 M. jannaschii has an optimum growth 

temperature of 80°C but can survive in a large range of 

temperatures from 45°C to 86°C and its optimum growth pH is 

6.0 but can survive in pH anywhere from 5.2 to 7.0.212 Cells 

are motile; M. villosus cells have an irregular coccoid-

like shape and are covered in flagella.203 M. villosus 

utilizes CO2 as its main carbon source and can use formate. 
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Sulfide is its main source of sulfur.203 Methanocaldococcus 

species are considered osmotically weak due to their 

uncomplicated cell structures.213 This seems counterintuitive 

given the high temperatures it lives in. Perhaps, given its 

simple membrane and single S-layer as well as being 

anaerobic, this vulnerable species would prefer to be 

housed within a fungal symbiont where it has access to CO2 

and can obtain metabolites from other members of the 

microbiome.  

The Methanothermococcus genus contains two species 

Methanothermococcus thermolithotrophicus and 

Methanothermococcus okinawensis. M. okinawensis, a 

methanogenic thermophilic archaeon, was isolated from a 

deep sea thermal vent off the coast of Japan. It has a 

large growth pH range from 4.5 to 8.0.214 Methane-producing 

organisms can make their local microenvironments more 

acidic. M. thermolithotrophicus has been found in salt 

marshes and can fix nitrogen at temperatures as high as 

64°C.215 It also has a large growth pH range from 4.9 to 9.8, 

with optimal growth range of a slightly acidic 5.1 to 5.9.216 

This species has been found to have unusual lipids. Its 

membrane contains isoprenoid glycerol dialkanol diethers 

which, so far, have only been identified in this Archael 
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species.217 This species can also increase its growth rate in 

response to increasing pressure indicating that its ideal 

habitat is underground or deep in marine environments.218 The 

Methanotorris genus has two species of chemoautotrophic 

methanogenic thermophiles Methanotorris igneus and 

Methanotorris formicicus.219 M. formicicus was found in a 

deep sea black smoker vent and is a hyperthermophile with 

an optimal growth at 75°C.220 M. igneus has an optimal growth 

temperature of 88°C.203 

 

Thermococcales 

  The three genera of order Thermococcales were 

identified by the archaeal metagenomic analysis: 

Pyrococcus, Palaeococcus and Thermococcus. These genera 

require elemental sulfur for growth221 and are found in deep 

and shallow marine environments and terrestrial 

environments including geothermal pools.222 Anerobic, 

thermophilic Pyrococcus species have been well 

characterized due to their applications in the biotech 

industry. There are six currently known species. Pyrococcus 

have optimal growth temperatures at 100°C and above.223 P. 

furiosus enzymes are very thermostable and its DNA 

polymerase (Pfu) has been isolated and commercially 
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available for use in PCR amplification.224 Pyrococcus species 

are also successful at extreme depths making them 

barophiles.225  

The Thermococcus genus has nearly two hundred 

identified species.203 Many have been well characterized due 

to their applications in the biotech industry.226 They are 

classified as anaerobic thermophiles and hyperthermophiles. 

Several species have optimal growth temperatures of 95°C.227 

Some species have flagella and some have no exterior 

structures.228 Thermococcus litorialis can form sheet-like 

biofilms which differ from the chain shape often seen in 

Archaea.229  

Palaeococcus is the least studied genus of the 

Thermococcales order. There are currently three known 

species. Palaeococcus species differ from Pyrococcus and 

Thermococcus in their solute composition. Palaeococcus have 

a higher concentration of mannosylglycerate instead of di-

myo-inositol phosphates. They also demonstrate a 

requirement for magnesium ions.230 Palaeococcus helgesonii 

has been found in terrestrial geothermal pools. It has an 

optimum growth temperature of 80°C. Depsite Palaeococcus 

species’ characterization as strictly anaerobic, P. 

helgesonii has been characterized as microaerobic due its 
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presence near the surface of the geothermal well where it 

was originally isolated.231 Palaeococcus ferrophillus was 

isolated from deep sea thermal vents. As its name suggests, 

it requires ferrous iron for growth, however, it does not 

use iron as an electron acceptor.232 P. ferrophillus can also 

be classified as a barophile. Its DNA polymerase has been 

isolated and used as a thermostable enzyme in PCR 

amplifications.233 

 

Methanobacteria 

Methanothermobacter was the only genus identified of 

the class Methanobacteria. This genus is strictly anaerobic 

and stain Gram positive due to their wall composition 

containing pseudo-peptidogylcan.234 This genus can reduce 

sulfide and iron compounds.203 Six species of this genus can 

use formate as its sole carbon source.235 They have been 

isolated from geothermal pools and hot springs around the 

world.236 M. thermautotrophicus was one of the first archaeal 

genomes published.203 It uses heavy metals as its final 

electron acceptor in methanogenesis.237  

Hydrothermal vents and geothermal pools contain 

extremes and sizable ranges of pH, temperatures, and 

pressure.238 They spew heavy metals, methane, ferrous iron, 
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and hydrogen sulfide.239 The group of Euryarchaea identified 

by this metagenomic analysis share similar features. They 

are found in geothermal features in marine and terrestrial 

environments. They can tolerate heavy metals and use them 

for electron acceptors for methanogenesis. Thermococcales 

is the most common order found around deep sea hydrothermal 

vents.240 

Iron and sulfur striations in geologic structures have 

given insight into the chemical composition and conditions 

on Earth as life was arising.241 Early life would likely have 

utilized iron and sulfur for metabolism in order for 

survival. Many thermophilies can reduce both iron and 

sulfur in order for growth. Their presence within the 

microbiomes of higher order organisms may provide us 

insight into genetic transference of special abilities and 

their conference of survival in harsh conditions. Microbes 

play a significant role in biogeochemical cycling processed 

and these early organisms used what they had access to and 

then proceeded to alter the conditions and impact their 

environments. Understanding the role of these ancient 

lineages may provide us with strategies for solving some of 

our most pressing global environmental issues.  
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Issues 

It would be expected that the 659,432 sequence reads 

from the metagenomic sequencing output would generate 

identical results regardless of the method used for 

assembly. The algorithms for each method of analysis are 

different and I would expect only small variations in the 

percentages of phyla. I would also expect small variations 

in the results from the different databases used for 

reference-based assembly. It is possible that the main 

difference between the Silva database and the NCBI database 

is a matter of timing. The Silva database was not as 

current as the NCBI database and possibly did not contain 

the same sequences. Phylogenetic categories do change as 

new data is presented, however, phylum classification is 

not nearly as dynamic as changes to species designation.  

 There were several issues in sorting the genera into 

correct categories. Several options exist in the software 

programs to place the genera together in groups. There was 

a lot of error in this process. The sorting ability was 

concrete and did not allow for changing the options to 

allow for flexibility in matching. The best example of this 

issue is in regards to spelling. There are entries in the 

NCBI database for Alterierythrobacter and 
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Altererythrobacter. They are sorted automatically into 

separate categories and counted as separate objects. They 

are identical. It is unclear if these are typographic 

errors during the database entry process or geographic 

differences in English. Errors with binning and count had 

to be verified manually, which increases the opportunity 

for human error to occur.  

Another issue that arose was discovering that genera 

that were identified had been previously re-classified and 

transferred. Results for “Nocardioides fastidiosa 16S rRNA 

(part.)” were returned. However, this species was 

reclassified as Aeromicrobium fastidiosum, of which there 

were also results returned. This re-classfication occurred 

in 1994 and it is unclear how the records still remain in 

the NCBI database. This also occurred for other species of 

Nocardioides. N. flavus and N. fulvus were determined to be 

100% identical to N. luteus in 1998, however, sequence 

identifications for both N. flavus and N. fulvus appeared 

in the results. It seems odd that both the Silva and NCBI 

databases would not have been updated to reflect this 

change over the last nineteen years.  

Another example regards the sorting function of the 

various software methods. Several sorting functions did not 
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ignore the appearance of a space in the text. A space was 

read as a character and if it occurred at the beginning of 

the text and did not match its group it was placed into its 

own group. The number of spaces also determined 

categorization. For example using an underscore to 

demonstrate a space, “Rhizobium phaseoli strain R650, 

complete genome”, “_Rhizobium phaseoli strain R650, 

complete genome”, and “__Rhizobium phaseoli strain R650, 

complete genome” were categorized as three separate groups. 

Again, the output for each assembly method and database 

method had to be examined manually in order to correct for 

this type of result.  

 On the topic of human error regarding the output of 

the assemblies and Megablast results, simple manipulation 

of the data within Excel spreadsheets also offered 

opportunities for unintentional alterations of the data 

sets as copying and pasting between documents occurred 

frequently. The large amount of data required spreading it 

out over several documents in order to manage it 

successfully. I made every attempt to compare outputs to 

each other in order to determine that I did not 

unintentionally cut, paste over, paste duplicate, or simply 

miss a paste and alter the results. 
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 The large number of “unknown” and “uncultured” results 

are potentially overshadowing the correct results. It is 

possible when performing an NCBI BLAST of a single sequence 

to visually identify better results. It is not clear how 

the results are presented when the top results have an 

identical score based on coverage percent and E-value. All 

things being exactly equal, why is the first result often 

an “unknown” and the second through twenty fifth an actual 

genus and species? It was unclear to me how to account for 

this in the scripts and software options. Such large data 

sets make it nearly impossible to sort through individual 

results when close to 45% of the nearly 660,000 sequences 

result in “unknown” and “uncultured” categories.  

 I was unable to quickly identify a way to fine tune 

the public databases. I was also unable to figure out how 

to quantify the error rate of the results. None of the 

tools indicated their error rate or how to calculate one. 

These results are also limited by the lack of other 

sequencing runs. A single sequence output is not the 

current standard. There was also no way to account for 

strain diversity. There is a lot of debate regarding read 

length and I was unable to determine the minimum read 

length required. 
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 There are many available tools and it appears to be 

personal preference that determines which one is used for 

metagenomic analysis. Some popular tools have little to no 

documentation about their use. There is some debate about 

whether or not longer sequences are required for accurate 

results. Longer reads do have more information. Is a 200 

base pair length an acceptable length for 16S rRNA? The 

Silva databases have longer aligned templates and are used 

by Mothur tools. GreenGenes is a short read template 

database and is used by Qiime tools. The main difference 

between the two databases is the alogorithm used to 

generate the alignment templates. Again, there is debate as 

to which is better for alignment. I was unable to compare 

the output of both options directly. There are tools 

available to do this type of analysis, however, my computer 

system with eight cores was unable to handle the processing 

load to complete this task. It also seemed odd to me the 

number of “Unknown” results returned, especially as the 

Silva 16S rRNA database currently has 3,196,041 reference 

sequences.  
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Liquid Chromatography – Mass Spectrometry Analysis 

 One of the difficulties of wading through the large 

amount of data generated by the LCMS output, is that we did 

not use this data in the standard fashion. The data is not 

searchable. There is no way to enter in a compound of 

interest and have the software locate it within the file. 

LCMS is not commonly used to process an entire organismal 

sample that has not been processed or purified into the 

fraction of interest. We were only able to view each 

spectrum, determine the best ion formula match, and then 

compare the compound to known compounds in chemical 

databases. There is a large amount of data in each file and 

the effort continues as we research compounds and create a 

searchable document.  

It is possible that results are skewed and biased 

towards a certain type of compound. It is possible I did 

not utilize the software correctly. The results only 

included carbon, oxygen and nitrogen compounds. While I did 

determine how to input other elements such as sulfur and 

phosphorus, no results were returned. Again, this is likely 

user error and this action was performed incorrectly. It is 

likely I missed many software features and thus, did not 

identify many important compounds. Despite the potential 
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for incomplete data, as we continue identification of 

compounds an interesting picture begins to come into focus.  

 

Octadecadienoic acid 

Octadecadienoic acid is known fatty acid component of 

sporophores,242 i.e. fungal fruiting bodies. It has been 

found as a component of another species with a large and 

distinct fruiting body, Tirmania nivea, also known as white 

truffles.243 It is possible that the P. tinctorius fruiting 

body is made up of this fatty acid. Octadecadienoic acid 

has also been found in the membrane of Thermotoga species.244 

Thermotoga species are Gram negative, anaerobic, 

thermophilic and hyperthermophilic bacteria with the 

ability to reduce elemental sulfur into hydrogen sulfide.245 

The Thermotoga genus is represented in the top thirty 

genera identified by the NCBI 16S rRNA Microbial reference 

based assembly. One species, Thermotoga maritima has been 

completely sequenced and analyzed and has a high 

percentage, nearly a quarter, of genes of Archaeal origin.246 

This indicates that this species evolved from Archaeal 

horizontal gene transfer. 
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Vaccenic acid 

Vaccenic acid is a trans-fatty acid found in bovine 

milk247 products and bacterial membranes.248 In many bacterial 

species, such as E. coli, their membrane composition 

includes vaccenic acid. When temperature decreases vaccenic 

acid composition increases in the membrane.249 Pseudomonas 

putida increase the amount of vaccenic acid in its membrane 

when exposed to organic solvents such as toluene.250 

 

Sphingosines 

Phytosphingosine is a phospholipid sphingoid base 

found in fungi. It can act as thermosensor, behaving as a 

signal when temperatures increase.251 Treatment with 

phytosphingosine has also demonstrated apototic function in 

various fungal species.252 Phytosphingosine is a main 

component of fruiting bodies of several ectomycorrhizal 

fungi that form symbiotic relationships with pine trees.253 

It has been well established that P. tinctorius improves 

the growth and development of pine trees.254 Also identified 

was N-octanoyldihydrosphingosine. There was very little 

literature available on this compound. I was unable to find 

any reference to it in regards to fungal or prokaryotic 



	

	

170	

species. However, it is possible that this is a piece of 

another larger molecule.  

 

Trehalose 

Trehalose is a non-reducing saccharide commonly found 

in biological systems and is synthesized by bacteria and 

archaea.255 Trehalose pathways have been characterized in 

several archaeal genera. A gene found in Thermococcus 

litoralis named treT encodes an enzyme that generates 

trehalose.256 Pyrococcus horikoshii has genes for 

glycosyltransferases that also synthesize trehalose.257 

Sulfolobus acidocaldarius has genes encoding for four 

enzymes that can directly synthesize trehalose.258 

Thermococcus species have demonstrated high affinity for 

external trehalose.259 External trehalose is actively 

acquired by archaeal species that posses trehalose/maltose 

receptor-transporter systems.260  

Trehalose plays many roles in biological organisms 

from energy storage, signaling, and cell component 

synthesis.261 However, in archaeal and bacterial species it 

has been found to play a significant role in membrane 

composition and response to environmental stress.262 

Trehalose plays an important role in the membrane 



	

	

171	

stability. High concentrations of trehalose are found in 

microbial membranes when cells are in conditions of low pH, 

high salinity, and extreme temperatures.263 Interestingly, 

there are five pathways for trehalose production found in 

archaea and bacteria but only one found in eukaryotes.264 

Trehalose production is completely absent from mammalian 

species.265 This indicates that these pathways were lost over 

time and originated in archaeal and bacterial lineages. 

Adaptations to osmotic stress and maintenance of the 

cellular membrane would be essential to survival in the 

extreme conditions of early Earth. 

 

Fumarate and Quinones 

 
Methyl-1,4-benzoquinone, 2-methyl-2,5-dimorpholino-

benzoquinone, 1,4-Dihydroxy-5,8-bis{[2-(1-

piperidinyl)ethyl]amino}-9,10-anthraquinone, and N-acetyl-

1,4-benzoquinone imine were identified. These four quinones 

are of interest as isoprenoid quinone structures can be 

used for differentiating microorganisms.266 Fumarate acts 

together with respiratory quinones in proton gradients.267 

Saturated respiratory quinones are unique to archaea and 

can be used to identify various species.268 While we did not 

find any long chain quinones, it is possible that we found 
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fragments of them or they belong to bacterial species 

within the microbiome. Fumarate can be utilized by 

bacterial and archaeal species as a terminal electron 

acceptor.269 Anaerobic bacteria are especially proficient in 

their use of fumarate for respiration.270 Fumarate is 

required for flagellar motor rotation in archaea.271 It may 

act as a switch or messenger molecule in response to 

stress.203  

 

There are myriad compounds to hunt for in this data. 

Isoprenoid compounds specific to archaea species may be 

present. Of interest will be membrane specific structures 

such as phytane and archaeol. Caldarcheol, if present, will 

not likely be identified as its molecular weight of 1302.28 

Daltons is larger in size than the system reports. Archaeal 

metabolites such as mevalonate would also be a 

confirmation. Mevalonate pathways are conserved pathways 

that lead to isoprenoid chain synthesis in archaea.203 I also 

did not locate any fungal-specific compounds. It would be 

interesting to see if the P. tinctorius triterpene, 

pisosteral, and other fungal lanostane triterpenes272 are 

present within the data.  
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Summary  

There was a diverse group of bacteria that was 

cultured by standard microbiological techniques and 

identified with sequencing. A group of Archaea and Bacteria 

was identified by the Next-gen sequencing and metagenomic 

analysis. Aerobes, anerobes, nitrogen fixers, methanogens, 

and methanotrophs are some of the categories that were 

identified. What might they be doing in within the 

microbiome?  

 Unpublished data (Lauzon, et al.) indicates that an 

oxygen gradient exists within the P. tinctorius fruiting 

body. This information provides a framework for 

establishing a metabolic map of symbiotic interactions 

along the oxygen of the cultured and metagenomic analysis-

identified genera (Figure 37). Anaerobic Geobacter species 

may be found in the oxygen-deficient region of the fruiting 

body. Geobacter species produce carbon dioxide273 which could 

be utilized by anaerobic methanogenic archaeal species; 

also likely to be found in the same region as Geobacter.  

Methanogenic archaea, Methanothermobacterium, 

Methanotorris, Methanococcus, Methanocaldococcus, and 

Methanothermococcus, all produce methane (CH4) as a 

byproduct of their metabolism.274 Methanotrophic bacteria, 
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Methylocystis, Methylocaldum, Methylmicrobium, utilize 

methane and produce formaldehyde (CH2O) and similar 

compounds275 which can be used by aerobic Rhodobacter and 

Methylobacterium species.276  

 Clostridium, Moorella and Acetobacter are anaerobic 

acetogenic genera identified by the metagenomic analysis. 

These genera use carbon dioxide as an electron acceptor and 

produce acetate (C2H3O2).
277 They could possibly be located in 

the anaerobic portion of the P. tinctorius fruiting body. 

Acetate can be utilized by species of Nitrospira, 

Thermodesulfovibrio and Rhodocyclales.278 These genera all 

produce urea (CH4N2O) as a metabolic waste product.
279 Urea 

can be used as a nitrogen source by aerobic Sphingomonas 

and Pseudomonas species280; Pseudomonas putida is especially 

adept at utilizing and breaking down urea into ammonia.281,282 

These two genera would likely be located in the region of 

the fruiting body where the oxygen concentration was 

highest.  

  



	

	

175	

 

 

 

Figure 37. Schematic of microbiome member interactions 

along an oxygen gradient.  
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While several methods were unsuccessful at generating 

positive results, many of the standard microbiological 

techniques and computational and metagenomic analysis used 

in this project generated a robust amount of data. Archaeal 

genera were identified by the metagenomic analysis along 

with a large group of bacteria. The metagenomic data can 

serve as a good jumping off point for future research on 

this project.  

There are likely multiple interactions between the 

microorganisms residing within the P. tinctorius. Their 

symbiotic relationships with each other likely confer 

significant benefit and aid in survival. They are also 

potentially assisting the fungus in its growth and 

development. The ability to thrive in extreme environments 

is a hallmark of Archaea. These abilities may have been 

conferred to the bacterial residents of the P. tinctorius 

microbiome via horizontal gene transfer. It is possible 

these abilities were then conferred to the fungus and allow 

it to reside in the challenging conditions of the 

geothermal pools found in Norris Basin of Yellowstone 

National Park. The diversity and interactions of the 

microorganismal community of this microbiome have much to 

tell us about evolutionary pathways. Establishment of life 
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on Earth is one of the greatest questions we have yet to 

answer. Identifying our earliest ancestor remains our most 

intriguing mystery. Insights into our ultimate ancestor 

could aid us in our exploration and understanding of life 

on Earth, Mars and far away planets that have yet to be 

discovered. 
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Appendix A 

DNA Sequences 

>MK_466367-501_MK38-HP_B27F_F09.ab1 
NNNNNNNNNNNNNNTGCAGTCGAGCGGCAGCGGAAGTAGCTTGCTACTTTGCCGGCGAGCGGCGGACGGGTGAGTAATG
TCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATGACCTCGCAAGAGCAAAGTGG
GGGACCCTCGGGCCTCACGCCATCGGATGTGCCCAGATGGGATTAGCTAGTAGGTGAGGTAATGGCTCACCTAGGCGAC
GATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTG
GGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTT
TCAGCGAGGAGGAAGGCATTAAGGTTAATAACCTTANNGATTGACGTTACTCGCAGAAGAAGCACCGGCTAACTCCGTG
CCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAA
GTCAGATGTGAAATCCCCGAGCTTAACTTGGGAACTGCATTTGAAACTGGCANGCTAGAGTCTTGTAGAGGGGGGTAGA
ATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGAC
GCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGG
TTGTGGGCTTGACCCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTC
AAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCT
TGACNTCCAGAGAATTCGCTAGAGATAGCTTAGTGCCTTCGGGAACTCTGANACAGGNGCTGCATGGCTGTCGTCAGCT
CGTGNTNTGAAATGNTNGNTTAAGTCCCGCANCNAGCGCANCCNNNATNCTTNNNNCAGCACGTCATGNNNGNNNTCNN
NNNNCTNNNGNNGANNNCNGGAGNNNNNGGGGNTNACNTNANNCATCATGCTCNNANNNNNNNGNNNNNNNNCGNNNNT
ANANNNNNNNNNNNANNNNAACNCNCNNNNNAGCNANNNNNNNNNNTNNNNNANNNNNNNN 
 
>MK_466367-502_MK38-HP_1492r_G09.ab1 
NNNNNNNNNGGNAGCGCCCTCCCGAAGGNTAAGCTACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTG
TGTACAAGGCCCGGGAACGTATTCACCGTAGCATTCTGATCTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTT
GCAGACTCCAATCCGGACTACGACATACTTTATGAGGTCCGCTTGCTCTCGCGAGTTCGCTTCTCTTTGTATATGCCAT
TGTAGCACGTGTGTAGCCCTACTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGC
AGTCTCCTTTGAGTTCCCACCATGACGTGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACAT
TTCACAACACGAGCTGACGACAGCCATGCAGCACCTGTCTCAGAGTTCCCGAAGGCACTAAGCTATCTCTAGCGAATTC
TCTGGATGTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCG
TCAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCACGGGT
CAAGCCCACAACCTCCAAATCGACATCGTTTACAGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTT
CGCACCTGAGCGTCAGTCTTTGTCCAGGGGGCCGCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCT
ACACCTGGAATTCTACCCCCCTCTACAAGACTCTAGCCTNGCCAGTTTCAAATGCAGTTCCCAAGTTAAGCTCGGGGAT
TTCACATCTGACTTAACAAACCGCCTGCGTGCGCTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTCCGTATTAC
CGCGGCTGCTGGCACGGAGTTAGCCGGTGCTTCTNCTGCGAGTAACGTNNTNNNNANNNTATTNANCNTNNNGCCTTCN
CNCGCTGAAGTGCTTACACNGAAGNNNNTCANACACGCNGCATGGCTGCATCNGCTTGCGCCATGNGNANNTCCCNNTG
CTNCNTNCGNAGNNNCTGGANNGNNNCNCNNNNCNGNNNNNNNTNNNNATCNTCNNNAANNNNTNGGNNCNNNNNNTAN
NNNNNNANNNNNNNNNNANNANCTANNCNNNNNGGGNNNNNNNNNNNNNNNNNTNNNNNNN 
 
>MK_466367-502_MK38-HP_1492r_G09 
NNNNNNNNNGGNAGCGCCCTCCCGAAGGNTAAGCTACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTG
TGTACAAGGCCCGGGAACGTATTCACCGTAGCATTCTGATCTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTT
GCAGACTCCAATCCGGACTACGACATACTTTATGAGGTCCGCTTGCTCTCGCGAGTTCGCTTCTCTTTGTATATGCCAT
TGTAGCACGTGTGTAGCCCTACTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGC
AGTCTCCTTTGAGTTCCCACCATGACGTGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACAT
TTCACAACACGAGCTGACGACAGCCATGCAGCACCTGTCTCAGAGTTCCCGAAGGCACTAAGCTATCTCTAGCGAATTC
TCTGGATGTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCG
TCAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCACGGGT
CAAGCCCACAACCTCCAAATCGACATCGTTTACAGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTT
CGCACCTGAGCGTCAGTCTTTGTCCAGGGGGCCGCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCT
ACACCTGGAATTCTACCCCCCTCTACAAGACTCTAGCCTNGCCAGTTTCAAATGCAGTTCCCAAGTTAAGCTCGGGGAT
TTCACATCTGACTTAACAAACCGCCTGCGTGCGCTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTCCGTATTAC
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CGCGGCTGCTGGCACGGAGTTAGCCGGTGCTTCTNCTGCGAGTAACGTNNTNNNNANNNTATTNANCNTNNNGCCTTCN
CNCGCTGAAGTGCTTACACNGAAGNNNNTCANACACGCNGCATGGCTGCATCNGCTTGCGCCATGNGNANNTCCCNNTG
CTNCNTNCGNAGNNNCTGGANNGNNNCNCNNNNCNGNNNNNNNTNNNNATCNTCNNNAANNNNTNGGNNCNNNNNNTAN
NNNNNNANNNNNNNNNNANNANCTANNCNNNNNGGGNNNNNNNNNNNNNNNNNTNNNNNNN 
 
 
 
>MK_466367-501_MK38-HP_B27F_F09 
NNNNNNNNNNNNNNTGCAGTCGAGCGGCAGCGGAAGTAGCTTGCTACTTTGCCGGCGAGCGGCGGACGGGTGAGTAATG
TCTGGGAAACTGCCTGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATGACCTCGCAAGAGCAAAGTGG
GGGACCCTCGGGCCTCACGCCATCGGATGTGCCCAGATGGGATTAGCTAGTAGGTGAGGTAATGGCTCACCTAGGCGAC
GATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTG
GGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTT
TCAGCGAGGAGGAAGGCATTAAGGTTAATAACCTTANNGATTGACGTTACTCGCAGAAGAAGCACCGGCTAACTCCGTG
CCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAA
GTCAGATGTGAAATCCCCGAGCTTAACTTGGGAACTGCATTTGAAACTGGCANGCTAGAGTCTTGTAGAGGGGGGTAGA
ATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGAC
GCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGTAAACGATGTCGATTTGGAGG
TTGTGGGCTTGACCCGTGGCTTCCGGAGCTAACGCGTTAAATCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTC
AAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACTCT
TGACNTCCAGAGAATTCGCTAGAGATAGCTTAGTGCCTTCGGGAACTCTGANACAGGNGCTGCATGGCTGTCGTCAGCT
CGTGNTNTGAAATGNTNGNTTAAGTCCCGCANCNAGCGCANCCNNNATNCTTNNNNCAGCACGTCATGNNNGNNNTCNN
NNNNCTNNNGNNGANNNCNGGAGNNNNNGGGGNTNACNTNANNCATCATGCTCNNANNNNNNNGNNNNNNNNCGNNNNT
ANANNNNNNNNNNNANNNNAACNCNCNNNNNAGCNANNNNNNNNNNTNNNNNANNNNNNNN 
 
>MK_FP_228_B27F 
NNNNNNNGNNNNNCTTACCATGCAGTCGAACGGTGAACACGAGAGCTTGCTCTGTGGGATCAGTGGCGAACGGGTGAGT
AACACGTGAGCAACCTGCCCCTGACTCTGGGATAAGCGCTGGAAACGGCGTCTAATACTGGATATGTGACGTGACCGCA
TGGTCTGCGTCTGGAAAGAATTTCGGTTGGGGATGGGCTCGCGGCCTATCAGCTTGTTGGTGAGGTAATGGCTCACCAA
GGCGTCGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCA
GCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCAACGCCGCGTGAGGGACGACGGCCTTCGGGTTGTAAA
CCTCTTTTAGCAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAAAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGT
AATACGTAGGGCGCAAGCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAAT
CCGGAGGCTCAACCTCCGGCCTGCAGTGGGTACGGGCAGACTAGAGTGCGGTAGGGGAGATTGGAATTCCTGGTGTAGC
GGTGGAATGCGCAGATATCAGGAGGAACACCGATGGCGAAGGCAGATCTCTGGGCCGTAACTGACGCTGAGGAGCGAAA
GGGTGGGGAGCAAACAGGCTTAGATACCCTGGTAGTCCACCCCGTAAACGTTGGGAACTAGTTGTGGGGTCCATTCCAC
GGATTCCGTGACGCAGCTAACGCATTAAGTTCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAACTCAANGGAATTGACG
GGGACCCGCACAAGCGGCGGAGCATGCGGNATTAATTCGATGCACGCGAANANCTTTACCAAGGCTTGACATATACGAN
ANNGGNNAGAAATGGNCANTCNTTTNGNNNNCTCGTNAACNGNTNNNGCATG 
 
>MK_76-12-A;B27F 
GNNNNNNGNNNGNNNCANCANGNNGTACAGTCGACCAGGTTTGCCATTCGGGGTACACGAGCGGCGAACGGGTGAGTAA
CACGTGGGTGATCTGCCTCGTACTCTGGGATAAGCCTGGGAAACTGGGTCTAATACCGGATATGACCACGAATCGCATG
GTTTGTGGTGGAAAGATTTATCGGTGCGAGATGGGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGG
CGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGC
AGTGGGGAATATTGCACAATGGGCGGAAGCCTGATGCAGCGACGCCGCGTGCGGGATGACGGCCTTCGGGTTGTAAACC
GCTTTCAACTCCGACGAAGCGAGAGTGACGGTAGGGGTAGAAGAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAA
TACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTTGTAGGCGGTTCGTCGCGTCGATCGTGAAAACA
TGCAGCTCAACTGCATGCTTGCGGTCGATACGGGCGGACTAGAGTACTGCAGGGGAGACTGGAATTCCTGGTGTAGCGG
TGAAATGCGCAGATATCANGAGGAACACCGGTGGCGAACGCGGGTCTCTGGGCAGTAACTGACGCTGAGAAGCGAAAGC
GTGGGTAGCGAACAGGATTANATACCCTGGTAGTCCACGCCGTANCGGTGGGCGCTAGGTGTGGGTTTCCCTTCCACGG
CATCCGTGCCGTAGCTAACGCATTTAACCGCCCCCNCCTGGAGAGTACGGCCGCAAGGCTAACACTCAAAGGAATCTGA
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CGGGGGCCCGCACCAGCGGCGGAGCCATGTGNATTAATTCGATGCCNNGNCGAANACCTTACCTTGGNNTTGACNTACA
CNGACGNNGNAGANATGTCGNNNNCCCNTNNNNNNGGTNNNNNNNGGTGGCA 
 
>MK_76-5-B;B27F 
NNACNCNNNNNNNNNNGNNNNNNNNNNNTGNAAGTCAAGCGGTATTGATCTTCGGGGTAAAGGACCGGTTAACCGCTGA
ATAACACNTGTGTGATCTGCCTCCTACTCTGGGATAATCCTGGGAAATTGGGTCTAATACCGGATATGACCACTAATCG
CATGGTTTGTGGAGGAAAGATTTATCGGTGCGAGATGGGCCCGCGGCCTATCCGCTTGTTGGTGGGGTAATGGCCTACC
CAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCACTTTGGGACTGAGACACGGCCCATACTCCTACGGGAGG
CAGCAGTGGGGAATATTGCACAATGGGCGGAAGCCTGATGCTCCGACTCCCCGTGCCGGATGACGGCCTTCGGGTTGTA
AACCGCTTTCAATTCCGATCAAGCGAGATTGATGGTAGGGGTAGAAGAAGCACCGGCTAACTACGTGCCAGCAGCCGCG
GTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCCTAAAGAGCTTGTAGGCGGTTCGTCGCGTCTATCGTGAA
AACATGCAGCTCATCTGCATGCTTGCGGTCAATACGGCCGGACTAGAGTACTGCAGGGGAGACTGGAATTCCTGGTGTA
GCGTTGAAATGCGCATATATCAGGAAGAACACCGGTGGCGAACGCTGGTCTCTGGGCAATAACTGACTCTGACAAGCCA
AAGCGTGGGTAGCGAACCCGATTAGATTCCCTGGTTGTCCACGCCGGAAACGGCGTGCCGCTAGGNGTGGGTTTCCTTC
CACGGGATCCCGTGCCGTACCTAATGCATTAANCGCCCCCGCCTGGGGAGGTACGGCCGCAACGTTTAAANCTCACAGG
AAATTGANCGGGGGCCCGCANTAANCAGCNNAACAATGGTGGATTTANTCGAAGGCAACGCCGAAAAATCCTTANNTTG
GTCTTTGAAAATANCATCCANNACCCCCNGCGNNANNATGTCCGGCTCCCCN 
 
MK_76-5-A;B27F 
NTNNNNGNNNNNNNNNNNGNANNNNGCNNACCAGGTCACACTTTTATCCGACTCCAGGGCCTGTTTGTCCTCTTATTTT
GACACTTCGTCTTTGCCGGCGGTGCATATATNTCTACGATCGCACATAAAACATGTGCTTTGTAGGATCGAAGTATTGT
CTGGGGAACGCCTCGCGGCGGACTNGGTTTGGGTGAGCTGCGAACTCTTGNAGGCCTTGGCCCTGTAAAGGNCNTGGAG
GACTCCAGGTGAGGGCGAGTCCNAACAACGTCANNAATCGTGAAATAGATGGNTTGGAAATTCTCNCGGACAGACATCC
TCTCCGACGGACATCCCACCTCGAGTGAACTGTCGGCTTCGCGNAGCCATAGGCTTTTATATGAGAATAAATGATGGGA
TCTCTTAGANAACGTTTCTTACTTCAAGGAGACCCCCCAGTTTCGTTCAACATAGGAGTANNGTATAACCGCGAGACTA
TTAAAAANACCCCCCAGGAAAAGTAATNTGTATTTGTTTGGCAGTAGCTGCCCAGTCTAGGTAGATCCACTGTAACAGC
ATCTTCCTCATTATGGCATTGTGTCAAGG 
 
MK_76-3-C;B27F 
NNNNNNGGNNNNCNATACNTGCAAGTCGAGCGAACAGACGAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAG
TAACACGTAGGTAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAATATTTCGAACCGC
ATGGTTCGATAGTGAAAGATGGCTTTGCTATCACTTATAGATGGACCTGCGCCGTATTAGCTAGTTGGTAAGGTAACGG
CTTACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTAC
GGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGG
ATCGTAAAACTCTGTTATTAGGGAAGAACAAACGTGTAAGTAACTGTGCACGTCTTGACGGTACCTAATCAGAAAGCCA
CGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGT
AGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAG
AAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCT
GGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGA
TGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGNGTACGACC
GCAAGGTTGAAACTCAAAGGAATTGANGGGGACCCGCACAAGCGGNGGANCATGNGGNTTAATTTCGAAGCAACGCNAN
ANNTTACCAANCTGACATCCTTTGAACNCTNNTANANANNNANNNCCCNNNN 
 
MK76-3-B;B27F 
NNNGNNNGNNCNATACATGCAGTCGAGCGAACAGACGAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAGTAA
CACGTAGGTAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAATATTTCGAACCGCATG
GTTCGATAGTGAAAGATGGCTTTGCTATCACTTATAGATGGACCTGCGCCGTATTAGCTAGTTGGTAAGGTAACGGCTT
ACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGG
AGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGATC
GTAAAACTCTGTTATTAGGGAAGAACAAACGTGTAAGTAACTGTGCACGTCTTGACGGTACCTAATCAGAAAGCCACGG
CTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTAGG
CGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAG
AGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGT
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CTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGA
GTGCTAAGTGTTNGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGCAA
GGTTGAAACTCAAGGGAATTGACGGGGACCCGCACAAGCGGTGGANCATGTGGNTTAATTCGAAGCNACGCNANNNNTA
CCAATNNGACATCTTTGANNTNCTANANATNNNGTNCCCCTTCGGGGNNNNN 
 
MK76-3-A;B27F 
NNNGNGGGNNNCTATACATGCAAGTCGAGCGAACAGACGAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAGT
AACACGTAGGTAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAATATTTCGAACCGCA
TGGTTCGATAGTGAAAGATGGCTTTGCTATCACTTATAGATGGACCTGCGCCGTATTAGCTAGTTGGTAAGGTAACGGC
TTACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTACG
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGA
TCGTAAAACTCTGTTATTAGGGAAGAACAAACGTGTAAGTAACTGTGCACGTCTTGACGGTACCTAATCAGAAAGCCAC
GGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTA
GGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGA
AGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTG
GTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGAT
GAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCG
CAAGGTTGAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAANCAACGCGAANAN
NNNNCAAATNNGACATCCTTTGACCCTNCTAGANATNNANTTCCCCTTCGGN 
 
MK75-21-B;B27F 
NNNTNANNNNNNNNNNNNNNNANNNNNGNANGAATCTTGGGGTTAGCCAACGACTTCAGGGGTTATAAACTCTCGTGGC
GTGNNGGGCGGTGTGTACAAGACCCGGGAACATATTCACCGCGGCATGCTGATCCGCGATTACTAGCAATTCCCACTTC
CTGCAGGCCAGTTGCAGACTGCAATCCGAACTGAGAACAGATTTTTAGGATTCGGTCCCCCTCGCGGTTTCTCTGCCCG
TTGTACCGTCCATTGGACNACGTGTGTAGCCCACGTCATAAGGGGCATGATGATTTGACGTCNTCCCCACCTTCCTCCG
GTTTGTCACCGGCAGTCACCTTAAAGTGCCCACCCAAATTGATGGCAGCTAAAATCAGGGGTGGCGGTCGTTGGGGGAT
TTACCCCACCATCCCATCACCCGACCTGACAACAACCATGCCCCACTTGCCTCCTCTGTCCCGAAGGAAAGGTATATCT
CTGTACCGGTCAGAGGGATGTCANGACCTGGCAAGGTTCTTCCCGTGGCTTCGTTTAAACCAAATATTCGACTGGTGGG
GCGGGCCCGCGCCCATTCCTTTGATTTTCAATCGTGCACACCGTACTCCCCGCGCGGAGTGTTTAATGTGTTCACTTCG
ACTCCAGAGCAATAAAANCCAATAACACCTCACNCTCATCGTTTACNGNANGNACGAAGNNGNNCATATNATCCTGNTT
GCNTCCCTCGCTTTTCNCGCCTCACNGACAGTGACAGCCACANNNAGCGAACAGCANANTATACCTTCCTCCNCCTATC
NACACACTACGACGTGTTNNTGTNANTCGCTCTTCTCNTCTACACTTTCGCACTCAATTACCCTGCCACCTGGAGCANN
ANGACNTGCTATGATNANNCANAAATAAAACTGTANCGGNNGCTCTNCGCTNACGNCGCATCAATGTACGNNNNNCTCN
TAGCNACCTANANNANCNCCTACGACTNCTTGNCNNCCNACNTNATCCANNN 
 
MK75-21-A;B27F 
NNNNGNGGNNNNCTATACNTGCAAGTCGAGCGAACAGATAAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAG
TAACACGTGGATAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAAGATTTTGAACCGC
ATGGTTCAATAGTGAAAGACGGCCTTGCTGTCACTTATAGATGGATCCGCGCCGTATTAGCTAGTTGGTAAGGTAACGG
CTTACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTAC
GGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGG
ATCGTAAAACTCTGTTATCAGGGAAGAACAAACGTGTAAGTAACTGTGCACGTCTTGACGGTACCTGATCAGAAAGCCA
CGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGT
AGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAG
AAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCT
GGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGA
TGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACC
GCAAGGTTGANCTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGA
ACCTTACCAATNNNACATCCTTTGACCNNTCTANANATAGANTTTCCCCNNN 
 
MK75-20-A;B27F 
NNNNGNNGNNNNCTATACATGCAAGTCGAGCGAACAGATAAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAG
TAACACGTGGATAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAAGATTTTGAACCGC
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ATGGTTCAATAGTGAAAGACGGCCTTGCTGTCACTTATAGATGGATCCGCGCCGTATTAGCTAGTTGGTAAGGTAACGG
CTTACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTAC
GGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGG
ATCGTAAAACTCTGTTATCAGGGAAGAACAAACGTGTAAGTAACTGTGCACGTCTTGACGGTACCTGATCAGAAAGCCA
CGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGT
AGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAG
AAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCT
GGTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGA
TGAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACC
GCAAGGTTGANCTCAAGGAATTGANGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTATTCGAAGCACGCGAGANCTT
ACCAATNNNACATCNTTGACGNTCTAGANATNGANTTTCCCNNGGNGNNAAA 
 
MK70-31-B;B27F 
NNNNNNNNNNNCNNTNNNTGGGGTCGAGCGAACTGATGAAGAGCTTGCTTTTGATCAGTTAGCGGCGGACGGGTGAGTA
ACACGTGGGTAACCTGCCTGTAAGACTAGGATAACTCCGGGAAACCGGGGCTAATACGTGGATAAGTTTTCTCTCCGCA
TGGAGAGAGATTGAAAGATGGCTTCGGCTGTCACTTACAGATGGACCCGCGGGGCATTAGCTAGTTGGTGAGGTAACGG
CTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTAC
GGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAAGAAGGTCTTCGG
ATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTATCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCC
ACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCG
CAGGCGGTCTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAGACTTGAGTGCA
GAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTC
TGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACG
ATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGAC
CGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAA
NANNTTACCNGNCTTGACATCCTCTGACCTCCCTAGAGAATAGNNNNNCNCN 
 
MK70-31-A;B27F 
GNNNGNNNNNNNNNTNTNNNTGNNNGTCGAGCGAACTGATGAAGAGCTTGCTTTTGATCAGTTAGCGGCGGACGGGTGA
GTAACACGTGGGTAACCTGCCTGTAAGACTAGGATAACTCCGGGAAACCGGGGCTAATACTGGATAACTTTTCTCTCCG
CA 
TGGAGAGAGATTGAAAGATGGCTTCGGCTATCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGG
CTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTAC
GGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAAGAAGGTCTTCGG
ATCGTAAAACTCTGTTGTTAGGGAAGAACAAGTATCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCC
ACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCG
CAGGCGGTCTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAGACTTGAGTGCA
GAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGACTCTC
TGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACG
ATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGAC
CGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGNGGANCATGTGGTTTAATTCGAAGCACGCNNNA
NCTTACCAAGGTCTTGACATCCTCTGAACNNCNANAGAATAGGGNNNNCN 
 
MK70-22-A;B27F 
ANNGNGNNNNCTATACNTGCAAGTCGAGCGAACAGACGAGGAGCTTGCTCCTCTGACGTTAGCGGCGGACGGGTGAGTA
ACACGTGGATAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAATATATTGAACCGCAT
GGTTCAATAGTGAAAGACGGTTTTGCTGTCACTTATAGATGGATCCGCGCCGCATTAGCTAGTTGGTAAGGTAACGGCT
TACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGG
GAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGAT
CGTAAAACTCTGTTATTAGGGAAGAACAAATGTGTAAGTAACTATGCACGTCTTGACGGTACCTAATCAGAAAGCCACG
GCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTAG
GCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAA
GAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGG
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TCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATG
AGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGC
AAGGTTGAAACTCAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAGCACGCNANANCTTA
CCAATNNNACATCCTCTGANCCCTCTAGNNATAGANTTTCNNNNGGGGGANN 
 
MK70-16-A;B27F 
NNNNNGGCNNNCTATACATGCAAGTCGAGCGAACAGACGAGGAGCTTGCTCCTCTGACGTTAGCGGCGGACGGGTGAGT
AACACGTGGATAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAATATATTGAACCGCA
TGGTTCAATAGTGAAAGACGGTTTTGCTGTCACTTATAGATGGATCCGCGCCGCATTAGCTAGTTGGTAAGGTAACGGC
TTACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTACG
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGA
TCGTAAAACTCTGTTATTAGGGAAGAACAAATGTGTAAGTAACTATGCACGTCTTGACGGTACCTAATCAGAAAGCCAC
GGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTA
GGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGA
AGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTG
GTCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGAT
GAGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCG
CAAGGTTGAAACTCAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGNNGTTTAATTCGAGCACGCGAGANCTT
ACCAATCNGACATCCTCTGACCCCNCTAGANNTANANTTNNNNNCGGGGNNN 
 
MK70-12-A;B27F 
NNNGNNGNNNCNNNACATGCAAGTCGAGCGAACAGACGAGGAGCTTGCTCCTCTGACGTTAGCGGCGGACGGGTGAGTA
ACACGTGGATAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAATACCGGATAATATATTGAACCGCAT
GGTTCAATAGTGAAAGACGGTTTTGCTGTCACTTATAGATGGATCCGCGCCGCATTAGCTAGTTGGTAAGGTAACGGCT
TACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGG
GAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTCTTCGGAT
CGTAAAACTCTGTTATTAGGGAAGAACAAATGTGTAAGTAACTATGCACGTCTTGACGGTACCTAATCAGAAAGCCACG
GCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGTAG
GCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAA
GAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGG
TCTGTAACTGACGCTGATGTGCGAAAGCGTGGGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATG
AGTGCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGACCGC
AAGGTTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATNCGAAGCACGCGAAGAAC
CTTACCAATNNNACATCNCTGACCCCTCTANANATAGAGTTNNCCCNNGGGN 
 
MK70-10-A;B27F 
ANNGNNNNNNNCTNNNNNNTGCNNGTCGTGCGGACCTTTTAAAAGCTTGCTTTTAAAAGGTTAGCGGCGGACGGGGGAG
TAACACGTGGGCAACCTGCCTGTAAGATCGGGATAACGCCGGGAAACCGGGGCTAATACCGGATAGTTTTTTCCTCCGC
ATGGAGGAAAAAGGAAAGACGGCTTTTGCTGTCACTTACAGATGGGCCCGCGGCGCATTAGCTAGTTGGTGGGGTAACG
GCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTA
CGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGAAGAAGGCCTTCG
GGTCGTAAAACTCTGTTGCCGGGGAAGAACAAGTGCCGTTCGAACAGGGCGGCGCCTTGACGGTACCCGGCCAGAAAGC
CACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGC
GCAGGCGGCTTCTTAAGTCTGATGTGAAATCTTGCGGCTCAACCGCAAGCGGTCATTGGAAACTGGGAGGCTTGAGTGC
AGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTCT
CTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAAC
GATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGG
CCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGNGNAGCATGTGGGTTTAANTCGAAGCAACGCG
AANANNNNCCAGGTCNTGACATCNNTGACCTCCCTGGAGACAGGNCTNCNCN 
 
MK55-6-C;B27F 
NNNNNGGNNNNNNNCNNNACATGCAAGTCGAGCGAGTCTCTTCGGAGGCTAGCGGCGGACGGGTGAGTAACACGTAGGC
AACCTGCCTCTCAGACTGGGATAACATAGGGAAACTTATGCTAATACCGGATAGGTTTTTGGACCGCATGGTCCGAAAA
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GAAAAGATGGCTTCGGCTATCACTGGGAGATGGGCCTGCGGCGCATTAGCTAGTTGGTGGGGTAACGGCCTACCAAGGC
GACGATGCGTAGCCGACCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCA
GTAGGGAATTTTCCACAATGGACGAAAGTCTGATGGAGCAACGCCGCGTGAACGATGAAGGTCTTCGGATTGTAAAGTT
CTGTTGTTAGGGACGAATAAGTACCGTTCGAATAGGGCGGTACCTTGACGGTACCTGACGAGAAAGCCACGGCTAACTA
CGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAAAGCGCGCGCAGGCGGCTAT
GTAAGTCTGGTGTTAAAGCCCGGAGCTCAACTCCGGTTCGCATCGGAAACTGTGTAGCTTGAGTGCAGAAGAGGAAAGC
GGTATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGTCTGTAACT
GACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAGG
TGTTGGGGGTTTCAATACCCTCAGTGCCGCAGCTAACGCAATAAGCACTCCGCCTGGGGAGTACGCTCGCAAGANTGAA
ACTCANNGAATTGACGGGGGCCCGCACAGCGGTGGAGCATGNGGTTTATTCNAGCACNCNANANNTACAGNNTGNNNTC
CCGCTGACGCTCTGGANNNNANCTNCNNGGCANCGNNNNNGNNNNNCATNNN 
 
MK55-6-B;B27F 
NNNNNNNGCTACNNTGCGAGTCGGACGGATCCTTCGGGANTAGTGGCGGACGGGTGAGTAACACGTGGGGNGTGCCCTT
TGGTTCGGAACAACTCAGGGAAACTTGAGCTAATACCGGGATGTGCCCTTGGGGGGAAAGATTTATCGCCATTGGAGCG
GCCCGCGTCTGATTAGCTAGTTGGTGGGGTAAAGGCCCACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCAG
CCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGAATCTTGCGCAATGGGCGAAAGCCTGA
CGCAGCCATGCCGCGTGAATGATGAAGGTCTTAGGATTGTAAAATTCTTTCACCGGGGACGATAATGACGGTACCCGGA
GAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATTACTGGGCGTA
AAGGGAGCGTAGGCGGACTGTTAAGTTAGAGGTGAAAGCCCAGGGCTCAACCTTGGAATTGCCTTTGATACTGGCAGTC
TTGAGTACGGAAGAGGTATGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAG
GCGACATACTGGTCCGTTACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG
CCGTAAACGATGAGTGCTAGTTGTCGGCATGCATGCATGTCGGTGACGCAGCTAACGCATTAAGCACTCCGCCTGGGGA
GTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAA
CGCGCANANNTTACCACCTTTTGACATGCCCTGGACCGCCACAGANATGNGGTTTTCCCTTCGGGGNCTGGGNNACAGG
NGCTGCATNNNNNCNNCAGCNTCNNNNCNNGANANNNNNGNNNNNNTCCCGN 
 
MK55-6-A;B27F 
NNNNNNGNNNNGNNNNNANNNGNNNNNCAANNNATTTCCCAGAGCTTTCTGGGGGTATNAACTCTCGAGGGGGGGAANA
GAATGGGGAAAAGGGCCTGGGACATAGTCAGTGCGACCTGCTGAACAACCAATACCTGAAAATCCATTTTCTTTTTCGC
CAGTTGGGNACAGCGATCCAAACTGAAAACTGATTCTTGGANGTCGGTNCCCCTTTCGGTTTCTCGGCCCGTTATTGGG
TCCCTTGGGCAACGTGTGTAACCCAAGTCNGAAGGGGNATGGTGATTTGGGGACTGCCAGCCATCCTCCCCTTTGTCGG
AAGGNGCACCTTGAATTGACCNNCCCCTGCAAAGAGGAACATGNNGGGCGGGTGCGGTGGGAGGGTTTGTTGATCGAGC
AATAGGTCTGTGGGGAAGGAGAAAAATCTCCTGTCTGCCTGTGTTTTGAGAGAAGCTAAATCTAAAGACACCCCTAACT
ATGTGCCAGCCACCACAGGGCACGTACGTGGCGCGCGTTTTCCCTAATTATTGAGCGGAAGGGGCGCGCGCGCGCGCGT
TTCTTTATTTTTGTGAATTGTCCACCGCCCCCCCCNGCACGGTCTTTGCAAACTGGACAGCTTGACTGCAGAAAAAAAA
ANAGAATTACATCTCTCTCTGCGAAATCGCNNANTTTNAAGGAANACNANTANGAGGCGACTTTCTCGTCTCTCTTNAC
ACTGATGCNGACGAGANGNNGAGCANACAGGANATATACNCTGCNTCTCTACNCNTCACACATGACGAGTTCNATGTNA
TAGGNNTTCNTCTCCTCTACTGCTTTCGCNNTTCCATCTACCATGTCCCCCTGGGGAGTANGACTTNANGNTGAGTCTN
AAAAGANNTAACGGNGGACCNCGCTNACCGNGNCACGANGTNNGNTNATTCNTACNANNNNCTAGACAACCCTNNNGAA
NNNCTNNACATCCTTTTGNTNATTCCTTTAGANATCNNNNNNNNNNCTTNNN 
 
>MK_469217-511_MK81-4_B27F_F06 
CGAGCGGANGAAGGNAGCTTGCTACCGGATTCAGCGGCGGACGGGTGAGTAATGCTTAGGAATCTG 
CCTATTAGTGGGGGACAACGTTCCGAAAGGAGCGCTAATACCGCATACGTCCTACGGGAGAAAGCAGGGGACCTTCGGG
CCTTGCGCTAATAGATGAGCCTAAGTCGGATTAGCTAGTTGGTAGGGTAAAGGCCTACCAAGGCGACGATCTGTAGCGG
GTCTGAGAGGATGATCCGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGA
CAATGGGGGGAACCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGCCTTTTGGTTGTAAAGCACTTTAAGCGAGGAGG
AGGCTACCTGGATTAATACTTTAGGATAGTGGACGTTACTCGCAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGC
GGTAATACAGAGGGTGCGAGCGTTAATCGGATTTACTGGGCGTAAAGCGTGCGTAGGCGGCCAATTAAGTCAAATGTGA
AATCCCCGAGCTTAACTTGGGAATTGCATTCGATACTGGTTGGCTAGAGTATGGGAGAGGATGGTAGAATTCCAGGTGT
AGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGATGGCGAAGGCAGCCATCTGGCCTAATACTGACGCTGAGGTACG
AAAGCATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGATGTCTACTAGCCGTTGGGGCCCTTG
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ANGCTTTAGTGGCGCAGCTAACGCGATAAGTAGACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAATGAATTGA
CGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTGGCCTTGACATACAGA
GAACTTTCCANAGATGGNATTGGTGCCTTCGGGNACTCTGATACNNNGCTGCATGGNTGTCGTCAGCTCNTGTCNTGAG
ATGNTNNNTNAGTCCCGCANNAGCNNNNCNTTTTCNTNATTTNNCAGCNNTNNNNGNNNNNTTNNGNTNNNNGNCANNN
ACNACTGNGANGNNGGNNGANNNCAGNCATCANNNNNTNCGNCNGGCNNNNNNNNGCTNNANGGNNNGNANNANNNNNT
NCNNNNNNNNNNNNCNNNNNNNNCNANCNNNNCNGNNTGNNNNNTNCNNNNNNNNN 
 
 
>MK_469217-510_MK81-3_B27F_E06 
TGCAGTCGAGCGGANCTTCAAGGGAGCTTGCTCCCGCGAAGGTTAGCGGCGGACGGGTGAGTAACA 
CGTAGGCAACCTGCCTGCAAGACCGGGATAACATTCGGAAACGAATGCTAAGACCGGATACGCAGCGAGATCGCATGAT
CTTGTTGGGAAACACGGAGCAATCTGTGGCTTGCGGATGGGCCTGCGGCGCATTAGCTAGTTGGTGGGGTAACGGCTCA
CCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGA
GGCAGCAGTAGGGAATCTTCCACAATGGGCGCAAGCCTGATGGAGCAACGCCGCGTGAGTGAGGAAGGCCTTCGGGTCG
TAAAGCTCTGTTGCCAGGGAAGAATAAGGGTGTGTTAACTGCACATCCGATGACGGTACCTGAGAAGAAAGCCCCGGCT
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCG
GTCTTTTAAGTCTGGTGTCTAAGTGCGGGGCTCAACCCCGTGTCGCACTGGAAACTGGGAGACTTGAGTGCAGAAGAGG
AGAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTCTCTGGACTG
TAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG
CTANGTGTTGGGGGGGTCCACCCCTCGGTGCCGAAGTTAACACATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGAC
TGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCAGTGGAGTATGTGGTTTAATTCGAAGCAACGCGAAGAANCTTA
CCNGGTCTTGACATCCCTCTGACCNGTCTANAGATAGACCTTTCCTTCGGGACAGAGGAGACAGNNGGNGCATGGNNNG
TCGTCAGCTCGNNNCGNGANNNTGNTGGNTAAGTCCCNNAACNANCGCNAACCNNNGAATTTANTNNCCAGCNNNTCGG
NNGGCNCTCTANATNACTNNNNNGACAANNNNNNNNNNGGGNNNNNGNNAATCATCATNNNNNNTGACNGGNNNNNCNN
GNACTNNNANGNNNNGNNNNNANGGNNNNNNNNNNNNGNNTCNNNNNNNNNANNNNTTNNNANNNNNN 
 
>MK_469217-509_MK81-2_B27F_D06 
NNNNNGNNANANNGCAAGTCGAGCGAATCTGATGGGAGCTTGCTCCCTGAGGATTAGCGGCGGACGGGTGAGTAACACG
TGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATTTTTTCTTTCGCATGGAAG
AGAATTAAAAGATGGCTTCGGCTATCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAATGGCTCACC
AAGGCGACGATGCGTAGCCGACTTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGG
CAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTA
AAACTCTGTTGTTAGGGAAGAACAAGTATCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCACGGCT
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCG
GTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAG
AAGAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTCTTTGGTCT
GTAACTGACGCTGAGGCGCGAAAGCGTNNGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTG
CTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGGNCGCAAGG
CTGAAACTCAANGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAANCTTA
CCNNGTCTTGACATCCTCTTGNNNNNCCTAGANATAGGGNTTTCTCTTCGGGANAGANTGACNNNNNNCATGGNNNCGT
CAGCTCGTGNCCNNNAGATGNTGGNNANTCCCNCAACNANCGCANCNNTGACNNTANTNCNNGCNTTTNNNTNGGCNNT
CTAGNNACTGCGNNACNANNNNNANNNGGGNNGANNTNANTCNNCNTNCNNNNGACNGGNNNNNNNNNNNNNCNNNNNN
GNNNNNNNNGAANNNNNNNANCNNNCCNNTNANNNTNNNN 
 
>MK_469217-508_MK81-1_B27F_H09 
NNNNNNNNNNNNCNNNNNTGCAGTCGAGCGAATCTGATGGGAGCTTGCTCCCTGAGGATTAGCGGCGGACGGGTGAGTA
ACACGTGGGTAACCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAATTTTTTCTTTCGCAT
GGAAGAGAATTAAAAGATGGCTTCGGCTATCACTTACAGATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAATGGC
TCACCAAGGCGACGATGCGTAGCCGACTTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACG
GGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGA
TCGTAAAACTCTGTTGTTAGGGAAGAACAAGTATCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACCAGAAAGCCA
CGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGC
AGGCGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAG
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AAGAGAAGAGCGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTCTTT
GGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGA
TGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCC
GCANGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGNNNCAACGCGAAG
AANNNTACCANGTCNTGACNTCCTCNTGCNCNTCCCNAGANNATAGGATTTCNCCTTCGGGANNANANNGANAGGTGNN
NCATGGNNNCGTCAGCTCGTGNCNNNAGAANGNTGGNNNAGTCCCGNANNNNNNNACCNNNACTNNNNCCAGNNNTTNN
NNGNNNTCNNNNGACTNNNNGANNNNANANNNGGGATGACNNCANNNNNNTNCNNNNGACNNNNNNNNNNNNNNNANNG
ANGNNNNNNNNAANNNNNNNNNNCNANNCNNAAANNNNNNNNNNN 
 
>MK_469217-507_MK92-8_1000cR_G09 
NNNNNNNNNCNNNNGCTNNTNNGNTNCCNGAATCTGATCGGCCAGCGCTACATCCAGTTGGCGGCCGGAACGAGCGGCG
ACACAACGCGTTTGCGTGCCGGCTCGACGATCCCGCTGGCGCGCACCGAATCGTCGTTCGACATCTCGCTGCTGCTGGA
CGGGTTCCGGCCGTTGTTCCAGACGCTGTCCCCGCAGCAGGTGAACGATCTGTCCGCCACCCTGGTGCACCCCGTAGGG
ATCCTCGGCCAACTCGTCGCATCCCTGGGCCGGGTGAACGTTTTCGAAGGGGGCCGCTCGNATAACCATCTCGGCACCC
CGGTGGACAAGTCNGAATGGNNGGATGGCCANTGAATGAGAACGCTTAGTACCACACGATGAATAACACCATCACCTTC
CCGGCCGCGATCCTGCGGGCACCGTTCTTCGCTACCTATGCTGAGCCGACGGTGAAATNCGGCGAGAACGGCGAGAGCA
TGGGCCACGATATCTGGCACGGCTTCAACCAACAGGGCTCGAAATGCGACGGAGACGGCAACCNCCGCAACTGGGATAC
ACGATTCCTANNAGNTGTCTCCTCTCNCTCTGGANNAGTNNTCGGNGCGCTGGNCGGGGNTNCTGGGGGAAACCNGCGG
GCACGGNCGGNATTGCCANCCGCTGTGAATCCANGGCGCTGATNNNNATCNNNNGGNANTGTNGCCGNTCATGNATCNN
CGGCTCCGGGTNTNNNNNNGCNTCNTGTTNNATGGACGTGGTGGTTNGNATNNNGCGCNGGTNCNTTTTCNNNTCGGGN
TTNCTGANNNTCAGCNCCTNGATCACCGNTNCGAACGNNNNNNNTNNCACGCCCCNCNAAGCTCTATTACTACCNCCNG
TTCNNGCGGACGNNNCGGNNTTGCNGGNGNTGTNGAGCNTTTTNNTNNNNNCAGAGATCGAGGACCTGANNTTNGCCNC
GCCGGANGNNAANTGNGCCNNNNCCNCNNTGNACCCCNCCTGNGGCNNCGTACNNANNGNACNTTCCTAATCNANNNNN
CGGNTGAACATCTNCNNGGANNANATGGNCNNTTCTNNTNNNNTNGAGCNNANNGNANNNNGGNNANANTNNGANANNN
CTGNGNANNNATANNNNNNNNCCGNNNNNGCGCNNNNANNNNNNNNNANNNNTNCNNNNNNNNNNGANAAGNNNTCTNN
GNGNNTNNNNNNNNNNNNCNANNNNCNTNGGNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNCNNAANNTCCNNNAAGNN
CNCNANCNNNNTNNGNNNAAGNNNNNNGNNNNNNNTNNNN 
 
>MK_469217-506_MK92-6_1000cR_F09 
NNNNNNNNNNNGNNNNNNNCNCNNNNGCAGNNTGNNGATGCCTGGCGGNCTCCTCGGCAGGCCCTGCGATGCAAAGACG
TGTATCCTGNCTTAATGCTGGCGATTTCNGTGTGCGATTCCCCGGCGGCTACGCGCTGGCCGCGGNNGCCTGCACCCCT
TCGCGCAAGCCCGAANNAGTGCGTCCATGCTGGCCCGTTATGCTCACGCGGTCCACATANCGCCNGCCTCCCGTNCCNC
TTTATATGATGCTGTGCATATCTGCTATGGATGGCTGTNNCCACTGCCTGGGATTGCNNCAATAGTAAGTGNNGTTATT
GCTTTTGCACATGCCTGCCAACTGGGCCCTTATCGCAGTAGGCTCTGCGGGTGATGTAGGGACCACTCTGGAACTATTT
AGATGGAAATATGANTGAGGAGGANAGGAACACCAAANGNCACGCAGCATAGATTGTNNAAGGATGGGCACCTTGNCNT
TGCTTCAAGGGCANCCTTCTGGCAGGNACTCTGACACCTCAGGGANTCNAANTCTCNAGACTGACNGTGGNATNCGGNG
CGNNNGCTCNCATCCNNCATCTCCTCACTGCCCTTANTCNCACTACNNTGNACACATCAACACCNCCGNCNACAGCTGA
ATGAATGNCATGCTGTCCNNATACGCATTNTTACCTACACNGCTAGCTNNNANACGTGCNTTNCTGATTNNAGCTCTTA
ANGNANTTGNACCTGACNCTGTAAGTANANGAGANGCGCTNNTACCTGCTGNCCTGCTCNANGACGCANTGTANNANAT
GNTGNTGGCATANGGANNATTTCGCNNCTGNCTGANGANTNTAGNGTCNNNGACNTGGATNAGNNNGGCNTGCCNNGNG
NGCNNCCTCTGTNCANNCNTGCNTAGNTNNNNNNNGCNANNTGNGNNNCNTNNNNAGNCNANNNNNNGNNTNNGCTTTG
CCANGCANATNNNNTNNNNCTNNNNCCTNNGNCGNGCCANNTGCTNANGNNGNTTCCCGTNTANCTNCAAGGNGNCNTN
NNNNATNTCTNNNNGNNNNNNGNANNNGCAANNNNNACNNNCTNNNATGCTGGNNNNNCANAANNCGTATNNNNCNTNN
NANNCNNTNGNCCNNNNTNGNNNGNNNANNANNTNNNNNNNNGNCCNTNNNNCNNNNNNCNNNNNNNNNNNNNNNCNNN
NNNNNNCNNNCNNNNNNNNNNNNNNNNNNNNNNNNNANNNNCCNNNNNCNNNANNNNNNNNNNTNNNNNNNNNNNANNA
NANNNNCCNNNGGN 
 
>MK_469217-505_MK92-3_1000cR_E09 
NNNNNNNNNNNNGNNNNNNNGNTGNGNCTNAGANTTNCGGACCCGGCGGGTTCTGTCGATCGTCGCCGCCGGGTCTACT
CCGGGACAACCGNGTGNNCGGCCTATGCCGGGGCTGCCGTGGCCAACCTTGCANGCGTTGTCTCTCCCCCCGCCNAATG
CCCTTTCCCGGGTTGTCNCGCTCTTCTCCTGGCCTGTGCTGGTTCACACCTCGTGAGTTGCCNNTACTCATCGGNAGGT
TCCTTGCTGTATTGGTCGCGCTCAAGGGTTGCGCGTTGTGTCTGGTTGGCGGCCTCTCAGACTGACCGGATCTTGGCTT
CCGAACCNTTGCCGGAANNGGGAAATCCTGGGTGTGACCTGGCTGTGGNTCGNATGTTGNGCNTCCGTNGTCACCTTCA
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TGTGATCGAATTGTGGCGACCAGATCTGNNACGCTNGCCTGCCGGGAGTGTGGNAGGCCGGNANAACGGCGANCGCTAC
CCCCACGATGCATTCCGGGCGTTGAATCTNGCTGGGCTGCCATGNCTGCCATATCGANAGNANTTCCCTGATGATNNAC
AANCNTATGNNNNGTATCCTCTCGTTCNNTGNNAGTTGCNANNGCNTCTGGNCGGNCATNCTGCNGGANATCCGTTGGC
ACGGCCTGTATTGNNATNCGNTGTNNNTCTTCGGCNCTNATNGNNANNNNNNGGNANNGTTGCCGNANATNNATNNCGN
GCTCCNGNTNTACGANNGCNTCCTGNNAGATGNACGTGGCGGTGCGNATGNNGCGNNGGTNCNCTTTCTNNTCCGNGCT
TNCTGANGCTCAGNCCCTCGATGTCGGGTTNGAACNGCNTGNNTTGNCACGNCCNGCNAACTCTATTACTACNNGCNTG
TTCNCNNNGACCGAATAGAGCTTTGCNGCNCNTGTTGNGTTTTTTTNGTTNCAGNCCGAGATCCNNGNAGCCNGANNTN
CGGCNACCNCGGANNGANAANTNGGGCNTNGCCCGCNNNNGNNCNCNNNCTGNGNNTNCNTANNACNNGTACGTNCNTN
ACTCNNNGTNNNGCNNGANCANNNNNNNNNGNNNNNGGCNNNTTTCNNNNNCNNNNNNNGCNNANTGGANNNCNGNNNN
NNNNCNGGNANNNGNNNNNGTNNGNNATGNNNNNCTANNNNNNNCGNNNNNNNNNNATNNGNTANNTCNTNNCNNNNNN
NNNNNNNNNNNNNNNNNNNGNNNNCNNNNNNNNNNNNCNNNNNNNNNNNNANNNNNNNNACANNNNCNNNNNNNNCNNA
NNNNNNNNNNNANNNNNC 
 
>MK_469217-504_MK8-2_1000cR_D09 
NNNNNNNNNNNNNNNNNNNNGNTGNNNNNAGANNNNCGGNCNGNCGGGTTCTGTCGATCGTGGCCGCCGGGTCTACTCC
GGCACAGGCGGTGANCGGCCTCGGCCGGGGCTGCCGTGGTCAACGTTGCATGCGTTGTCTATCCTGCCGTCCAATGCCC
TTTCCCGGGTTGTCANGCTCTTCTCCTGGCCTGTGCTGGTTCANACCTCGGTGACCATGNCAGACTCATCGGNNATTTC
CTTGCTGGCTTGGTCGCGCTTAATGGTTGCGCGTTGTGTCTGGTTGGCGGCCTCTCAGATCTGGGTGATCTTGGCTTCC
GAACNNTTGCCGGANNCNTGGAAATCCTGNGTGTGACCTGGCTGTGGATATACATGTTNCGCGTCCGTNGTCACCTTCA
TGTGATCNAATTGTGGCGACCAGATTGGGACGCTNGCCTGCCGGGAGTATGGTNNNCGGNNTAACGGCGACCGCTACCC
TCACGATGCATTCCGCGCGTTGAATCTGGCTGGNCTGCCATGNCTGCCATATCGAAANNANTTCCCTGATGATNNATGA
NNNNATGNNNNGTNTCTTCTNGNTCTTTGNNAGTNGNNANCGCNTCTGGNCGNNNGTCCTGNTGGAGATCCGTTTGCAC
NGCCTGTATTGCNATNCGNTGTNANTCTTCGGCGCTGATGANNNNNNNNGGNANNGTTGCCNNANATNNATNNCNCGNT
CNTGNTCNACGACTGCNTCCTCNNAGATCGACGTGNTGGTGCGNATNNNGCGNNNNTNCATTTTCTCCTCGNGNTTNCT
GANGCTCAGCCCNTCGATGTCGGNTTCGAACGCNTGAATTGNCACGNCCCGCNANNTCTATTACGACNCGCNGNTCNNN
CNGANNNNNTAGANNTNGCNGGNCGTGTCGAGNCTNTTCGNNNNANCCNGAGATCCAGGNNNTGNNNTTCGNCNNNNNN
GNNNNNNAANATGGGGNNNNNNCCGCANNNGCACCCCGACCTGNNGCNNCGTACNANNNNNACGTNCNTGANTCANNNN
NNCGCTNANCANNTNNNNNGAGNNNTNGNCNTNNNNNTNNNNNNNGCNNNNNNGNNNTCNNGNNNNANNTCAGGAATNG
CNNNNNNNGCNNNNNNNNNNCNNNNACNNNNNNNNNNCNNNNCNGNTNNNNNNNCNNANNNNNNNANAGNNNNNNNNNN
NNNNNNNNNNCGNNTCNNAANNNNNTNNNNNNNNNNNNNNNNNANNNNNCNNNNNCCNAANNNCNGGNANNNNCNNNNN
NNNNNTNNNNNNNNNNNN 
 
>MK_469217-503_MK8-1_1000cR_C09 
NNNNNNNNNNNNNNNNNNNNTGNTGNNNNTGGAGANTNNCGGACCCGGCGGGNTCTGTCGATGGTGGCCGCCGGGTTTA
CTCCGGCACAACCGCGAATNTCGCCTCNGCCGGGGCTGCNATGGCCAACCTTGCATGCGTTGTCTATCCTGCCGTCCAA
TGCCCTTTCCCGCGTTGTCCCGCTCTTCTCCTCGCCTGTGTTNNNTCGAACCTNNGTGACCATGGNGACTCATCGGNNA
TTTCCTNGCNGTATTGGTCGCGCTTAAGGANTGCGCGTTGGGTCTGGTTGGCGGCCTCTCAGATCTGGGTGATCTTGGC
TTCCGAACCGTNNGCTCGANCGGGAAATCCTGNGTGTGACCTGGCTGTGGATCGGATGTTGNGCGTCCGTGGTCACCTT
CATGTGATCNAATTGTGGCGACCAGATTGGNACGCTNNCCTGCCGGGAGTATGGTNNGCCGGNATAACGGCGANCGCTA
CCCTCACGATACATTCCGCGCATTGAATCTACNTGGGCTGCCATGTCTGCCANATCGAAAGNAGTTCCCTGATGATNNA
CAANCCTATGANNTGTNTCCTCTCNNTCNNTNNNANTTGGANCGCNTCTGGGCGGNCGTCCTGGNGGANATCNGTTGGC
ACGGCCTGTATTGCCATCCGNTGNNANTCTTCGGCNCTGATGANNANNNNNNGGNANTGTTGCCGNANANNNATNACNC
GCTCCTGNTCTACGACTGCNTNNTGNNAGATGCNCGTGNNGGTGNGNATGNNGCGNNGGTNCATTNTCTNCTCGNGNTT
ACTGACGCTCAGCNCCTCGATGTCGGGTTCGAACGGNNTGNATTGACACGNNCCGCNANNTCTATTACTACCCGCTGAT
CANNNNGAACGANTAGAGCTTGCCGNNCGTGNCGAGTCTTNNNNNNTNNAGCNGAGATCNAGGNGCNGANNTNCGGCNA
NNNCNGGANGAGNAAATGGGCCTGNCCGCNNNGNNNNNNCCTGNNNNTCGTANNANNGNNCGTTNCTNATCANGNTNCG
NTNNTCNNNNNAGGGNANNATCGNCNTTTCNNNNNNNNTNNGGCNNANTGNNNNNNGNNNNANNTCNGGAANNGCNNNN
GTNGNCNNGNNNNNNNNCGNNACNGNCNNNGNNNNNNTCNNNNNNNNNNNNNNNNNNNNNNNGNNNTNNNNNNNNNNCC
NNNNNANCNNNNNCNNGGNNNCNNNNNNNNNANNNNNNNNCCNNCCNNANNNTCCNNANNNCNNNN 
 
>MK_469217-502_MK7-1_1000cR_B09 
NNNNNNNNNNNNNNNGCGCNGCGTTNCGNNGATGCATNGGNGGCGGGTCATACCCGGCCCGTCGGCAAGGGCATCNGTT 
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TTCTGTCTCAGCTNNCGCTGCACGCGTGATTNNCTGGAGTTGTCGATCGTTACCGGTGGAGTCTGGGCANAACAAATCA
CGAACTTGTTGCTTGAGACGGCGGCTTCAATCATGCCGACGCCTGCTTCANACCCATTACTCGAGGATGTGAAACCGTA
GACGAACTCCCTGCAGAGANCGNNGCCCTCTTGTGGATTTTTTGTTTGTTTTCCCATGTGAGTTCGAGGCCTCACTGCA
GCTGTTCCCCACGCCGTCTGTTTCCCATTATTTTGTATGCGAACAAATCAACAACCTTTTAGATGGTCGGTATGAATTC
CAGAAGGGTCCAAAAAAAGGCTCCTGCAATCTTCCCTTCCCCCACCGCNCCTATACTTTATCTTTGATTCCAGCGCTGA
NNATTTTGCGATTATGCCTGCTANNTGGGATTATACTTGCNACTGCAAAGTGCCATTNNGNNGCCCNAAAGNTGGNCNA
NGANGCGCACCGCAANGGACGCTTGTCNNTGTACATCAACAGACCCCCGACNNNCGATNAATGNNNNTTTTNTGGNNNT
NNNTGNANNNNNAGNNNTNNGGATGANTCCNNCNNNNNNNNNNNNNNANNCTATGNNNNNCNGANTATTATGACNTTGA
TGANNNNANTCNNTGNGTGNNNNTACGTTCTTNNNGTTACCGGNNNNNNGATGNGATGANCGGTCNNATGANCTGCTGG
NGAANNNNCNTNAAATGANCGGTANNTNNNATNNACNNNCNCGNNNCATCACGAGTATNACCGGANACTGCCTCGCCCN
ANGCNGNGANCGGNCNAATCNCNTCNCNGNAGGACTACCCNCNACAGCTGATCGGAGTCNNNNNNACGCTNNANNATNG
ANTGNCGGANANTNATCTGTNTNCGANANTCATCNNNNTCCGTNCTNGANGAANTNNGANNNNNTNTNNNGNGTNNTNN
TCANNNNGTNNGATNNNNCTGATNCNANNNNGNNNNNGNNTTNNTNGNNNACNNNNNTNNNCNGNCNACNNNANNNNNG
NNCNNNNNNNTNNNNNGNNNNNNNNANNTNNNNNNNTNNNNNNNNNNGNNNCNNTGNCNNTGNANNNTNNNNCCNNNNN
NNNNNNNNNNNNNNNTNNNNGNNNNNNTGNNNNNNGNCAGANNTNNNNNNNNNANCCCNNNAANNGNANGNAANNN 
 
>MK_469217-501_MK86-3_1000cR_A09 
NNNNNNNNNNNNNNNNNGNTGNGNNNNNGAGTTNCGGACNNNTGGGNTCTGTCGATCGTGGCCGCCGGGTCGACTCCGG
CACAACCGGTGATNTCGCCTCNGCCGGGGCTGCCATGGCCAACCTTGCATGCGTTGTCTCTTCTGCCGTCCAGTGCCCT
TTCCNGCGTTGTCNCGCTCTTCTCCTCGCCTGTGNTGGNTCGNACCTNGTGNGTTGCCNNNNTCATCGGNNATTTCCTN
GCTNTATTGGTCGCGCTTGAGGGTTGCGCGTTCGGTCTGGTTGGCGGCCTCTCAGACTGACCGGATCTTGGCTTCCGAA
CCGTTGCCGGAANNNGGAAATCCTGNGTGTGACCTGGCTGTGGATCGGATGTTGCGCGTCCGTGGTCACCTTCATGTGA
TCNAATTGTGGNGACCAGATNNGGNACGCTNGCCTGCCGGGAGTATGGCANGCCGGNATAANGGCGAGCGCTACCCCCA
CGATGCNTTCCGGGCATTGAATCTACGGGGGCTGCCATGTCTGCCATATCGAAANNANTTCCCTGANGNNNGANATNNN
ATGANGNNNNTCNTCTNGNTCNNTGANGANTTGGACCGCNTCTGNNNGGNNGTCCTGNNGGANATCNGTTGGCACAGCC
TGTATTGCCATNCGNTGTNAATCTTCGGCGCTGATGANNANNNNNNGGNANTGTTGCCGNANANNNATNNCCCGCTCCN
NNNNNACGACTGCNTCCTGNNAGATGCACGTGCTGGTGCGNATGNNGCGNNNNTNCATTTTCGNNTCCGNGNTTNCTGA
CGCTCAGNNCCTCGATGTCGGGTTCGAACGCNTGNATCGNCACNNNCNGCNAACTCTATTNCTACNCGCTGATCNNNCN
GACCGGATAGAGTTTGCNGNNNNTGNNGAGTNTTNNNGNTNNNAGCCNGAGATCNAGGNNCNGANNNNCGCCNNNNCGG
NANGAGNAANTGGGGCNNNNNCCGCNGNNNNNNNNCGNCCTGNNNTCGTACNNACNAGNACNNTNCNNATCANNNNGNN
GNTNATCATNNNNNNNNGNNNNGGCCGNNNCNGNNNNNNTNNNAGGCCNNNNNGNANNNNGGNNNNANNTCNGGAANNN
NCNGNNNNNGNCNNGNNNNNCNNNNNNNNANNNCGCCNGNANNNANNNNGNNNNNCNNNNNNNNNNNNNNNANNNNNNN
NNNNNGNNNNNNCNNNNNNNCNNNNNNNCNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNAANNTNCNGNNNNN
NNNNNNN 
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Appendix B 

 

“Microbial Mat” DNA Extraction (Bey, Fichot, & Norman, 

2011) 

Microbial Cell Extraction from Matrix: 

Scaled down starting material from 30g to 0.3g in 2mL 

microtube 

1. Homogenize: 

a. Add 1.0mL 1M NaCl 

b. Grind 1 min with micropestle, cool at -20°C 1min 

c. Repeat a total of 3 times 

d. Add ~1.0mL 1M NaCl to fill microtube 

e. Vortex with adapter at 150rpm, 30 min at RT 

f. Centrifuge at 500xg 15min at 4°C 

g. Transfer supernatant to a clean tube without 

disturbing sediment 

2. Repeat step 1 using the sediment pellet for a total of 

5 passes, combining supernatants into a single tube 

3. Centrifuge (in 2mL aliquots) at high speed for 15min 

at 4°C.  Discard supernatant. 

4. Resuspend each pellet in 100µl 2% sodium 

hexametaphosphate, combine pellets, and bring volume 

to 2mL with 2% sodium hexametaphosphate. 
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5. Vortex with adapter at 150rpm, 30 min at RT 

6. Centrifuge at high speed for 15 min at 4°C, discard 

supernatant. 

7. Resuspend pellet in 2.0mL TE 

8. Vortex with adapter at 150rpm, 10 min at RT 

9. Centrifuge at high speed for 15 min at 4°C, discard 

supernatant 

10. Resuspend cell pellet in 150µl TE and store at -80°C, 

or proceed with DNA extraction. 

DNA Extraction: 

1. Add to microbial cell aliquot: 

a. 150µl 5M NaCl 

b. 150µl 10% SDS 

c. 75µl βMe 

2. Mix gently by inverting 4-6 times 

3. Submerge in liquid nitrogen for 2 min, followed by 

thawing in 65°C water bath for 5 min 

4. Repeat for a total of 3 rounds, with final thaw time 

extended to 10 min 

5. Add 150µl 5M potassium acetate (pH 5.5) and place on 

ice for 10 min 
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6. Centrifuge @ 10,000xg for 10 min at 4°C.  Transfer 

supernatant to a clean tube using a wide-bore pipette 

tip 

7. Add 3µl RNase A, incubate @ 37°C for 1 hr 

8. Add 650µl (equal volume) chloroform, shake briefly to 

mix 

9. Centrifuge @ 15,000xg for 10 min at RT. Carefully 

transfer upper layer into a new tube using a wide-bore 

pipette tip (avoid interface) 

10. Add an equal volume of chloroform, shake briefly to 

mix 

11. Centrifuge @ 15,000xg for 10 min at RT. Carefully 

transfer upper layer into a new tube using a wide-bore 

pipette tip 

12. Add an equal volume of chilled (-20°C) isopropanol to 

supernatant and incubate on ice for 30 min 

13. Centrifuge at max speed for 10min at 4°C to pellet DNA 

14. Air dry pellet, and resuspend in 30-50µl TE.  

Resuspension may be facilitated by warming at 65°C for 

5 min. 

15. Store purified DNA at -80°C 

	


