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ABSTRACT OF THE THESIS 

 

 

Characterization of Ten Microbial Isolates from Two Serpentinite Seamounts, Asùt Tesoru and 

Fantangisña, in the Mariana Forearc 

 

by 

 

Brontë Shelton 

Master of Science in Marine Biology 

University of California San Diego, 2019 

Douglas H. Bartlett, Chair 

 

The Mariana Forearc is home to the only known active serpentinite seamounts on Earth. 

Serpentinization, a reaction that occurs when ultramafic rock is exposed to water, fuels these 

unique environments. These seamounts are home to microbial communities that have barely 

begun to be explored; only one species of bacteria had been isolated and described prior to this 

research. During International Ocean Discovery Program Expedition 366, sediment samples 

were obtained from three seamounts. In this research, I characterized ten strains of bacteria 

isolated at atmospheric pressure from samples obtained from two of the seamounts, Asùt Tesoru 
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and Fantangisña. All of the isolates are closely related to previously cultured microbes and 

represent three genera: Halomonas, Demequina, and Marinobacter. These ten isolates were 

examined for pH tolerance, pressure tolerance, salinity requirement and tolerance, and 

temperature tolerance. The majority of these isolates were pressure-sensitive and alkaliphilic.  

The only previously characterized bacterium isolated from the seamounts, Marinobacter 

alkaliphilus str ODP1200D-1.5, was obtained from the Japan Collection of Microorganisms, 

tested alongside the isolates, and sent for genome sequencing along with three of the isolates. 

Genomic analyses revealed several adaptations and metabolic capabilities that could contribute 

to survival in the seamounts, including Na+/H+ antiporters and acetate metabolism. The results of 

this research indicate that the characterized isolates could be active in situ, and therefore likely 

represent a portion of the active community at the seamounts. This thesis contributes to the 

knowledge of the microbial communities and adaptations required for life at serpentinite 

seamounts.
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INTRODUCTION 

The deep sea is home to an incredible diversity of life in many extreme habitats, where 

organisms must endure a myriad of challenges such as high hydrostatic pressure, low light 

availability, and temperature ranges from -2℃ in the Antarctic to 400℃ at hydrothermal vents 

(Gordon 2001, Zierenberg et al. 2000). One such place of interest is the Mariana Trench, a 

subduction zone where the Pacific plate is overridden by the Philippine plate, creating an array of 

extreme conditions. Along the length of the Mariana Forearc, the area between the trench axis 

and the volcanic arc, the subduction of the Pacific plate has given rise to a series of seamounts 

extending up to 120 kilometers (km) away from the trench axis, with summits at depths down to 

3.4km below sea level (Fig. 3) (Fryer et al. 2018b, Mottl et al. 2003). These seamounts are 

serpentinite mud volcanoes, and are the only known active site of serpentinite eruption in the 

world (Fryer 1996). Serpentinizing systems have been implicated as the site of the origin of life 

on Earth and studying these systems could provide novel insights into these origins as well as an 

invaluable analogue to such systems on other planets (Hastie et al. 2016, Wilde et al. 2001). 

Understanding the microbial communities at these sites will provide a window into places such 

as Enceladus (one of Saturn’s moons) and Mars, where serpentinization is believed to occur, 

furthering the search for life elsewhere in the solar system (Glein et al. 2015, McCollom and 

Seewald 2013, Schulte et al. 2006).  

Serpentinization is a chemical process that occurs when ultramafic rock, which is high in 

Iron (Fe) and Magnesium (Mg), reacts with water, such as in serpentinizing hydrothermal 

systems or at convergent margins like the Mariana Trench. The hydration of this mantle material 

results in the production of a group of serpentine minerals, the generalized chemical composition 

of which is [(Mg,Fe)3Si2O5(OH)4], as they are formed through the hydration of minerals such as 

olivine [(Mg,Fe)2SiO4] and enstatite [MgSiO3] in the mantle of the overriding plate (Plümper et 
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al. 2017, Shervais et al. 2005). The resulting reactions, such as [(Mg,Fe)2SiO4 + H2O → 

[(Mg,Fe)3Si2O5(OH)4] + H2],  cause a decrease in the density of the material and, when iron is 

present in the parent mineral, produce a significant amount of hydrogen (Preiner et al. 2018, 

Shervais et al. 2005). In the case of plate subduction, water from the subducting plate is able to 

react with the mantle of the overriding plate. The decrease in density allows the metamorphosed 

rock to rise to the seafloor through fractures in the overriding plate, resulting in serpentinite 

volcanism (Fryer et al. 2020). The resulting habitats can have extremely high pH and high 

concentrations of methane, hydrogen, and, importantly, short chain organic acids such as 

formate, acetate, and propionate that could provide a high energy substrate for microbial 

communities (Eickenbusch et al. 2019, Schrenk et al. 2013). The release of large amounts of H2 

during the hydration of olivine has been shown to be a source of energy for hydrogen oxidizing 

bacteria (Plümper et al. 2017).  

The seafloor of the Pacific Plate is home to many ancient seamounts and reefs that, while 

no longer active, create significant topographical relief (Haggerty and Fisher 1992). When these 

features come into contact with the overriding plate, they must be accommodated in order for 

subduction to continue. While it was previously thought that these features were crushed and 

distorted by the process of subduction, more recent observations in the Mariana Trench have 

shown that even large formations can be subducted in a relatively intact state (Fryer et al. 2020, 

Watts et al. 2010). This means that not only does the overriding plate experience considerable 

deformation and faulting when these features are subducted, but also that the features themselves 

experience a range of physical conditions due to their relief once they enter the subduction 

channel (Fryer et al. 2020). The faults created by these structures are key to the eventual 

formation of serpentinite seamounts in the forearc, as they are the avenues that allow the newly 
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buoyant serpentinite muds to rise to the surface. In terms of the gradient of conditions that these 

structures can experience, the bottom of a subducted seamount, for example, is more rapidly 

subject to significantly higher pressures and temperatures than the summit. Analysis of recovered 

seamount and reef fragments has shown that these summits do not necessarily enter depths or 

temperatures that would be lethal to microbial life, with measurements as low as 300 

megapascals (MPa) and 80℃ (Fryer et al. 2020). Bacteria have been shown to be able to recover 

from pressures above 700 MPa, and temperatures as high as 130℃ (Cheftel 1995, Kashefi 2003, 

O’Reilly et al. 2000). It is therefore possible that microbial communities living on the seafloor of 

the Pacific Plate could be subducted on a high relief structure, travel through the mantle of the 

overriding plate, and rise to the seafloor entrained in the serpentinite mud and fluids to find a 

new habitat at the seafloor of the Philippine Plate, where the temperatures are low and the 

pressure at the summits of the seamounts is not above 50MPa (Fryer et al. 2020).  

Serpentinite systems have existed in the Earth’s oceans for as many as 4 billion years and 

are a candidate for the locus of life’s origin on Earth (Fryer et al. 2020, Hastie et al. 2016, Wilde 

et al. 2001). While serpentinizing hydrothermal vents have garnered much attention as the 

potential site of the first cellular life, serpentinite seamounts share all of the essential 

characteristics as well as a few key advantages. A universally agreed upon tenant for the origin 

of life is the existence of stable, liquid water and both hydrothermal vents and serpentinite 

seamounts clearly fulfill this condition (Darwin 1871, Deamer et al. 2006). The availability of 

raw biotic materials, which include biotic elements, minerals, and the simple biotic molecules 

such as H2, CH4, and NH4, is also not disputed at either site (Barge et al. 2017, Deamer et al. 

2006). An important element in the equation is the concentration of these raw biotic materials 

and, while mechanisms have been proposed for the concentration of prebiotic molecules in the 
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crevices of hydrothermal vents, the episodic eruption of the serpentinite seamounts offers a clear 

method of concentration with periodic inputs of fresh mud and fluids with ample time in between 

eruptions for the settling of prebiotic molecules (Fryer et al. 2020, Sleep et al. 2011). A source of 

energy for reactions to progress is also a crucial ingredient, and the vents and the seamounts 

share a mechanism for this as well. Serpentinization in both environments provides a mechanism 

for the generation of a chemical potential gradient in the form of a proton motive force, fueled by 

the difference in pH between the serpentinizing fluids and the surrounding seawater (Russel et al. 

2010, Sleep et al. 2011). Earth’s early oceans are predicted to have been significantly more 

acidic than their current pH of about 8.1, with predictions for the late Hadean and early Archean 

oceans ranging from a pH of 5.1 to a pH of 7 due to the increased concentration of CO2 in the 

atmosphere (Halevy and Bachan 2017, Sleep et al. 2011). The fluids escaping both the vents and 

the seamounts are generally between a measured pH of 8 and 12; this sharp gradient would have 

facilitated a proton motive force as well as a significant redox potential (Fryer et al. 2020, Lane 

et al. 2010, Russel et al. 2010, Sleep et al. 2011).  

The admitted drawbacks to the theory that life originated at hydrothermal vents include 

the high temperatures, limited spatial range, and ephemeral nature of these systems (Fryer et al. 

2020, Sleep et al. 2011). The temperatures at hydrothermal vents have been proven to be too 

high for the formation of stable biomolecules and, while some argue that the cooler surrounding 

environment would have been sufficient, serpentinite seamounts do not suffer this disadvantage 

as they are not located at spreading centers (Fryer et al. 2020, Peresypkin et al. 1999). The short-

lived nature of hydrothermal vents would have presented another impediment to the formation of 

the first cells, with longevity estimates up to tens of thousands of years for the systems and less 

than 1,000 years for individual vents, while the seamounts can remain stable for millions of years 
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(Brazelton et al. 2010, Fryer and Salisbury 2006, Ludwig et al. 2005). The constraints on 

dispersal within and between hydrothermal vent ranges is a subject of much study, and the 

current consensus is that there is very little connectivity, at least in the modern oceans (Bada 

2002, Tyler and Young 2003). Serpentinite seamounts, conversely, are further benefitted by their 

location on subduction zones, where they occur in high densities and which span much larger 

ranges than hydrothermal systems and would more easily facilitate dispersal of the first cellular 

life on Earth throughout the oceans (Fryer et al. 2012). Although the Mariana Trench is the only 

known active site of subduction zone serpentinization today, there is evidence of such systems in 

former convergent margins worldwide from the California coast to the Isua Formation in 

Greenland, dating back to the Eoarchean and showing how widespread these habitats could have 

been (Fryer et al. 2020, Hess 1955, Pons et al. 2011).  

The alkalinity of serpentinizing environments necessarily indicates that alkaliphilic 

organisms, who grow best at a pH of 9 or greater, and alkalitolerant organisms, who grow best at 

more neutral pH but can tolerate an elevated pH, would dominate any existing microbial 

communities (Fryer et al. 2020, Horikoshi 2004). Whether the microbes made their way to the 

seamounts via subduction and eruption, or through less extreme means such as recolonizing the 

fluids as they rose through the plate or settling out of the water column onto the seafloor, they 

would have to be able to adapt in order to survive. While alkaliphiles have played a role in 

human processes, such as the production of indigo in Japan, for centuries, the study of 

alkaliphiles and their adaptations did not begin until the mid-1900s and did not gain much 

traction until later in the century. Dr. Koki Horikoshi identified the first alkaline enzymes in 

1971, and thereafter coined the term “alkalophiles” (Horikoshi 1971, Horikoshi and Akiba 

1985). Since then, alkaliphiles have been identified in every domain of life and their adaptations 
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have led to unprecedented advances in many industrial fields (Horikoshi 1997). Known 

adaptations to alkaline environments include regulation of intracellular pH, specialized ATP 

synthesis, and a suite of specialized enzymes. 

 The ability to regulate intracellular pH is a trait shared by all known alkaliphiles 

(Horikoshi 2004, Krulwich et al. 2007). By maintaining an intracellular pH more than 2 pH units 

lower than the extracellular environment, they are able to thrive in much more alkaline 

conditions than neutralophilic microbes. A core mechanism of this homeostasis is a sodium-

proton (Na+/H+) antiporter, which, while present in neutralophiles, is more common, ion-

specific, and robust in alkaliphiles (Matsuno et al. 2018, Padan et al. 2005). These antiporters 

take up H+ ions and expel Na+ ions from the cytoplasm, with a greater number of H+ ions taken 

up than Na+ ions expelled each time (Krulwich et al. 2011). This has a two-fold advantage for the 

cell, as a net positive charge is generated at each exchange, maintaining a more acidic interior, 

and the cytotoxic effects of excess Na+ are avoided since it is being selectively expelled 

(Krulwich et al. 2007). An additional benefit of this mechanism is that the removal of Na+ ions 

from the cytosol creates a chemical gradient that alkaliphiles take advantage of in the form of the 

sodium motive force, which facilitates processes such as the co-transport of nutrients (Krulwich 

et al. 2007). Neutralophiles often employ a proton motive force to move important solutes into 

the cell, but in an alkaline environment there is not an excess of external H+ ions; alkaliphiles 

must therefore use another strategy to bring substrates into the cell. By employing Na+ ions as 

co-transporters, they are able to obtain key solutes as well as continuously replenish their Na+ 

supply, which can then be expelled in exchange for H+ ions to maintain pH homeostasis, as 

described above (Horikoshi 1999). These Na+/solute symporters do not appear to employ any 

other ions to facilitate co-transport, and can even be inhibited by higher extracellular 
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concentrations of H+; this also points to the reason why most alkaliphiles require sodium for 

growth (Guffanti and Krulwich 1992, Horikoshi 1999).  

Since alkaliphiles maintain a more acidic interior than their alkaline environment, 

mechanisms to generate chemiosmotic energy at neutral conditions are not adequate to drive 

many crucial cellular processes. Non-fermentative organisms use F1F0-ATP synthase to produce 

ATP, and synthesis of ATP  in this manner is dependent on the generation of a sufficient proton 

motive force, which relies on the presence of sufficient proton and charge gradients across the 

inner membrane (Fujisawa et al. 2010, Matsuno et al. 2018). By inverting the bulk proton 

gradient between the extracellular and intracellular compartments, alkaliphiles are only able to 

produce a very small proton motive force (Krulwich et al. 2007). There are several proposed 

mechanisms by which alkaliphiles overcome this barrier to ATP production, although it is 

important to note that thus far the majority of studies have been conducted on Bacillus species. 

Variations in the amino acid residues of the ATP synthase of Bacillus species have been shown 

to help trap and retain protons and facilitate their passage to the synthase rotor (Fujisawa et al. 

2010). The components of the electron transport chain are also more abundant in alkaliphilic 

Bacillus species than in neutralophilic microbes (Hicks and Krulwich 1995). Another proposed 

adaptation is that the charged cell wall of alkaliphiles might help trap H+ ions and prevent them 

from quickly diffusing away from the ATP synthase (Preiss et al. 2015). Inactivation of any of 

these crucial mechanisms has been shown to disable or severely impair growth in alkaliphilic 

media (Krulwich et al. 2001, Preiss et al. 2015).  

The potential for the existence of extremophilic microorganisms, alkaliphilic or 

otherwise, at the serpentinite seamounts makes these environments a subject of much interest. 

The seamounts expel fluids periodically for up to millions of years, producing stable 
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environments with a measured pH above 12.5, and yet there is evidence that communities are 

thriving on these serpentinite mud volcanoes in such extreme conditions (Fryer and Salisbury 

2006). Prior to this research, only two seamounts in the Mariana Trench, Conical Seamount and 

South Chamorro Seamount, had been examined for microbial communities and published data 

on the subject exists only for South Chamorro Seamount (Fryer et al. 1990, Mottl et al. 2003). A 

community dominated by archaea in the top 20m of sediment was discovered in 2001, and 

further studies resulted in the isolation of a novel species of bacteria, Marinobacter alkaliphilus 

sp. nov., from the top 1.5m of sediment (Mottl et al. 2003, Takei et al. 2005). Multicellular 

organisms including tube worms and mussels, likely utilizing methane and sulfur, have been 

collected from the surface of several seamounts in the past (Fryer et al. 1990, Fryer and Mottl 

1997, Mottl et al. 2003). However, microbial biomass has been observed to be low unless the 

communities are near the surface, and diversity of the microbial and macrofaunal communities is 

low in general, due to the extreme nature of the habitats (Schrenk et al. 2013). The microbes in 

this study were obtained from core samples taken from two of the three serpentinite seamounts 

sampled along the Mariana Forearc during International Ocean Discovery Program (IODP) 

Expedition 366: Asùt Tesoru and Fantangisña (Fig. 1). The third seamount, Yinazao, is not 

represented in this analysis because incubation of the sediment samples did not yield any 

colonies at any test condition. Each mud volcano can be the result of multiple fissures 

transporting material from any number of depths (Fryer et al. 2020). The combination of source 

materials and fluids all contribute to the resulting ecosystem. Thusly, each seamount is unique 

and provides its own contribution to understanding the processes of subduction and the 

adaptations of resident microbial communities.  
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Figure 1. Diagram of the Mariana Trench and Relevant Seamounts. Modified from Fisher et al. 2020. 

Red boxes indicate samples that are represented in this study 

 

The sediment sample from Fantangisña, site U1497B, was obtained from a drill core 

taken at the summit of the seamount, 2,018 meters below sea level (mbsl), that reached 34.2 

meters below seafloor (mbsf). The seamount is located 62km from the trench and 14km above 

the subducting Pacific Plate (Fryer et al. 2020). The interstitial water at this site had the highest 

concentration of calcium of all the sample sites, and the pH was measured at 7.87. Incubation at 

atmospheric pressure of this sediment yielded 31 isolates representing two genera and three 

species. Two of these isolates are included in this analysis. 
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The seamount Asùt Tesoru is of particular interest, as it has been proven to harbor 

archaeal and multicellular life at its surface (Curtis et al. 2013). This seamount is located 72km 

behind the trench and 18km above the subducting Pacific Plate (Fryer et al. 2018b) Two 

sediment cores from this seamount are represented in this study. The first was obtained at site 

U1493B from the flank of the seamount at 3,359mbsl and reached 32.6mbsf, with the pH of the 

interstitial water measured at 8.35. Plating of this sediment yielded 38 isolates representing four 

genera and ten species, six of these isolates are included in this analysis. The second was 

obtained at site U1494A from the flank of the seamount at 2,220mbsl and reached 39mbsf, two 

sediment samples from different sections of this core are represented here; one section was not 

subjected to chemistry measurements at the time of collection but a section 1.4m away had a 

measured pH of 9.01; the pH of the interstitial water of the second section was measured at 8.7. 

These two sediment samples collectively yielded 43 isolates representing two genera and three 

species, two of these isolates are included in this analysis. Asùt Tesoru has also shown a variance 

in chemical output from the other seamounts and has an extreme pH at the summit measured as 

high as 12.5 (Fryer et al. 2018b, Hulme et al. 2010). It has been shown that seamounts that are 

further from the Mariana Trench have decreasing concentrations of calcium and strontium, 

further separating the environment of Asùt Tesoru from other seamounts (Hulme et al. 2010).  

The focus of this research is the characterization of cultured microbes isolated from the 

sediment samples at atmospheric pressure (0.1 MPa). Determining what kinds of microbes exist 

in these samples is the key first step in understanding these habitats. The identities and metabolic 

capabilities of these isolates will contribute to the characterization of the seamounts, revealing 

what makes the seamounts habitable for these organisms. A subset of ten representative isolates 

were chosen for a number of characterization tests. Marinobacter alkaliphilus strain (str) 
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ODP1200D-1.5 was obtained from the Japan Collection of Microorganisms (JCM) for 

comparison. These organisms were studied more fully to ascertain their physiological limitations 

and preferences in terms of temperature, pressure, pH, sodium requirements for growth at high 

pH, and sodium chloride tolerance. Additionally, three of the isolates that showed exceptional 

characteristics were submitted to RTL genomics for library sequencing and subsequent 

comparative genomics.
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MATERIALS AND METHODS 

Media 

Two main types of media were used in this research. Difco Marine Broth 2216 and 

Alkaline MJYTGL medium pH 10.5 were used during isolation and high-pressure experiments 

(Takei 2004). MJYTGL medium (MJ medium modified with the addition of yeast extract, 

tryptone, glucose, and lactate) was used for the remaining characterization tests (Sako 1999, 

Takei 2004). Alkaline MJYTGL medium includes Na2SiO3 × 9H2O, Na2CO3, and KOH, while 

Standard MJYTGL medium does not (Takei 2004). The media was adjusted to 0.5 pH units 

higher than the desired pH before autoclaving, as autoclaving was found to reduce the pH of the 

media in all cases. The pH was checked and adjusted sterilely after autoclaving to ensure that the 

desired pH was achieved. All pH adjustments to the media were made with filter-sterilized 

potassium-hydroxide (KOH). For a list of the buffers used at each pH see Supplementary Table 

2. Buffers were filter sterilized and added after autoclaving; the final concentration of buffer was 

10mM in all cases. Modifications specific to each test, if necessary, are described in the 

corresponding section of materials and methods.  

Obtaining Isolates 

During IODP Expedition 366 in 2017, cores were brought on deck, sectioned, and 

sections designated for microbial analyses were removed with sterile spatulas and capped with 

ethanol-rinsed plastic caps. Samples were quickly transported to a laminar flow hood in a 4℃ 

cold-room, where they were subsampled using a cut syringe, taking only the inner portion of 

core sections to minimize contamination. These subsamples were then placed in 50mL centrifuge 

tubes and stored in anaerobic bags at 4℃ (Fryer et al. 2018). In 2018, these sediment samples 

were plated out and allowed to incubate under a variety of conditions. Each sample was plated 
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onto Difco Marine Broth 2216 and Alkaline MJYTGL medium (pH 10.5) 1.7% agar plates. A 

plate of each type for each sample was then incubated at 5°C, 23°C, and 37°C under both aerobic 

and anaerobic conditions. Anaerobic conditions were achieved using the BD GasPak™ EZ 

Pouch System. Samples of drill fluid used during the collection of the sediment samples were 

plated and incubated under the same combinations of conditions. Any colonies that were 

observed on the plates were streaked for isolation and incubated under the same conditions as the 

parent plate. Isolated colonies were then selected for DNA extraction. The 16S rRNA gene of 

each isolate was amplified and sequenced using the conserved primers 27F and 1492R. The 

results were submitted to BLAST to obtain the closest cultured relative. Any matches above 97% 

were accepted as the closest sequence identity. A frozen stock of each isolate was prepared with 

20% (v/v) glycerol and stored at -80°C. Isolates that were obtained from the drill fluid plates and 

the sediment plates were compared and any overlap was identified as possible contamination.  

High Hydrostatic Pressure Incubation 

Each isolate was grown up in its respective isolation medium aerobically in liquid culture 

and then inoculated into fresh liquid media at a 1:100 dilution. This fresh culture was used to fill 

14 5mL plastic pipette bulbs at 6 pressures: 0.1MPa, 10 MPa, 20 MPa, 30 MPa, 40 MPa, and 50 

MPa. The bulbs were placed into stainless steel, pin-closed pressure vessels with one 

uninoculated control per pressure vessel and pressurized (Yayanos 2001). The atmospheric 

pressure (0.1 MPa) cultures were incubated in opaque brown bottles filled with water to mimic 

the conditions of the pressure vessels. All incubations were at room temperature (23°C). The 

growth of the cultures was monitored via optical density (A600 nm) using GENESYSTM 10S 

UV-Vis Spectrophotometer, with 2 bulbs from each pressure taken at each time point and 

transferred into cuvettes.  
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Two exceptions to this protocol are the incubations of Marinobacter alkaliphilus str 

ODP1200D-1.5 and Marinobacter alkaliphilus str KM021. These cultures were incubated in 

Alkaline MJYTGL medium at a pH of 9, their optimum pH as determined from the pH 

incubations in this experiment, rather than in their isolation medium (Alkaline MJYTGL pH 

10.5). 

Further Characterization 

All further incubations, unless otherwise noted, were performed in 10mL of MJYTGL 

medium in 15mL Hungate tubes sealed with a rubber stopper and crimp seal. This was done to 

prevent the pH of the MJYTGL medium from dropping with exposure to the atmosphere as a 

significant decrease in pH was observed in both inoculated and uninoculated aerobically 

incubated media. This drop in pH is predicted to be due carbon dioxide exchange between the air 

and the media. Sealing the Hungate tubes prevented changes in pH in uninoculated media, but 

does make the cultures technically oxygen limited. Starting cultures were inoculated into the 

Hungate tubes at a 1:100 dilution at the beginning of each characterization test using a needle 

and syringe. For pH 7 - 8.5 Standard MJYTGL medium was used, for pH 9-12 Alkaline 

MJYTGL medium was used. An uninoculated 15mL Hungate tube with 10mL of Alkaline 

MJYTGL medium pH 9 was used as a blank for all optical density measurements to ensure a 

consistent baseline. There was no significant difference observed in the optical density 

measurements of the uninoculated MJYTGL media pH 7-12. All conditions were performed and 

measured in triplicate unless otherwise noted. 

pH Incubation 

The isolates were grown up aerobically in Alkaline MJYTGL medium pH 10.5 and then 

inoculated into the Hungate tubes without washing. Each isolate was incubated in MJYTGL 
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medium pH 7, 7.5, 8, 8.5, 9, 9.5, 10, 10.5, 11, 11.5, and 12. The cultures were incubated at 30°C 

in a shaking incubator with an uninoculated control for each pH and monitored via optical 

density measurements (A600 nm) using a Spectronic 20 Spectrophotometer.  

Temperature Incubation 

 Each isolate was incubated in MJYTGL at its respective optimum pH, as determined 

from the pH incubations, in shaking incubators at 5℃, 17℃, 27℃, 37℃, 42℃, and 47℃. 

Cultures were monitored via optical density measurements (A600 nm) using a Spectronic 20 

Spectrophotometer. An uninoculated control for each pH was incubated at each temperature. 

The estimated temperature in situ for each of the samples was calculated based on the published 

temperatures for the pressure and temperature at the subducting slab and at the seafloor (Fisher et 

al. 2020). A linear increase in temperature was assumed with depth, and the increased pressure 

due to the sediment was accounted for. All of the calculated estimates can be found in 

Supplementary Table 1.  

Sodium Requirement Test 

 All sodium requirement incubations were performed in 10mL of MJYTGL medium made 

with no sodium (0% Na). Each isolate was grown up aerobically in 10mL of MJYTGL medium 

at its optimum pH, 1mL of each culture was then washed once with, and resuspended in, 

MJYTGL medium pH 7 0% Na. Each isolate was incubated at both pH 7 and pH 10 in a shaking 

incubator at 37℃ with an uninoculated control for each pH. Cultures were monitored via optical 

density measurements (A600 nm) using a Spectronic 20 Spectrophotometer for 67 hours.  

 Two isolates were not included in this incubation because they did not grow at a pH of 10 

in the pH incubations. 
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Sodium Chloride Tolerance Incubation 

 One representative isolate from each genus was tested for Sodium Chloride (NaCl) 

tolerance. The MJYTGL media for this test were made based on the NaCl tolerance experiment 

in Takei et al. 2004. The NaCl concentration of the MJ artificial seawater was used to determine 

the NaCl concentration of the medium, without accounting for Na+ in other ingredients in the 

MJYTGL medium (Takei 2004). Using this method, MJYTGL medium was made with the 

following NaCl concentrations: 0%, 5%, 15%, and 25%. Each isolate was grown up aerobically 

in MJYTGL medium at its optimum pH and then washed once with, and resuspended in, 

MJYTGL pH 7 made with 0% Na+ MJ artificial seawater. Each isolate was incubated in 

MJYTGL medium at its respective optimum pH, as determined from the pH incubations, in a 

shaking incubator at 37℃. Cultures were monitored via optical density measurements (A600 

nm) using a Spectronic 20 Spectrophotometer.  

Phylogenetic Trees 

Phylogenetic trees were constructed for the selected isolates, separated by γ-

Proteobacteria and Actinobacteria. Sequence alignment, model determination, and initial 

phylogenetic tree construction were performed in MEGA (Molecular Evolutionary Genetics 

Analysis) X (Kumar 2018). Trees were assembled using the Maximum Likelihood method. The 

Kimura 2-parameter model and Tamura-Nei model were used to construct the γ-Proteobacteria 

and Actinobacteria phylogenetic trees, respectively (Kimura 1980, Tamura and Nei 1993). The 

topology of the phylogenetic tree was determined using the Bootstrap method with 100 

Bootstrap replications. Interactive Tree of Life was used for further processing of the 

phylogenetic trees (Letunic 2019).  
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Genomic Analyses 

Three isolates were selected and sent to RTL Genomics for genome sequencing. Two of 

the isolates, Halomonas stevensii str KM051 and Halomonas johnsoniae str KM073 were chosen 

because they showed interesting results in physiological characterization tests. The third, 

Marinobacter alkaliphilus str KM021, was included for comparative genomic analysis with the 

Marinobacter alkaliphilus str ODP1200D-1.5 which was also sent for sequencing. Cultures were 

grown up from frozen stock in liquid MJYTGL at the respective optimum pH of each isolate. 

The cultures were then used to prepare a 105 dilution and plated onto MJYTGL 1.7% agar plates. 

A single colony was selected for each isolate and DNA was extracted using the DNeasy 

UltraClean Microbial Kit. Genomes were sequenced using the Illumina HiSeq sequencing 

platform. The genomes were assembled using Velvet Assembler (v1.2.10) with a kmer length of 

111 for Halomonas johnsoniae str KM073, and 99 for Halomonas stevensii str KM051, 

Marinobacter alkaliphilus strain KM021, and Marinobacter alkaliphilus strain ODP1200D-1.5 

(Zerbino and Birney 2008).  The genomic analyses were performed using PATRIC and RASTtk 

(v2.0) (Brettin et al. 2015, Wattam et al. 2017).
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RESULTS 

Plating 

Plating under various conditions resulted in 159 isolates, 59 of which were isolated from 

plating samples of the drill fluid used during coring on the expedition. Sequencing of the 16S 

rRNA genes of these 59 isolates revealed 11 genera and 27 species. Two of these species, 

Marinobacter hydrocarbonoclasticus and Halomonas shengliensis, were also isolated from the 

sediment plates and therefore identified as possible contaminants. The conditions under which 

each of the ten isolates chosen for further characterization were isolated can be found in 

Supplementary Table 3.  

Phylogenetic Analyses of Isolates 

Sequencing of the16S rRNA genes of the isolates revealed that all of the organisms that 

were obtained in the plating were closely related to previously identified species and represented 

three genera: Demequina, Halomonas, and Marinobacter. Maximum likelihood trees based on 

the 16S rRNA genes were constructed for the ten isolates selected for further characterization; 

Demequina salsinemoris was compared with other species from the phylum Actinobacteria (Fig. 

2) and the remaining isolates were compared with other species from the class γ-Proteobacteria 

(Fig. 3). These phylogenetic trees confirmed that all ten of the isolates were not novel species 

and that they grouped closely with their closest cultured relatives. Interestingly, some of the 

isolates grouped more closely with each other than with their closest cultured relatives. 

Halomonas ventosae str KM024 and Halomonas shengliensis str KM026 grouped more closely 

with each other than with their closest cultured relatives. Halomonas hamiltonii str KM072, 

Halomonas johnsoniae str KM073, and Halomonas stevensii str KM051 grouped more closely 

with each other than with their closest cultured relatives. 
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Figure 2. Actinobacteria Maximum Likelihood Phylogenetic Tree constructed using the Tamura-Nei 
Method. The tree is drawn to scale and branch lengths are measured in the number of substitutions per 

site. Bootstrap values (expressed as percentages of 100 replications) of greater than 50% are shown at 

branch points. GenBank accession numbers are shown in parathenses. Bar, 0.01 substitutions per 
nucleotide position. Evolutionary analyses were conducted in MEGA X and phylogenetic tree was edited 

using Interactive Tree of Life. 
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Figure 3. γ-Proteobacteria Maximum Likelihood Phylogenetic Tree constructed using the Kimura 2-

parameter model. The tree is drawn to scale and branch lengths are measured in the number of 
substitutions per site. Bootstrap values (expressed as percentages of 100 replications) of greater than 50% 

are shown at branch points. GenBank accession numbers are shown in parathenses. Bar, 0.01 

substitutions per nucleotide position. Evolutionary analyses were conducted in MEGA X and 

phylogenetic tree was edited using Interactive Tree of Life. 
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Pressure 

The growth of each of the strains as a function of pressure was assessed in order to 

determine their adaptation to in situ pressure. Up to seven time points were taken for each isolate 

at each pressure, with fewer taken only if the cultures had reached stationary phase prior to the 

seventh time point. Reduced growth at atmospheric pressure (0.1MPa) compared to culture tube-

based characterization tests can be attributed to the anoxic conditions that form in cultures grown 

in bulbs during incubation. All of the isolates and Marinobacter alkaliphilus str ODP1200D-1.5 

exhibited optimal growth at atmospheric pressure. Halomonas axialensis str KM004 was able to 

grow at up to 40MPa, with a steady decline in growth rate with increasing pressure (Fig. 4A). 

Halomonas ventosae str KM024 and Halomonas shengliensis str KM026 exhibited very little 

growth even at atmospheric pressure and none at any of the increased pressures (Fig. 4B and G, 

Fig. 12B and G). Halomonas hamiltonii strains KM007 and str KM072, Halomonas stevensii str 

KM051, and Halomonas johnsoniae str KM073were able to grow at up to 40MPa with a steady 

decline in growth rate with increasing pressure (Fig. 4C, D, E, and F). Demequina salsinemoris 

str KM012 was able to grow at up to 40MPa, but with a reduced growth rate at 30MPa compared 

to 40MPa (Fig. 4H). The reason that this isolate did not grow well at 30MPa is unknown, but it is 

possible that the culture at 40MPa acquired an adaptive mutation to the high pressure conditions 

or that, although unlikely, an unobserved leak in the 40MPa pressure vessel decreased the actual 

pressure. Marinobacter alkaliphilus strain KM021 grew at up to 40MPa and Marinobacter 

alkaliphilus str ODP1200D-1.5 grew at up to 30MPa, with strain KM021 exhibiting a higher 

growth rate than strain ODP1200D-1.5 in all conditions (Fig. 5A-B). Marinobacter 

hydrocarbonoclasticus str KM034 was able to grow at up to 30MPa with a steady decline in 
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growth rate with increasing pressure (Fig. 5C). Growth curves for all isolates at all pressures can 

be found in Supplementary Figures 1 and 2. 

 

Figure 4. Effect of Pressure on the Specific Growth Rate of Halomonas and Demequina isolates. (A) 
Halomonas axialensis str KM004, incubated in MB2216, (B) Halomonas ventosae str KM024, incubated 

in MJYTGL medium pH 10.5, (C) Halomonas hamiltonii str KM007, incubated in MB2216, (D) 

Halomonas hamiltonii str KM072, incubated in MB2216, (E) Halomonas stevensii str KM051, incubated 
in MB2216, (F) Halomonas johnsoniae str KM073, incubated in MB2216, (G) Halomonas shengliensis 

str KM026, incubated in MJYTGL medium pH 10.5, (H) Demequina salsinemoris str KM012, incubated 

in MB2216. All incubations were performed at 23℃. 
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Figure 5. Effect of Pressure on the Specific Growth Rate of Marinobacter isolates. (A) Marinobacter 

hydrocarbonoclasticus str KM034, incubated in MB2216, (B) Marinobacter alkaliphius str KM021, 

incubated in MJYTGL medium pH 9, (C) Marinobacter alkaliphilus str ODP1200D-1.5, incubated in 

MJYTGL medium pH 9. All incubations were performed at 23℃. 



24 

 

pH 

In general, all of the isolates except for Demequina salsinemoris str KM012 exhibited at 

least moderate alkalitolerance, growing up to a pH of at least 9.5. Demequina salsinemoris str 

KM012 grew best at pH 7.5 and did not grow above pH 9, indicating that this strain is 

mesophilic (Fig. 6H). Halomonas axialensis str KM004 is strongly alkalitolerant as it was able to 

grow at a pH of up to pH 10.5 with optimal growth rate at pH 8.5 (Fig. 6H). Halomonas ventosae 

str KM024 is alkalitolerant, as it was able to grow at a pH of up to 10 with optimal growth at pH 

8.5 (Fig. 6B). Halomonas hamiltonii str KM007 is alkalitolerant as it was able to grow at a pH of 

up to 10 with optimal growth at pH 7.5 (Fig. 6C). Halomonas hamiltonii str KM072 is 

alkaliphilic, as it was able to grow at a pH of up to 11 with optimal growth at pH 9 (Fig. 6D). 

The difference in the results between the two Halomonas hamiltonii strains is interesting and 

could be due to the fact that they were isolated from different seamounts; strain KM007 was 

isolated from sediment samples from Asùt Tesoru and strain KM072 was isolated from sediment 

samples from Fantangisña. Halomonas stevensii strain KM051 is strongly alkalitolerant as it was 

able to grow at a pH of up to 10.5 with optimal growth at pH 8.5 (Fig. 6E). Notably, the 

differences in the specific growth rates between pH 8, 8.5, 9, and 10 for this strain are smaller 

than 0.1 per hour (h-1), with the growth at pH 9.5 slightly lower. Halomonas johnsoniae str 

KM073 is alkaliphilic, as it was able to grow at a pH of up to 11 with optimal growth at pH 9 

(Fig. 6F). Halomonas shengliensis str KM026 was alkalitolerant, as it was able to grow at a pH 

of up to 10.5 with optimal growth at pH 8 (Fig. 6G). Marinobacter alkaliphilus str KM021 is 

alkaliphilic as it was able to grow at a pH of up to 10 with optimal growth at both pH 9 and 10 

(Fig. 7A). Marinobacter alkaliphilus strain ODP1200D-1.5, previously identified as alkaliphilic 

by Takei et al., was able to grow at a pH of up to 10 with optimal growth at pH 8.5 (Fig. 7B). 

This strain was previously described as being able to grow up to a pH of approximately 11.5 with 
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optimal growth at approximately pH 9, however, those experiments were conducted differently 

than in this research which could account for the discrepancy (Takei et al. 2005). The differences 

in the results between the two strains are not large, but Marinobacter alkaliphilus str KM021 did 

generally grow more slowly than strain ODP1200D-1.5. It is possible that the differences are due 

to the fact that they were isolated from different seamounts and are therefore differently adapted. 

Marinobacter hydrocarbonoclasticus strain KM034 was moderately alkalitolerant, as it was able 

to grow at a pH of up to 9.5 with optimal growth at pH 7(Fig. 7C). Growth Curves for all isolates 

at all pHs can be found in Supplementary Figures 3 and 4. 
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Figure 6. Effect of pH on the Specific Growth Rate of Halomonas and Demequina isolates. (A) 

Halomonas axialensis str KM004, (B) Halomonas ventosae str KM024, (C) Halomonas hamiltonii str 

KM007, (D) Halomonas hamiltonii str KM072, (E) Halomonas stevensii str KM051, (F) Halomonas 
johnsoniae str KM073, (G) Halomonas shengliensis str KM026, (H) Demequina salsinemoris str KM012. 

All incubations were performed in MJYTGL medium at 30℃ in a shaking incubator 
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Figure 7. Effect of pH on the Specific Growth Rate of Marinobacter isolates. (A) Marinobacter 
hydrocarbonoclasticus str KM034, (B) Marinobacter alkaliphilus str KM021, (C) Marinobacter 

alkaliphilus str ODP1200D-1.5. All incubations were perfomed in MJYTGL medium at 30℃ in a shaking 

incubator. 
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Temperature 

The majority of the isolates grew over a broad temperature range, from 5℃ to 47℃, and 

exhibited a decreased growth rate at 47℃. Demequina salsinemoris str KM012 and 

Marinobacter alkaliphilus str ODP1200D-1.5 were not able to grow at 5℃. While eight of the 

eleven strains experienced optimum growth rates at 42℃, in all but one case they did not reach 

as high of an optical density at this temperature as they did at lower temperatures (Fig. 8A-G, 

Fig. 16A-G). Interestingly, all of these strains achieved their highest optical densities at either 

5℃ or 17℃, as did Marinobacter alkaliphilus str ODP1200D-1.5 and Demequina salsinemoris 

str KM012 despite the fact their optimum growth rates were at much higher temperatures (Fig. 

16 and 17, blue lines). The exception to this result is Marinobacter alkaliphilus str KM021, 

which achieved its highest optical densities at 42℃ and 47℃, with optimal growth at 42℃ (Fig. 

9A). Marinobacter alkaliphilus str ODP1200D-1.5, previously identified as growing optimally at 

30℃, had its highest growth rate in this study at 37℃ (Fig. 9B) (Takei et al. 2005). 

Marinobacter hydrocarbonoclasticus strain KM034 and Demequina salsinemoris str KM012 

also had optimal growth rates at 37℃ (Fig. 9C and 8H). Growth curves for all isolates at all 

temperatures can be found in Supplementary Figures 5 and 6.  
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Figure 8. Effect of Temperature on the Specific Growth Rate of Halomonas and Demequina 

isolates. (A) Halomonas axialensis str KM004, incubated MJYTGL medium 8.5, (B) Halomonas 
ventosae str KM024, incubated in MJYTGL medium pH 8.5, (C) Halomonas hamiltonii str KM007 

incubated in MJYTGL medium pH 7.5, (D) Halomonas hamiltonii str KM072, incubated in MJYTGL 

medium pH 9, (E) Halomonas stevensii str KM051, incubated in MJYTGL medium pH 8.5, (F) 

Halomonas johnsoniae str KM073, incubated in MJYTGL medium pH 9, (G) Halomonas shengliensis str 
KM026, incubated in MJYTGL medium pH 8, (H) Demequina salsinemoris str KM012, incubated in 

MJYTGL medium pH 7.5. All incubations were performed in shaking incubators. 
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Figure 9. Effect of Temperature on the Specific Growth Rate of Marinobacter isolates. (A) 
Marinobacter hydrocarbonoclasticus str KM034, incubated in MJYTGL medium pH 7, (B) 

Marinobacter alkaliphilus str KM021, incubated in MJYTGL medium pH 9, (C) Marinobacter 

alkaliphilus str ODP1200D-1.5, incubated in MJYTGL medium pH 9. All incubations were performed in 

shaking incubators.  



31 

 

NaCl Tolerance 

Only 4 strains were included in this analysis, one representative strain from each genus as 

well as Marinobacter alkaliphilus str ODP1200D-1.5. All of the strains experienced a reduction 

in growth rate with increased NaCl concentration, and Demequina salsinemoris str KM012 could 

not grow in the MJYTGL medium made with 15% NaCl MJ artificial seawater (Fig. 10B). The 

remaining three strains had optimal growth in the MJYTGL medium made with 0% NaCl 

artificial seawater, and could grow in media made with up to 20% NaCl (Fig. 10A, C, D). 

Marinobacter alkaliphilus str ODP1200D-1.5 was previously characterized via this test as 

having an NaCl optimum of 2.5-3.5% (Takei et al. 2005); these concentrations were not included 

in the experiments done as part of this research (Takei et al. 2005). Growth curves for all four 

strains at all concentrations can be found in Supplementary Figure 7. 

 

Figure 10. Effect of NaCl Concentration on Specific Growth Rate. (A) Halomonas johnsoniae str 

KM073, incubated in MJYTGL medium pH 9, (B) Demequina salsinemoris str KM012, incubated in 

MJYTGL medium pH 7.5, (C), Marinobacter alkaliphilus str KM021, incubated in MJYTGL medium pH 
9, (D) Marinobacter alkaliphilus str ODP1200D-1.5, incubated in MJYTGL medium pH 9. The 

MJYTGL media contained a varying concentration of NaCl from 0% - 25% instead of 3% NaCl. All 

incubations were performed at 37℃ in shaking incubators. 
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Sodium Requirement 

Since many alkaliphiles require at least some sodium for growth at high pH, the need for 

sodium was also investigated.  Two isolates, Demequina salsinemoris str KM012 and 

Marinobacter hydrocarbonoclasticus str KM034, were excluded from these experiments because 

they were found not to grow at high pH in the pH characterization tests. The results for the other 

strains are presented in Figure 11 and Table 1. In general, the isolates experienced reduced 

growth in the no sodium media, and under these conditions were not able to grow at pH 10. 

Halomonas shengliensis str KM026 experienced the smallest reduction in growth at pH 7, but 

was still severely stunted compared to growth in pH 7 in the standard medium employed 

(MJYTGL). The one exception to this generalized result is Halomonas stevensii strain KM051 

which, interestingly, experienced increased growth at pH 10 compared to pH 7.

 

Figure 11. Determination of Sodium Requirement for Nine Isolates. All incubations were performed 

at 30℃ in a shaking incubator for 67 hours. An OD was taken at time 0 and at 67 hours. Errors bars 

represent the standard deviation calculated from the results of 3 replicates. The MJYTGL medium pH 7 

and pH 10 were made by omitting all ingredients that contained Na. A trace amount ( < 3µM) of Na could 

not be eliminated from a pre-prepared trace element solution 



33 

 

Table 1. Growth in Zero Sodium MJYTGL Media 

 

Genomic Analyses 

The four strains analyzed - Halomonas johnsoniae str KM073, Halomonas stevensii 

strain KM051, Marinobacter alkaliphilus str KM012, and Marinobacter alkaliphilus str 

ODP1200D-1.5 – shared a number of metabolic pathways and genes that could contribute to 

survival in a serpentinizing system.  

Table 2. Summary of Genome Features of Halomonas stevensii str KM051, Halomonas johnsoniae str 

KM073, Marinobacter alkaliphilus str KM021, and Marinobacter alkaliphilus str ODP1200D-1.5. 

 

 

The draft genome of Halomonas johnsoniae str KM073 (Supplementary Fig. 8) is 

comprised of 172 contigs and is 4,062,052 base pairs (bp). It has an average G+C content of 
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57.37% (Table 2) and was shown to have 3,836 coding sequences. These coding sequences 

include 1,006 hypothetical proteins and 2,830 proteins with functional assignments. The genome 

encodes 51 tRNAs, 6 rRNAs, 9 transposon genes, 53 CRISPR repeats, 52 CRISPR spacers, and 

1 CRISPR array. Genomic analysis indicates that this microbe is a heterotroph capable of using 

diverse forms of organic carbon including aromatic compounds, and respiring oxygen, nitrate, 

and nitrite. Several metabolic pathways that could allow this species to survive in the serpentinite 

seamounts of the forearc were identified. Six genes representing the three subunits of formate 

dehydrogenase are present, suggesting that formate could be utilized as a source of carbon and 

energy. Many of the genes in the propionate metabolism pathway were also identified. The 

presence of one acetyl-coA synthetase gene and the components of the glyoxylate bypass 

indicate that this species could be capable of metabolizing acetate (Cozzone 1998, De Mets et al. 

2019). Genes that could contribute to the survival in alkaline environment of the seamounts 

include many sodium-dependent transporters and genes for compatible solutes such as ectoine 

(Czech et al. 2018, Williamson et al. 2016). Additionally, this species has at least two complete 

gene sets for a group 1 Mrp system and one complete gene set for a group 2 Mrp system. The 

Mrp system is believed to be the dominant Na+/H+ antiporter for pH homeostasis in alkaliphilic 

species and has a role in Na+ resistance (Hiramatsu et al. 1998, Kitada et al. 2000, Krulwich et al. 

2007, Swartz et al. 2005). A number of genes that have been associated with piezophily and 

piezotolerance were also identified, such as five heat and five cold shock proteins and the 

subunits of the cbb3 cytochrome c oxidase (Chikuma et al. 2007, Liu et al. 2020, Simonato et al. 

2006). While these proteins are important in many processes, they have been found to be present 

in most piezophiles and have been implicated in their adaptative mechanisms.  
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The draft genome of Halomonas stevensii str KM051 (Supplementary Fig. 9) is 

comprised of 229 contigs and is 3,796,052bp. It has an average G+C content of 59.56% (Table 2) 

and was shown to have 3,742 coding sequences. These coding sequences include 937 

hypothetical proteins and 2,799 proteins with functional assignments. The genome encodes 58 

tRNAs, 7 rRNAs, 8 transposons, 88 CRISPR repeats, 87 CRISPR spacers, and 1 CRISPR array. 

Genomic analysis indicates that this microbe is a heterotroph capable of using diverse forms of 

organic carbon, including aromatic compounds, and respiring oxygen, nitrate, and nitrite. There 

is also evidence that it is capable of tetrathionate reduction, which is not present in the published 

genome of Halomonas stevensii str S18214 (Kim et al. 2012). This species shared the metabolic 

pathways described above for Halomonas johnsoniae str KM073 that could allow it to survive in 

a serpentinizing system, with some differences in the number of gene copies. Four genes 

representing the three subunits of formate dehydrogenase o, and two acetyl-coA synthetase genes 

are present. The genes required for the enzyme urease are also present in the genome, which has 

been identified in microbes isolated from other serpentinizing environments (Suzuki et al. 2014). 

Many genes that could contribute to survival in the alkaline environment of the seamounts are 

shared with Halomonas johnsoniae str KM073 and are described above. Additionally, two 

NhaD-type antiporters, which have been previously linked to alkaliphiles, are present in the 

genome (Kurz et al. 2006, Liu et al. 2005, Nozaki et al. 1998). One complete set of genes for a 

group 1 Mrp system are also present (Hiramatsu et al. 1998, Kitada et al. 2000, Krulwich et al. 

2007, Swartz et al. 2005). A number of genes that have been associated with piezophily and 

piezotolerance were also identified, such as six heat and four cold shock proteins and the 

subunits of the cbb3 cytochrome c oxidase (Chikuma et al. 2007, Liu et al. 2020, Simonato et al. 

2006) 
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The draft genome of Marinobacter alkaliphilus str KM021 (Supplementary Fig. 10) is 

comprised of 243 contigs and is 4,484,303bp. It has an average G+C content of 57.28% (Table 2) 

and was shown to have 4,346 coding sequences. These coding sequences include 1,118 

hypothetical proteins and 3,225 proteins with functional assignments. The genome encodes 50 

tRNAs, 8 rRNAs, 1 transposon gene, 18 CRISPR repeats, 17 CRISPR spacers, and 1 CRISPR 

array. Genomic analysis indicates that this microbe is a heterotroph capable of using diverse 

forms of organic carbon, including aromatic compounds, respiring oxygen and nitrate, and 

denitrification. This species shared the metabolic pathways described above for Halomonas 

johnsoniae str KM073 that could allow it to survive in a serpentinizing system. Many genes that 

could contribute to survival in the alkaline environment of the seamounts are shared with 

Halomonas johnsoniae str KM073 and are described above. Additionally, this species has at 

least two complete gene sets for a group 1 Mrp system and one complete gene set for a group 2 

Mrp system. A number of genes that have been associated with piezophily and piezotolerance 

were also identified, such as six heat and five cold shock proteins and the subunits of the cbb3 

cytochrome c oxidase (Chikuma et al. 2007, Liu et al. 2020, Simonato et al. 2006) 

The draft genome of Marinobacter alkaliphilus str ODP1200D-1.5 (Supplementary Fig. 

11) is comprised of 135 contigs and is 3,554,719bp. It has an average G+C content of 60.11% 

(Table 2) and was shown to have 3,471 coding sequences. These coding sequences include 934 

hypothetical proteins and 2,535 proteins with functional assignments. The genome encodes 58 

tRNAs, 9 rRNAs, 81 transposase genes, 85 CRISPR repeats, 83 CRISPR spacers, and 2 CRISPR 

arrays. Genetic analysis indicates that this microbe is capable of using diverse forms of organic 

carbon, respiring oxygen, utilizing nitrogen, catabolizing aromatic compounds, and metabolizing 

central aromatic intermediates. This species shared the metabolic pathways described above for 
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Halomonas johnsoniae str KM073 that could allow it to survive in a serpentinizing system, with 

some differences in the number of gene copies. Four genes representing the three subunits of 

formate dehydrogenase o and two acetyl-coA synthetase genes are present. The genes required 

for the enzyme urease are also present in the genome (Suzuki et al. 2014). Many genes that could 

contribute to survival in the alkaline environment of the seamounts are shared with Halomonas 

johnsoniae str KM073 and are described above. Additionally, two NhaD-type antiporters are 

present (Kurz et al. 2006, Liu et al. 2005, Nozaki et al. 1998, Williamson et al. 2016). 

Interestingly, the NhaD-type antiporters are not present in the draft genome of Marinobacter 

alkaliphilus str KM021. One complete set of genes for a group 1 Mrp system are also present 

(Hiramatsu et al. 1998, Kitada et al. 2000, Krulwich et al. 2007, Swartz et al. 2005). A number of 

genes that have been associated with piezophily and piezotolerance were also identified, such as 

eight heat and four cold shock proteins and the subunits of the cbb3 cytochrome c oxidase 

(Chikuma et al. 2007, Liu et al. 2020, Simonato et al. 2006)
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DISCUSSION 

The microbial communities at serpentinite seamounts are poorly understood and only one 

species isolated from these environments, Marinobacter alkaliphilus, had been characterized 

prior to this study (Takei et al. 2005). Following the plating of unamended sediment samples 

from three seamounts, 100 isolates were obtained. These isolates represented four sediment 

samples from two seamounts, Asùt Tesoru and Fantangisña. A subset of ten isolates was chosen 

for further characterization and analysis. The identification and characterization of these ten 

isolates contributes to the knowledge of the microbial communities, and their physio-chemical 

adaptations, at serpentinite seamounts. All of the isolates obtained in this study were closely 

related to previously identified species, but many were able to grow at the elevated pH and 

reduced temperatures that microbes would experience in situ. A summary of the results for each 

isolate can be found in Table 3. 

Isolate Descriptions 

Sequencing of the 16S rRNA gene and construction of phylogenetic trees for the ten 

isolates show that they do not represent novel species. All of the isolate’s 16S rRNA genes were 

at least 98% identical to previously identified species, and no monophyletic branches were 

formed in the phylogenetic trees. This confers a high degree of confidence that the species 

designations are correct. The 16S rRNA gene sequencing results are as follows. Halomonas 

axialensis str KM004 shares 99.48% identity with Halomonas axialensis str Althf1 (Kaye et al. 

2004). Halomonas ventosae str KM024 shares 98.27% identity with Halomonas ventosae str 

Al12 (Martinez-Canovas et al. 2004). Halomonas hamiltonii strains KM007 and KM072 share 

99.34% and 99.19% identity, respectively, with Halomonas hamiltonii str W1025 (Kim et al. 

2010). Halomonas stevensii str KM051 shares 98.89% identity with Halomonas stevensii str 
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S18214 (Kim et al. 2010). Halomonas johnsoniae str KM073 shares 99.57% identity with 

Halomonas johnsoniae str T68687 (Kim et al. 2010). Halomonas shengliensis str KM026 shares 

98.68% identity with Halomonas shengliensis str SL014B-85 (Wang et al. 2007). Demequina 

salsinemoris str KM012 shares 98.56% identity with Demequina salsinemoris str NBRC 105323 

(Matsumoto et al. 2010). Marinobacter alkaliphilus str KM021 shares 99.56% identity with 

Marinobacter alkaliphilus str ODP1200D-1.5 (Takei et al. 2005). Marinobacter 

hydrocarbonoclasticus str KM034 shares 99.79% identity with Marinobacter 

hydrocarbonoclasticus str VT8 (Huu et al. 1999).  

Three genera were represented in the isolates obtained from plating out the sediment 

samples at atmospheric pressure: Halomonas, Demequina, and Marinobacter. The genus 

Halomonas, a member of the family Halomonadaceae and the class γ-Proteobacteria, is virtually 

omnipresent and has been found in a wide variety of saline environments from hydrothermal 

vents to the interior of dialysis machines (Kim et al. 2010, Vreeland 2015). Members of the 

gram-negative genus are often described as halotolerant, and some species are alkaliphilic (Kaye 

et al. 2004, Kim et al. 2010, Vreeland 2015).  The genus Marinobacter, a member of the family 

Alteromonadaceae and the class γ-Proteobacteria, was established in 1992 (Gauthier et al. 1992). 

This gram-negative genus is found throughout the marine environment and in many other saline 

environments (Kim et al. 2017). Members of this genus are described as halophilic and many 

have been shown to be capable of degrading hydrocarbons (Gauthier et al. 1992, Brito et al. 

2006, Kim et al. 2017). The genus Demequina, a taxonomic synonym to Lysinimicrobium, was 

established in 2007 and is a member of the family Demequinaceae and the phylum 

Actinobacteria (Yi et al. 2007, Ue et al 2011). This gram-positive genus includes many species 

that synthesize unique molecules (Servin et al., 2007, Park et al. 2015). The Demequina are 
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named for one such unique molecule, demethylmenaquinone (Hamada et al. 2013, Ue et al. 

2011, Yi et al. 2007). This genus is found in both aquatic and terrestrial environments from 

marine sediments to mangrove soils, is not known to be halotolerant, and is generally 

neutralophilic (Hamada et al. 2013, Matsumoto et al. 2010, Park et al. 2015, Yi et al. 2007). 

Of the ten isolates examined in this research only two species, Halomonas axialensis str 

KM004 and Marinobacter alkaliphilus str KM021, corresponded to species previously isolated 

from marine environments. Halomonas axialensis was first isolated in 2004 from a low-

temperature hydrothermal vent in the Juan de Fuca ridge (Kaye et al. 2004). This environment is 

quite similar to the Mariana Forearc seamounts in that the underlying mantle is highly 

serpentinized and thus the resulting chemical environments are alike (Schiffman et al. 2010). 

Prior to this research, Marinobacter alkaliphilus had only been isolated once, from sediment 

cores taken during ODP Leg 195 at South Chamorro Seamount in the Mariana Forearc (Takai et 

al. 2005). Of the seamounts sampled in IODP expedition 366, South Chamorro seamount is most 

similar to Asùt Tesoru, from the sediment of which Marinobacter alkaliphilus str KM021 was 

isolated (Salisbury et al. 2002, Fryer et al. 2020). The seamounts share distance to trench, depth 

to slab, pore water pH, and have similar slab temperatures and chemical compositions (Fryer et 

al. 2020). The presence of Marinobacter hydrocarbonoclasticus str KM034, a species originally 

isolated from an oil wellhead, in the sediment samples may be a result of drill fluid 

contamination, as it was also isolated from plating samples of the drill fluid used during IODP 

Expedition 366 (Fryer et. al 2020a, Huu et al. 1999). It is useful, however, as a comparison to 

Marinobacter alkaliphilus strains KM021 and ODP1200D-1.5. Four of the isolates, Halomonas 

johnsoniae str KM073, Halomonas stevensii str KM051, and Halomonas hamiltonii strains 

KM004 and KM072, comprise three species that were first discovered together in 2010 in a 
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dialysis unit at a renal care center (Kim et al. 2010). While at first glance this seems like an 

indication that these strains do not belong in a marine sediment sample, all three strains share 

between 98 and 98.5% 16S rRNA gene sequence similarity with marine strains such Halomonas 

axialensis and Halomonas aquamarina (Kim et al. 2010) and were incubated in media 

containing sea salts throughout their original characterization. The two remaining Halomonas 

species, Halomonas ventosae str KM024 and Halomonas shengliensis str KM026, both represent 

species first isolated in saline soils, from Spain and China, respectively (Martínez-Cánovas et al. 

2004, Wang et al. 2007). The final isolate, Demequina salsinemoris str KM012, was the only 

Demequina species identified in this research; this species was isolated from mangrove soil on an 

island off the coast of Japan (Matsumoto et al. 2010).  

Physical-chemical Characterizations 

All ten of the isolates as well as Marinobacter alkaliphilus str ODP1200D-1.5 are 

characterized as being pressure sensitive; none of the species that were examined in this research 

are piezophilic and none have more than a moderate piezotolerance. The three seamounts in this 

study, Asùt Tesoru, Fantangisña, and Yinazao, are not located at extreme depths, with a 

maximum sample depth of approximately 3.4km corresponding to about 34MPa. The majority of 

the isolates stopped showing signs of growth at 30MPa, but had measurable growth rates at 

10MPa and 20MPa. It is therefore feasible that there could be active communities shallower in 

the sediment on the summits and flanks of the seamounts, which can be located less than 

1,250mbsl (Fryer et al. 2018b).  

The majority of the isolates are alkalitolerant and some are alkaliphilic. Halomonas 

johnsoniae str KM073 was able to grow over the largest range of pH, up to 11.5, with optimal 

growth at pH 9. Marinobacter alkaliphilus str KM021 had the highest optimum growth rate, pH 
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10, and two other isolates exhibited relatively steady growth rates between pH 8 and pH 10. The 

growth ranges and optima of the isolates generally corresponded to the published values for the 

most closely related species, with a few notable exceptions. Halomonas axialensis str KM004, 

Halomonas hamiltonii str KM072, and Halomonas johnsoniae str KM073 exhibited pH optima 

at least 0.5 pH units higher than published for another member of their respective species (Kaye 

et al. 2004, Kim et al. 2010). Marinobacter alkaliphilus str ODP1200D-1.5 exhibited markedly 

more robust growth than Marinobacter alkaliphilus str KM021. This is an interesting result and 

may be elucidated by genomic comparisons. The serpentinization reaction creates an alkaline 

environment, and some of the seamounts have pH values above 12.5, the current known limit of 

life (Takai et al. 2001). It has been hypothesized that microbial communities at serpentinite mud 

volcanoes should be dominated by alkaliphiles because of the high pHs created during 

serpentinization that occur throughout subduction and re-emergence (Fryer et al. 2020).  

All of the isolates were able to grow at a broad temperature range, but showed an 

optimum at either 37℃ or 42℃. This corresponds with the existing literature, as the closest 

cultured relatives of all of the isolates were characterized as mesophilic (Huu et al. 1999, Kaye et 

al. 2004, Kim et al. 2010, Martínez-Cánovas et al. 2004, Matsumoto et al. 2010, Schiffman et al. 

2010, Takai et al. 2005, Wang et al. 2007,). While any microbes that experience subduction or 

live deep in the sediment would be subject to temperatures up to 350℃, the summits of the 

seamounts are generally the same temperature as the seafloor. The estimated in-situ temperatures 

for the microbes analyzed in this study are between 1.7℃ and 3.7℃. While none of the isolates 

had growth optima at these low temperatures, they were all capable of growth at 5℃, so it is 

possible that these species could be active under in-situ conditions. Interestingly, none of the 

closest cultured relatives of the isolates were characterized in the literature as being able to grow 
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below 10℃, it is therefore possible that the isolates described here have adapted to the in-situ 

conditions at the seamounts. 

 The results of the NaCl tolerance test indicate that the Halomonas species is broadly 

tolerant, while the Demequina species is more sensitive to increased NaCl; interestingly, the two 

strains of Marinobacter alkaliphilus exhibited different tolerance profiles. Halomonas 

johnsoniae str T68687, the closest cultured relative of Halomonas johnsoniae str KM073, can 

tolerate between 0 and 20% NaCl and has an optimum of 2.5%; these numbers are reflected in 

the results for Halomonas johnsoniae str KM073 (Barberán et al. 2017). Demequina 

salsinemoris str NBRC 105323 can only tolerate an NaCl concentration up to 8%, while 

Demequina salsinemoris str KM012 can tolerate up to 15% NaCl before growth is halted 

(Matsumoto et al. 2010). This increased NaCl tolerance could be an adaptation to the 

environment that these microbes are subjected to at the serpentinite seamounts, additional 

experiments and genetic analyses are needed to determine the cause for these differences. 

Marinobacter alkaliphilus str ODP1200D-1.5, isolated from South Chamorro Seamount, is able 

to tolerate a similar NaCl range to Marinobacter alkaliphilus str KM012, isolated from Asùt 

Tesoru Seamount, but does significantly better at concentrations up to 15%. The two seamounts 

have similar pore water chemistry, with higher NaCl concentrations than the majority of the 

other seamounts, notably, Asùt Tesoru has a higher concentration of Na+ ( Fryer et al. 2018, 

Fryer and Salisbury 2006). 

 The sodium requirement test indicated that all except one of the isolates included in the 

experiment required sodium to grow at a high pH (pH 10), whereas growth, although reduced, 

occurred without sodium at a more neutral pH (pH 7). The significantly reduced growth at pH 10 

in no sodium media can be attributed to the crucial role that sodium plays in many adaptations 
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that alkaliphiles employ at high pH, such as pH homeostasis (Padan et al. 2005). However, 

Halomonas stevensii str KM051 did not exhibit reduced growth in the no sodium pH 10 medium, 

and in fact grew better at high pH than at pH 7. The mechanism for these growth properties is not 

known. 

Table 3. Summary of Results for all Isolates. Dashes indicate that data was not collected for a given 

isolate. 

Genomic Analyses 

The four strains that were analyzed, Halomonas johnsoniae str KM073, Halomonas 

stevensii str KM051, Marinobacter alkaliphilus str KM021, and Marinobacter alkaliphilus str 

ODP1200D-1.5, share many of the same genomic features that could contribute to their ability to 

inhabit the serpentinite seamounts. Propionate metabolism genes, methane metabolism genes, 

and the enzyme formate dehydrogenase o were present in all four isolates which suggests that 

they are able to take advantage of some of the most abundant byproducts of serpentinization 

(Eickenbusch et al. 2019, Schrenk et al. 2013). Formate dehydrogenase o is primarily expressed 

under aerobic conditions and liberates electrons by oxidizing formate to carbon dioxide; it has 

also been implicated in nitrate reduction (Abaibou et al. 1995). In order for the environmental 

acetate at the seamounts to be taken advantage of, it must first be converted to acetyl-coA which 

requires the enzyme acetyl-coA synthetase, which all four isolates possess (Cozzone 1998). 
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Acetyl-CoA can then be used via the glyoxylate bypass, a series of six reactions, to produce 

glucose. While all four isolates have the components of the glyoxylate bypass, Halomonas 

stevensii str KM051 and Marinobacter alkaliphilus str ODP1200D-1.5 possess additional copies 

of some of the genes, suggesting that they might be taking advantage of acetate more effectively. 

The isolates also share several alkaliphilic adaptations, with many of the same Na+-dependent 

transporters and at least one Mrp system. The Na+-antiporter function of the Mrp system plays 

the crucial role of importing H+ ions into the cells while extruding Na+ ions to regulate the 

intracellular pH (Krulwich et al. 2007). These extruded Na+ ions can then be used by the Na+-

dependent symporters to import molecules and solutes such as serine, alanine, and pantothenate, 

a few of the sodium-dependent symporters that are present in the four isolate genomes. In 

addition to the Mrp system, Halomonas stevensii str KM051 and Marinobacter alkaliphilus str 

ODP1200D-1.5 possess NhaD-type Na+/H+ antiporters. These antiporters have been shown to 

have improved function at alkaline pH and have been linked to several alkaliphiles (Kurz et al. 

2006, Liu et al. 2005, Nozaki et al. 1998, Williamson et al. 2016). The differences in the growth 

rates during the pH characterizations of the two Marinobacter alkaliphilus strains could be 

explained by the fact that the genome of strain ODP1200D-1.5 was found to encode two of these 

NhaD-type antiporters, while strain KM021 did not encode any NhaD-type antiporters.  

The predicted proteins of all of the isolates were compared with the predicted proteins of 

closely related species. Most of the proteins in the Halomonas stevensii str KM051 genome were 

approximately 95% identical with the proteins encoded by the genome of Halomonas stevensii 

str S18214, and approximately 80% identical with the proteins encoded by the draft genome of 

Halomonas alkaliphila LS44. The genomes of the two Halomonas stevensii strains are very 

similar, encoding many of the same pathways. Some key differences between the two strains 
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include an oxaloacetate decarboxylase, cbb3-type cytochrome, and an arsenic resistance 

mechanism that are all encoded in the genome of strain KM051 and not in the genome of strain 

S18214. The Na+/H+ antiporter function of the oxaloacetate decarboxylase could confer higher 

pH tolerance to strain KM051, while the cbb3-type cytochrome has been implicated in 

adaptation to increased pressure (Chikuma et al. 2007, Dibrov et al. 1986, Dimroth 1982, Lietzan 

and Maurice 2014, Liu et al. 2020, Simonato et al. 2006). Serpentinization has been linked to 

elevated concentrations of arsenic, and the presence of this resistance mechanism in Halomonas 

stevensii str KM051 could be an adaptation to the environment on the seamounts (Ryan et al. 

2019).  

The proteome of Halomonas johnsoniae str KM073 exhibited much larger differences 

with the proteomes of all three of the above strains, with most of the proteins encoded by its 

genome being between 30% and 70% identical to the proteins encoded by the genomes of 

Halomonas alkaliphila LS44, Halomonas stevensii str S18214, and Halomonas stevensii str 

KM051. However, Halomonas johnsoniae str KM073 and Halomonas stevensii str KM051 do 

share many of the same metabolic capabilities and pathways. The major differences between the 

two species include an acyclic terpene utilization pathway and a few additional aromatic 

compound utilization pathways encoded by the Halomonas johnsoniae str KM073 genome, and 

the NhaD-type transporters encoded by the Halomonas stevensii str KM051 genome. There were 

no obvious genetic differences identified that would explain the growth of Halomonas stevensii 

str KM051 at elevated pH in the no sodium media; further physical and genomic tests are 

required to explain this phenomenon.  

Most of the proteins encoded by the genome of Marinobacter alkaliphilus str 

ODP1200D-1.5 are approximately 95% identical to the proteins encoded by the genome of the 
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closely related species Marinobacter shengliensis str SLO13A34A2, and between 30% and 80% 

identical to the proteins encoded by Marinobacter alkaliphilus str KM021. The proteome of 

Marinobacter alkaliphilus str KM021 suggest that it is capable of ammonification, 

denitrification, and acyclic terpene utilization while that of strain ODP1200D-1.5 does not show 

evidence of these pathways. Marinobacter alkaliphilus str ODP1200D-1.5 encodes NhaD-type 

antiporters and the enzyme urease, neither of which are evident in strain KM021. Beyond these 

differences, the two strains encode many of the same metabolic capabilities and pathways. 

Future Directions 

 It would be interesting to determine if any of the isolates in this study could have reached 

the seamounts through subduction and reemergence, as opposed to having repopulated the 

serpentinizing fluids as they rose through the Philippine plate or settled out of the water column. 

This could be evaluated by performing pressure recovery tests, incubating the isolates at 

pressures up to 400MPa for up to several months and then transferring the incubations to reduced 

and atmospheric pressure incubations. This experiment could also be combined with increased 

temperatures between 80℃ and 350℃ for the long-term incubations to further mimic the 

conditions that a bacterial community subducted on the top of a seamount would experience in 

the subduction channel.  

 Two of the isolates, Halomonas ventosae str KM024 and Halomonas shengliensis str 

KM026, showed little to no growth at all conditions in the pressure tests. I believe that this was 

because they were incubated in the bulbs in their isolation medium, Alkaline MJYTGL Medium 

pH 10.5. There is little opportunity for air exchange under these conditions, so it is likely that the 

medium remained at pH 10.5 for the duration of the experiment, whereas they were isolated on 

agar plates that were not pH checked before pouring. Autoclaving the MJYTGL medium 
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significantly lowered the pH in all cases, and without subsequent adjustment the pH of the 

MJYTGL 1.7% agar plates would most likely be between pH 9 and 10. The fact that they were 

isolated on MJYTGL agar that had been adjusted to a pH of 10.5 before autoclaving does not 

indicate that they can grow in liquid media at a pH maintained at 10.5. These two isolates should 

be tested again for pressure tolerance in a lower pH medium, such as Alkaline MJYTGL 

Medium pH 9, since they did not show robust growth above pH 10 in the pH tests, which were 

conducted after the pressure tests. 

 When possible, it will be important to obtain data on the microbial communities present 

in the sediment samples. While DNA extraction from the sediments has not been successful thus 

far, further avenues need to be explored. RNA extraction from amended sediments has been 

attempted with minimal success, preliminary data was obtained with very low sequence depth. 

Strategies that have yet to be tested include density-gradient centrifugation to separate the 

microbial cells from the sediment particles prior to DNA extraction (Kallmeyer et al. 2008). 

While it would not give a complete picture of the community, it might also be valuable to 

directly incubate small aliquots of sediment in liquid media instead of plating the sediments on 

solid agar media. Illumina tag sequencing of the liquid cultures might reveal different species 

enrichments from those on plates.  

 Most probable number estimations of sediment enrichments could also be performed at a 

variety of pHs to determine the fraction of the culturable community that is alkali-sensitive, 

alkalitolerant, or alkaliphilic.  The serpentinite seamounts are predicted to harbor communities 

dominated by, but not exclusive to, alkaliphiles (Fryer et al. 2020). The composition of cultures 

grown at close to in-situ pressure and temperature, as well as in a variety of other combinations, 

could provide interesting insights into the physical-chemical adaptations of the culturable 
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communities at the seamounts and might provide hints as to which microbes are simply present 

in samples and which might actually be active in situ. 

 If possible, pH studies in a chemostat where pH can be continuously maintained and 

exponential growth can be measured stably would be valuable for ensuring the accuracy of the 

experiments and to increase the precision of the values for maximum and optimum pH. 

 It would be valuable to expand these characterization tests to more of the isolates 

obtained in the initial plating in order to get a better picture of what the culturable microbes in 

these samples are capable of tolerating. The only species that was isolated from the plates that 

was not fully characterized is Halomonas alkalicola; this isolate was identified later and was 

subjected to pH experiments with unexceptional results. However, the differences between the 

two Halomonas hamiltonii strains in this study indicate that investigating duplicates of the same 

species may be interesting when they are isolated from different samples. It would also be 

interesting to re-plate the sediments at conditions that have been determined to be optimal for 

many of the ten isolates examined in this study and see if greater diversity is obtained or if the 

known isolates dominate.
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APPENDIX 

 

Supplementary Figure 1. Pressure Growth Curves for Halomonas and Demequina isolates. (A) 
Halomonas axialensis str KM004, incubated in MB2216, (B) Halomonas ventosae str KM024, incubated 

in MJYTGL medium pH 10.5, (C) Halomonas hamiltonii str KM007, incubated in MB2216, (D) 

Halomonas hamiltonii str KM072, incubated in MB2216, (E) Halomonas stevensii str KM051, incubated 
in MB2216, (F) Halomonas johnsoniae str KM073, incubated in MB2216, (G) Halomonas shengliensis 

str KM026, incubated in MJYTGL medium pH 10.5 (H) Demequina salsinemoris str KM012, incubated 

in MB2216. Average Optical Density at 600nm (OD600) of 3 replicates vs Time. Errors bars represent 

standard deviations calculated from the results of 3 replicates. All incubations were performed at 23℃.
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Supplementary Figure 2. Pressure Growth Curves for Marinobacter isolates. (A) Marinobacter 

hydrocarbonoclasticus str KM034, incubated in MB2216, (B) Marinobacter alkaliphius str KM021, 

incubated in MJYTGL medium pH 9, (C) Marinobacter alkaliphilus str ODP1200D-1.5, incubated in 
MJYTGL medium pH 9. Average Optical Density at 600nm (OD600) of 3 replicates vs Time. Errors bars 

represent standard deviations calculated from the results of 3 replicates. All incubations were performed 

at 23℃.
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Supplementary Figure 3. pH Growth Curves for Halomonas and Demequina isolates. (A) 

Halomonas axialensis str KM004, (B) Halomonas ventosae str KM024, (C) Halomonas hamiltonii str 
KM007, (D) Halomonas hamiltonii str KM072, (E) Halomonas stevensii str KM051, (F) Halomonas 

johnsoniae str KM073, (G) Halomonas shengliensis str KM026, (H) Demequina salsinemoris str KM012. 

Average Optical Density at 600nm (OD600) of 3 replicates vs Time. Errors bars represent standard 
deviations calculated from the results of 3 replicates. All incubations were performed in MJYTGL 

medium in shaking incubators at 30℃.
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Supplementary Figure 4. pH Growth Rates for Marinobacter isolates. (A) Marinobacter 

hydrocarbonoclasticus str KM034, (B) Marinobacter alkaliphilus str KM021, (C) Marinobacter 

alkaliphilus str ODP1200D-1.5. Average Optical Density at 600nm (OD600) of 3 replicates vs Time. 
Errors bars represent standard deviations calculated from the results of 3 replicates. All incubations were 

performed in MJYTGL medium in shaking incubators at 30℃.
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Supplementary Figure 5. Temperature Growth Curves for Halomonas and Demequina isolates. (A) 
Halomonas axialensis str KM004, incubated MJYTGL medium 8.5, (B) Halomonas ventosae str KM024, 

incubated in MJYTGL medium pH 8.5, (C) Halomonas hamiltonii str KM007 incubated in MJYTGL 

medium pH 7.5, (D) Halomonas hamiltonii str KM072, incubated in MJYTGL medium pH 9, (E) 
Halomonas stevensii str KM051, incubated in MJYTGL medium pH 8.5, (F) Halomonas johnsoniae str 

KM073, incubated in MJYTGL medium pH 9, (G) Halomonas shengliensis str KM026, incubated in 

MJYTGL medium pH 8, (H) Demequina salsinemoris str KM012, incubated in MJYTGL medium pH 

7.5. Average Optical Density at 600nm (OD600) of 3 replicates vs Time. Errors bars represent standard 
deviations calculated from the results of 3 replicates. All incubations were performed in shaking 

incubators.
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Supplementary Figure 6. Temperature Growth Curves for Marinobacter isolates. (A) Marinobacter 

hydrocarbonoclasticus str KM034, incubated in MJYTGL medium pH 7, (B) Marinobacter alkaliphilus 
str KM021, incubated in MJYTGL medium pH 9, (C) Marinobacter alkaliphilus str ODP1200D-1.5, 

incubated in MJYTGL medium pH 9. Average Optical Density at 600nm (OD600) of 3 replicates vs 

Time. Errors bars represent standard deviations calculated from the results of 3 replicates. All incubations 

were performed in shaking incubators.
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Supplementary Figure 7. NaCl Tolerance Growth Curves. (A) Halomonas johnsoniae str KM073, 

incubated in MJYTGL medium pH 9, (B) Demequina salsinemoris str KM012, incubated in MJYTGL 
medium pH 7.5, (C), Marinobacter alkaliphilus str KM021, incubated in MJYTGL medium pH 9, (D) 

Marinobacter alkaliphilus str ODP1200D-1.5, incubated in MJYTGL medium pH 9. The MJYTGL 

media contained a varying concentration of NaCl from 0% - 25% instead of 3% NaCl. Average Optical 

Density at 600nm (OD600) of 3 replicates vs Time. Errors bars represent standard deviations calculated 

from the results of 3 replicates. All incubations were performed at 37℃ in shaking incubators.
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Supplementary Figure 8. Draft Genome of Halomonas johnsoniae str KM073. Rings from outermost 
to innermost represent: contigs, coding sequences on the forward strand, coding sequences on the reverse 

strand, RNA genes, coding sequences with homology to known virulence factors, GC content, and GC 

skew. Colors of the coding sequences on the forward and reverse strands correspond to subsystems in the 

PATRIC database.
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Supplementary Figure 9. Draft Genome of Halomonas stevensii str KM051. Rings from outermost to 
innermost represent: contigs, coding sequences on the forward strand, coding sequences on the reverse 

strand, RNA genes, coding sequences with homology to known virulence factors, GC content, and GC 

skew. Colors of the coding sequences on the forward and reverse strands correspond to subsystems in the 

PATRIC database.
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Supplementary Figure 10. Draft Genome of Marinobacter alkaliphilus str KM021. Rings from 
outermost to innermost represent: contigs, coding sequences on the forward strand, coding sequences on 

the reverse strand, RNA genes, coding sequences with homology to known virulence factors, GC content, 

and GC skew. Colors of the coding sequences on the forward and reverse strands correspond to 

subsystems in the PATRIC database.
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Supplementary Figure 11. Draft Genome of Marinobacter alkaliphilus str ODP1200D-1.5. Rings 
from outermost to innermost represent: contigs, coding sequences on the forward strand, coding 

sequences on the reverse strand, RNA genes, coding sequences with homology to known virulence 

factors, GC content, and GC skew. Colors of the coding sequences on the forward and reverse strands 

correspond to subsystems in the PATRIC database.
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Supplementary Table 1. Summary of Characteristics of sediment samples that yielded isolates used 

in this study. Estimated temperatures and pressures were calculated based on temperature and pressure at 

slab and at the seafloor, the data for South Chamorro Seamount were obtained from Salisbury et al. 

(2002), all other data were obtained from Fryer et al. (2018b). 
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Supplementary Table 2. List of Buffers used for each pH. Final concentration was 10mM in all cases. 
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Supplementary Table 3. Isolation Conditions for each of the 10 isolates selected for characterization. 

 




