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ABSTRACT 

 

Life detection missions to Mars should be as free of microbial organisms as possible to 

avoid transporting contaminants on spacecraft surfaces. Any microbes that make the trip to Mars 

or the round-trip back to Earth may compromise our ability to recognize authentic biosignatures 

from native Mars organisms. Current planetary protection protocols require that spacecraft 

components must be assembled in cleanrooms that have nearly aseptic conditions, reducing the 

chance of microbial contamination. The current research studies samples from NASA’s Jet 

Propulsion Laboratory Spacecraft Assembly Facility, collected from high-traffic floor surfaces 

and entryways. Microorganisms from these samples were enriched in liquid media based on 50% 

MgSO4 and 20% NaClO3 brines representative of Mars’ high-salt environment. Through the use 

of leading-edge molecular genetic techniques, 16S and 18S rRNA sequences provided detailed 

descriptions of the changing bacterial and fungal communities at timepoints over a six-month 

period. Bacterial communities were dominated by staphylococci increasing in diversity over 

time. Fungal communities were dominated by Saccharomycetes decreasing in diversity over six 

months. Thirty-eight bacterial isolates were collected after six months in the enrichment brines, 

identified through Sanger sequencing of 16S rRNA, characterized through morphology and 

biochemical assays, and grown in a variety of salts to measure tolerances. The culture collection 

contains halotolerant, Gram-positive bacteria found in Staphylococcus, Brevibacterium, 

Brachybacterium, and Oceanobacillus genera that can survive in a variety of high-salt brines. 

Those that persisted in the enrichment brines for an extended period may pose the greatest risk to 

life detection missions as they might be the most likely to survive and proliferate at the near-

surface of Mars. This research informs efforts to protect Mars from microbial contamination that 

can confound life detection or harm potential native ecosystems. 
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CHAPTER 1 

INTRODUCTION 

 

1.6 Planetary Protection 

When exploring a new planet through the use of rovers or walking on its surface, 

researchers have a duty to ensure their missions are done so in the absence of contamination. The 

committee on space research (COSPAR) implemented the practice of planetary protection in 

1959, striving towards the elimination of contamination risks and protecting all solar bodies on 

extraterrestrial missions (Kminek et al., 2017). Planetary protections include contamination by 

life forms from Earth being transported on spacecraft towards a celestial body (forward 

contamination) and protects our planet from extraterrestrial life forms that could survive the trip 

back to Earth (back contamination) (Kminek et al., 2017). COSPAR employs five categories or 

levels of planetary protection requirements for each mission that are differentiated by the target 

body and the encounter the spacecraft will have with it.  

These categories increase in the documentation and sterilization requirements for the 

missions they describe. Whereas category I describes missions of least concern for 

contamination and requires the least amount of precautions while category V describes missions 

of most concern for contamination and requires the most precautions: 

• Category I: Flyby, orbiter, and lander missions that are planned for target bodies 

that are not involved in the direct study for the origin of life or chemical 

evolution. This the lowest level of planetary protection and there are no planetary 

protection requirements for this category. Target bodies of category I missions 

include undifferentiated, metamorphosed asteroids. 
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• Category II: Flyby, orbiter, or lander missions that are planned for target bodies 

that are involved in the direct study for the origin of life or chemical evolution 

with a low risk of contamination as the targeted body does not meet requirements 

for supporting life. Documentation required for this category include impact 

strategies, pre- and post-encounter analyses, and an End-of-Mission report. Target 

bodies currently considered category II are Venus, Moon, Comets, Jupiter, Saturn, 

Uranus, Neptune, Jupiter’s moons Ganymede and Callisto, Saturn’s moons Titan 

and Triton, Pluto and Kuiper Belt Objects. 

• Category III: Flyby or orbiter missions that are planned for target bodies that are 

involved in the direct study for the origin of life or chemical evolution with a 

notable risk of contamination as the target body could support life. Required 

documentation includes those required for category II missions as well as 

trajectory biasing, the use of cleanrooms when assembling spacecrafts, and 

procedures for bioburden reduction. Impact is not expected because of the nature 

of flyby or orbiter of category III missions, but an inventory of organics aboard is 

required if there is a significant chance of accidental impact. Target bodies 

currently considered category III are Mars, Europa, and Enceladus. 

• Category IV: Probe or lander missions that are planned for target bodies that are 

involved in the direct study for the origin of life or chemical evolution with a 

notable risk of contamination as the target body could support life. These 

missions follow the same requirements as category III missions with the addition 

of microbial reduction and assay plans, organics inventory, and monitoring of 

bioburden through a bioassay. Bioshields are used to cocoon the spacecraft, 
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sealing them from any biological contamination until it has left Earth’s 

atmosphere. Target bodies currently considered category IV are Mars, Europa, 

and Enceladus. There are three subcategories for missions to Mars: 

o Iva: Lander missions that are not searching for extant life on Mars are 

restricted to a bioburden level of no more than 3 x 105 spores on its 

surface. This is an average of ≤300 spores per square meter of its surface. 

o Ivb: Lander missions that are designed to look for extant life on Mars are 

restricted to a bioburden level of no more than 30 spores on its surface. 

Instruments used for life detection acquisition, delivery, and analysis must 

be sterilized to the same bioburden level for the entire lander. 

o IVc: Lander missions that explore “special regions” of Mars (described 

below). This subcategory requires the bioburden level be no more than 30 

spores on its surface even if the mission does not include life detection 

experiments. 

• Category V: All mission types that include a return to Earth. This category is 

subdivided into two subcategories based on what we know about ability to host 

life on the targeted celestial body: 

o Unrestricted Earth Return: Missions to planets that cannot host 

indigenous life forms. These missions do not require any additional 

procedures or documentation than what is specified for category II 

missions. 

o Restricted Earth Return: Missions to planets that can potentially host 

indigenous life forms, including Mars. These missions require what is 
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described in category IV missions as well as containing all collected 

samples and contaminants on hardware so that they can be analyzed for 

biosignatures once returned to Earth. The bioburden level must be no more 

than 30 spores on the surface of the lander to avoid false positives when 

conducting life detection experiments. 

  When evaluating planets and assessing their ability to host terrestrial organisms, 

researchers must consider areas on planets called “special regions” that provide sufficiently 

habitable chemical and physical conditions for terrestrial organisms to replicate (Kminek et al., 

2017). Special regions are either naturally occurring or resulting from the landing of spacecraft 

(Rummel et al., 2014). Guidelines used to define special regions were created in regard to the 

known limits to life on Earth and are based on predictions of the martian global climate for the 

next 500 years (Rummel et al., 2014). As defined by COSPAR, special regions include areas on 

Mars that have a water activity between 0.5 –  1.0 Aw and temperatures above -28˚C (Kminek et 

al., 2017). 

 Temperature and water activity are found to be the key limits to cell division and 

metabolic activity. As temperatures decrease, molecules become more stable and rigid (DNA, 

proteins, membrane lipids, etc.), water becomes less available (as it freezes), and rates of 

diffusion and chemical reactions decrease (Fields, 2001; Goodey and Benkovic, 2008; Chin et 

al., 2010; Struvay and Feller, 2012). Limits do not only apply to the organisms itself as 

individual enzymes can have optimal temperatures well outside that of the parent organism 

(Birolo et al., 2000). Cell division or metabolic activity related to survival of terrestrial 

organisms has not been recorded in temperatures lower than -18˚C. 
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 Water activity is described in depth in section 1.5. Water has a central importance in the 

potential for life on other planets as it is required for all life on Earth. As water becomes less 

available, microorganisms become increasingly more susceptible to desiccation and face the 

inability to divide. Terrestrial organisms have not been documented replicating below 0.61 Aw 

(Stevenson et al., 2014). 

 

1.2 The Mars Environment 

 With the first successful flyby mission of Mars executed in 1964, NASA researchers have 

had decades of opportunity to learn about the Red Planet and the conditions lifeforms would 

experience if present or introduced. Lander and rover missions have collected data about the 

geography of its surface, the layers of ice below, and the composition of the soil. These findings 

allow researchers to make predictions about the chance of life occurring on Mars based on what 

is known about requirements of even the simplest Earth organisms. 

Speculations of Mars’ soil composition were made from data collected by the Viking 

flyby mission and Pathfinder and Opportunity lander missions (Kounaves et al, 2010). The 

Phoenix Mars Lander confirmed these speculations in 2008 when it discovered the presence of 

sulfates, chlorates, and perchlorates in Mars’ soil (Hecht et al., 2009). Using a wet chemistry lab 

aboard the spacecraft, Phoenix Mars Lander tested soil samples with ion-selective electrodes and 

found solutions were dominated by perchlorates. 

The discovery of perchlorates was supported by in 2012 when the Curiosity rover also 

found evidence of perchlorates in the soil at multiple sampling sites on Mars (Kerr, 2013). 

Perchlorate is found at concentrations on Mars that are considered highly toxic for both humans 

and plants, about 0.5 to 1.0 percent (David, 2013). Although perchlorate may inhibit many forms 



 

 
 

6 

of life, it is not considered toxic to all microorganisms, as many can survive by reducing low 

concentrations of perchlorate in anaerobic conditions (Nozawa-Inoue, 2005). Habitable levels of 

perchlorate are typically limited to micromolar concentrations (Nozawa-Inoue, 2005). Many of 

the microbes that are capable of surviving the presence of these low concentrations of 

perchlorates originate in Proteobacteria and Firmicutes phyla or are found in the archaeal domain 

(Coates et al., 2004; Liebensteiner et al., 2013). Chlorate is an intermediate oxidation species 

between chloride and perchlorate and its presence in Martian soil could be indicative of this 

process taking place. Several chlorate cations were present at the Phoenix landing site, including 

sodium, potassium, magnesium, and calcium chlorate (Hanley et al., 2012). The water activity of 

20% sodium chlorate is 0.84 Aw, falling within the acceptable range for special regions as 

described by COSPAR  (Resnik and Chirife, 1988). 

Prior to the Phoenix Mars Lander confirming its existence, sulfur was detected in martian 

soils by X-ray spectroscopy at the Viking, Pathfinder, Opportunity, and Spirit landing sites 

(Kounaves et al., 2010). Like the detection of perchlorates by the Phoenix Mars Lander, the 

onboard wet chemistry lab used ion-electrodes to determine the ionic species in the soil samples. 

The results showed that magnesium sulfate (MgSO4) was the dominant sulfur species with some 

calcium sulfate (CaSO4). Researchers theorize that volcanic eruptions on Mars may have 

produced large quantities of sulfur dioxide (SO2) and hydrogen sulfide (H2S), both of which 

would have oxidized to sulfuric acid (H2SO4). Sulfuric acid could react with carbonates and 

other materials, producing both magnesium sulfate and calcium sulfate. Other theories include 

minerals undergoing aqueous speciation if liquid water ever occurred on Mars (Kounaves et al, 

2010). The melting of permafrost or condensation of water vapor from the permafrost on Mars 

could produce brines that are heavily saturated with magnesium sulfate (McEwen et al., 2011). 
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Sulfates are found at a higher concentration in martian soils than chlorates (S:Cl ratio of 

4:1) (Crisler et al., 2012). High concentrations of magnesium sulfate are not considered 

incompatible for hosting life as Earth microorganisms have been documented to survive in high 

concentrations of sulfur, including 2M magnesium sulfate (Crisler et al., 2012; Wilks et al., 

2019). The water activity of 50% magnesium sulfate is 0.90 Aw, falling within the range for 

special regions as described by COSPAR (Kilmer et al., 2014; Fox-Powell and Cockell, 2018). 

The surface temperatures on Mars are generally cold with means of -58˚C at the equator 

and -113˚C at the poles (National Research Council, 2007). The thin atmosphere paired with 

ultraviolet radiation generates heat fluxes on the surface of Mars that widely fluctuate surface 

temperatures throughout the day (National Research Council, 2007; Plesa, A.-C. et al., 2016).  

These fluctuations may temporarily raise temperatures to above freezing for the upper few 

centimeters only because beneath the surface is a cryosphere where temperatures continuously 

remain below the freezing point of water. The cryosphere is estimated to have depths of ~2.3 km 

at the equator and ~6.5 km near the poles (Schwenzer et al., 2012), although some estimates have 

suggested it is nearly double in thickness (Clifford et al, 2009). Below the cryosphere, 

groundwater is believed to be present and stable (Orosei et al., 2018). Leading explanations for 

the groundwater include hydrothermal activity and high salt brines, or a combination of the two 

(Chevrier, 2009; National Research Council, 2007; Orosei et al., 2018). Hydrothermal activity on 

Mars includes volcanic activity which may heat the groundwater as magma is flowing beneath it 

(Ivanov and Pierazzo, 2011). High salt brines such as those with perchlorates lower the freezing 

point of water to -69˚C (Chevrier, 2009). The presence of sulfates, chlorates, and perchlorates in 

martian soil may explain how subsurface brines can remain liquid. 



 

 
 

8 

Mars hosts several naturally occurring areas on its surface that are considered special 

regions and are of particular interest when investigating the possibility of hosting life. Gullies 

observed by NASA’s Mars Global Surveyor may indicate water flowing in relevantly recent 

times and the presence of aquifers below the surface (Goldspiel and Squyres, 2011; Martinez and 

Renno, 2013). Although groundwater on Mars has not been confirmed, the presence of gullies 

may be indicative of ice shelves melting below the surface (Malin and Edgett, 2000; Mellon and 

Phillips, 2001). Recurring slope lineae (RSL) are hypothesized to be flows of rapidly heated 

nocturnal frost (Chevrier and Rivera-Valentin, 2012; Dundas et al., 2015; McEwen et al., 2015). 

RSL are natural features observed to trend downslope at a range of elevations. They recur 

annually, extending primarily into the warm seasons and are consistent with behaviors expected 

of melting brines (Dudas et al., 2015). Origins of the RSL are still up for debate but possible 

sources include atmospheric water, melting ice, and groundwater (Dundas et al., 2015; McEwen 

et al., 2015). Brines on Mars, if substantiated, would be groundbreaking for life detection 

missions as researchers can look at Earth analogues and find microorganisms thriving, 

specifically in subglacial environments (Mikucki et al., 2009). 

The inhospitable conditions on Mars have not always been present as evidence of past 

water sources such as lakes and rivers describe terrain that was once more welcoming to life. 

Valleys that span several kilometers wide and a few thousand kilometers long date back to the 

Noachian period which likely saw wetter conditions than those today (National Research 

Council, 2007; Fairén et al, 2009). These past conditions are described through evidence of 

fluctuation of the water table at Meridiani, presence of hydrothermally altered rocks in Gusev 

crater, and surface erosion rates that were once four to five orders of magnitude higher than they 

are today (Carr, 2006; National Council Review, 2007). Other evidence includes chaos terrain on 
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Mars that is unlike anything on Earth, hypothesized to have been created through melting of 

buried ice or the sublimation of an ice-rich layer (Zegers et al., 2010; Pederson and Head, 2011). 

Signatures left by hematite, a mineral typically associated with aqueous environments, have been 

observed at several locations on Mars’ surface, including within some networks of chaos terrain: 

Aram Chaos and Aureum Chaos (Glotch and Christensen, 2005). The surface of Mars was likely 

once more welcoming to life as conditions were sufficiently habitable. 

 

1.3 Extremophiles 

 The high salt conditions on Mars pose a threat for many microorganisms that are unable 

to survive in its presence. Microorganisms that can survive in these conditions are defined as 

halotolerant as they can tolerate salt, but it is not required for their optimal growth; microbes that 

require high salt levels to grow are defined as halophiles (Olliver, 1994; Van den Ber, 2003). 

Halotolerance is found across all domains of life and is defined by the amount of salt they can 

endure. Halophilic bacteria require at least 0.3 M NaCl with extreme halophiles requiring up to 

5.1 M NaCl (Olliver, 1994). Halophilic fungi are less common than halophilic bacteria and 

require at least 0.8 NaCl with extreme halophiles requiring up to 5 M NaCl (Plemenitas, 2014). 

 Microbes that can survive in high-salt conditions have adapted techniques to keep salt out 

of its cytoplasm (Lang, 2007). There are two primary strategies that halophilic microbes can 

employ to regulate the osmotic pressures of the presence of salt (Santos and Da Costa, 2002). 

The first strategy is employed by bacteria, archaea, and fungi and involves the accumulation of 

organic compounds in the cell which act as osmolytes and bring water into the cell to increase 

the internal osmolarity (Santos and Da Costa, 2002; Lang, 2007). The second strategy is mainly 

utilized by archaea although some bacteria use it as well; this strategy involves the influx of 
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potassium ions into the cell to restore internal osmolarity (Santos and Da Costa, 2002). Fungi 

have an additional strategy to cope with high salt conditions that includes reinforcing its cell wall 

structure to increase turgor pressure and prevent salt from entering (Gunde-Cimerman and Zalar, 

2014). 

 When unfavorable conditions are present, many bacteria of the Firmicute phylum have 

the ability to form endospores to avoid potential demise. Endospore structures allow bacteria to 

lay dormant until environmental and nutritional requirements are met and have been observed to 

remain viable for up to 250 million years (Cano, 1995). For microorganisms that cannot survive 

high salt conditions, endospore structures provide refuge until favorable conditions are present.  

 

1.4 The Spacecraft Assembly Facility 

 The microbial communities were provided by the Spacecraft Assembly Facility of 

NASA’s Jet Propulsion Laboratory (JPL-SAF). This building was constructed in 1961 in 

Pasadena, California and was the site of assemblage for many prominent spacecrafts, such as the 

Curiosity and Opportunity rovers that were launched to explore Mars’ terrain (“JPL Facility,” 

2011). A cleanroom within the facility is 80’ wide, 120’ long, and 44’4” high, with controlled 

average temperature of 20 ± 5˚C and relative humidity of 40 ± 5% (Venkateswaran et al., 2001). 

JPL-SAF is considered an ISO-7 class facility meaning there are less than 10,000 particles of 0.5 

micron or lager in size per cubic foot of air volume (Venkateswaran et al., 2001). To accomplish 

this level of cleanliness, the facility uses an HEPA air filtration system that exchanges the air 

four times per hour (“JPL Facility,” 2011). Conditions within the cleanroom are regulated to 

discourage microbial growth, creating a desiccating environment with oligotrophic nutrient 

levels (Venkateswaran et al., 2001; Moissl et al., 2007). 
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 Regular sampling of the cleanrooms is performed to document the microorganisms 

present within JPL-SAF. Wipes and cotton swabs are used to sample hardware and surfaces after 

they have been cleaned (“Planetary Protection”; Venkateswaran et al., 2001; Moissl et al., 2007). 

Sterile polyester wipes are used to collect samples from large surface areas and are suspended in 

buffer solution before microbes are removed through sonication (“Planetary Protection”). The 

wipes being used for the research were collected from three high-traffic floor surfaces and 

entryways areas found in a JPL-SAF cleanroom.  

Previous studies conducted in relation to the microbial communities present within JPL-

SAF have sampled surfaces and hardware of the cleanrooms as well as filtration systems and 

directly outside of the facility (Moissl et al., 2007; Ghosh et al., 2010; Satomi et al, 2006). These 

studies have shown that bacteria dominate the fungal and archaeal populations within these 

cleanrooms (Moissl et al., 2007; Hendrickson et al., 2017). These studies have produced a 

narrative of the origin and abilities of the microorganisms capable of living within the 

unforgiving conditions of the spacecraft assembly facility cleanrooms.  

Human activity within JPL-SAF allows for the transport of outdoor microbes into the 

facility as well as the spread of microorganisms associated with the human microbiome. 

Environmental bacteria cultivated from JPL-SAF include those found in the Streptomyces, 

Filibacter, and Sporosarcina genera (La Duc et al., 2003; Satomi et al., 2006). Staphylococcus, a 

bacteria genus associated with soil environments and human microbiomes, has been observed 

within JPL-SAF and several other SAFs (La Duc et al., 2003). Fungal species documented in 

JPL-SAF are associated with those found in the soil, with dominant genera found within 

Ascomycota, Basidiomycota, and Chytridiomycota phyla (La Duc et al, 2012). 
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Microorganisms capable of surviving extreme conditions have been isolated and 

characterized from JPL-SAF. Halotolerance has been observed across several genera such as 

Bacillus, Exiguobacterium, and Oceanobacillus, with tolerances exceeding 20% NaCl (wt/vol) 

(La Duc et al., 2007; Fox-Powell et al., 2016). Resistance to desiccation has been observed in 

JPL-SAF by species found within the Bacillus, Modestobacter, and Arthrobacter genera 

(Venkateswaran et al. 2003; La Duc et al, 2012). 

Selective pressures of the JPL-SAF cleanrooms may be playing a role in generating 

microbial organisms that are resistant to extreme conditions (La Duc et al., 2012). Comparison of 

bacterial species isolated from JPL-SAF to those from the American Type Culture Collection 

(ATCC) found that spacecraft associated species were more resistant to UV light and 

desiccation. In Lac Duc et al., researchers noted that bacteria found across several phyla were 

present on spacecraft associated surfaces even after rigorous cleaning practices (2012). 

Microorganisms from JPL-SAF that are capable of withstanding extreme conditions may have 

characteristics that are being inadvertently selected for and may aid in their ability to survive on 

Mars. 

 

1.5 Water Activity 

Previous research shows that it is not the presence of high salt that becomes a barrier of 

habitability for microorganisms, but the associated water activity and ionic strength of the brine 

(Fox-Powell et al., 2016; Pontefract et al., 2017). Ionic strength is the concentration of ions in a 

solution and as it increases, the solution becomes more uninhabitable for the microbes to survive 

(Solomon, 2001). Water activity (Aw) is the amount of water available for the hydration of 

solutes and ranges from 0 (no water) to 1 (pure liquid water) (Rockland and Beuchat, 1987; 
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Rummel et al., 2014). COSPAR uses water activity as a defining factor when considering special 

regions on Mars and requires between 0.5 to 1.0 Aw (Kminek et al., 2017).  

The addition of salt lowers water activity, which in turn will lower the evaporation rate 

and freezing point of a solution (Asteman et al., 2000). Evaporation rates are directly dependent 

on the temperature and directly dependent on the concentration of the solution (Hanley et al., 

2012). As salt is added to solutions, it begins to occupy surface areas where the water is being 

evaporated or vaporized, and restricts the movement of water molecules, and thus lowers its 

evaporation and water vapor rate (Astemann et al., 2000). 

Water potential is the water activity of a solution compared to the water activity of a 

standard solution (Taiz and Zeiger, 2012). It consists of the solute potential, pressure component, 

gravimetric component, humidity potential, and matric potential (Taiz and Zeiger, 2012). Both 

solute and matric potentially play a valuable role when considering soils found on Mars’ surface. 

Solute potential affects the water potential in relation to the solute molecules present in a 

solution, while matric potential is the effects of adhesive intermolecular forces between the water 

and solid particles of the solution. The composition of the soils determines both the solute and 

matric potential and the water available for microorganisms to survive. 

Perchlorates attract water and are capable of pulling humidity from the air (Gough et al., 

2011). Perchlorate brines are metastable at eutectic temperatures and have low evaporation rates, 

meaning that the perchlorate soil on Mars is capable of maintaining its relative humidity 

(Chevrier, 2009). According to research by Chevrier et al., any liquid evaporated during the day 

on Mars can be regained over the night and early morning periods (2009). This suggests that 

perchlorate soil may have the ability to host microbial life without fear of desiccation. Sodium 

chlorate has similar evaporation rates found in sodium perchlorate, meaning it can also attract 



 

 
 

14 

water and create habitats for microbes to live (Hanley et al., 2012). Hydrated magnesium sulfate 

has shown to be stable in low temperatures, meaning that evaporation would occur at a low rate 

(Vaniman et al., 2004). 

Magnesium sulfate and sodium chlorate were chosen because of their presence in Martian 

soil and their ability to lower the water activity of the brines. Magnesium sulfate at 50% (wt/vol) 

concentration has a water activity of 0.90 Aw and the water activity of 20% (wt/vol) sodium 

chlorate is 0.84 Aw (Resnik and Chirife, 1988; Kilmer et al., 2014; Al Soudi et al., 2017; Fox-

Powell and Cockell, 2018). Both of these water activities fall within the 0.5 – 1.0 Aw 

requirements for special regions on Mars as defined by COSPAR, indicating that life could 

survive and replicate within these concentrations of salt brines (Kminek et al., 2017). 

 

1.6 Mars 2020 

 In July of 2020, NASA launched its Mars 2020 rover, Perseverance, into space to begin 

its course to Mars. This rover is part of NASA’s Mars Exploration program which encompasses 

four science goals of their master plan. These goals consist of evaluating Mars’ geology, climate, 

and ability to have once supported life; all of which prepare researchers for the inevitable human 

exploration of Mars (“Mars 2020 Mission Overview,” 2019). Results of this thesis work may 

contribute to risk assessments established by planetary protection protocols.  
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CHAPTER 2 

AIM 

 

2.1 Rationale 

Life detection missions are currently being designed, assembled, and launched in the 

hopes of finding alien life within our universe. If present, this life is likely in the form of 

microorganisms as they are the predecessors of all terrestrial organisms and are capable of 

adapting to extreme conditions. Spacecraft bound for life detection missions must be assembled 

in a virtually sterile environment to reduce microbial contamination that may hinder the ability to 

detect authentic biosignatures from native Mars organisms. Microbial communities present 

within NASA’s Jet Propulsion Laboratory’s Spacecraft Assembly Facility are associated with 

human activity and have exhibited extremophile behavior such tolerances for desiccation, 

exposure to UV-C radiation, and high salt conditions (La Duc et al., 2007; Moissl et al., 2007; 

Vaishampayan et al., 2009).  

Current life detection missions are focused on Mars as researchers learn more about its 

climate, geology, and ability to have once supported life. Special regions describe areas that 

promote reproduction based on what is known for water activity and temperature requirements of 

terrestrial organisms (Rummel et al., 2014; Kminek et al., 2017). On Mars, special regions are 

associated with the possibility of liquid water. If water is present on Mars, it is likely in the form 

of salt brines as permafrost melts and incorporates salt in the soil. Magnesium sulfate and sodium 

chlorate rich soils found on Mars may create brines that can support life. Brines consisting of 

50% MgSO4 (wt/vol) and 20% NaClO3 (wt/vol) have water activities that fall within 

requirements for special regions (0.90 and 0.84 Aw, respectively) (Resnik and Chirife, 1988; 
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Kilmer et al., 2014; Al Soudi et al., 2017; Fox-Powell and Cockell, 2018). Microorganisms 

present within JPL-SAF that are capable of surviving in 50% MgSO4 and 20% NaClO3 

enrichment brines for an extended period of time pose the greatest risk to life detection missions. 

 

2.2 Objectives 

1. The dynamic change of the microbial community in SAFs will be followed within Mars-

like enrichment brines over a six-month period. 

a. Microorganisms from JPL-SAF will be grown and sampled at regular timepoints 

in 50% MgSO4 and 20% NaClO3 liquid broth media. 

b. Bacteria and fungi that grow and survive in Mars-like enrichment brines at several 

timepoints will be evaluated using molecular genetic methods. 

c. Developed cultures will be desiccated by partial or complete drying. 

2. Isolation and characterization of bacteria present after long incubations in Mars-like 

enrichment brines. 

a. Morphology, enzyme activity, motility, and identity of isolates will be 

documented. 

 
2.3 Hypotheses 

1. The most probable number count will reveal that only a fraction of the 

microorganisms present in JPL-SAF will grow at high salinity. As salt concentrations 

increase, the number of microorganisms from JPL-SAF capable of surviving decreases 

(Moissl-Eichinger, 2017). Selective pressures of high salinity brines will limit the number 

of microorganisms due to the extreme chemical conditions. 



 

 
 

17 

2. Regular DNA extractions will expose low diversity of microorganisms present 

within the enrichment brines. Enrichment brines representative of Mars’ near-surface 

that contain either 50% MgSO4 or 20%NaClO3 are extreme for many microorganisms 

that will find it difficult to survive. Selective pressures from the high-salt enrichment 

brines will likely discourage growth of most organisms found within JPL-SAF. 

a. Dominant species will be present within the microbial communities. 

Organisms within the flasks will likely outcompete one another as they grow 

within the enrichment brines. Limited nutrients will drive the forces behind this 

competition as microorganisms face restricted food supply, toxic metabolites 

build-up, and predation (Fredrickson and Stephanopoulos, 1981). 

b. Many of the organisms present in the enrichment brine communities and 

bacterial isolates will be associated with human activity. Previous studies have 

found that microorganisms observed within JPL-SAF are likely introduced by the 

employees through their microbiome or being transported from outside of the 

facility (La Duc et al., 2003). 

3. Genomic identification of bacterial isolates collected from enrichment brines after 

six months will represent the most abundant organisms present in the enrichment 

brines. Identification of the bacterial isolates through DNA sequencing will uncover 

similarities between the isolate collection and organisms from the enrichment brine flasks 

that demonstrate heightened relative abundances at the six-month time point. 

a. Functional characterization of bacterial isolates will reveal high salinity 

tolerances to a variety of salt concentrations. These salt tolerances will expand 

beyond the salts present in the enrichment brines. JPL-SAF has been shown to 
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house halotolerant microbes capable of growing in high concentrations of several 

salts (Venkateswaran et al. 2001; La Duc et al. 2003). 
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CHAPTER 3 

METHODS 

 

3.1 Media Preparation 

 Enrichment media is created to support the growth of microbes by providing resources 

they require. The selectivity of media can be altered to promote the growth of microbes with 

specific characteristics or tolerances of adverse conditions. Media used for this thesis work were 

altered to select for microorganisms that could survive in high-salt brines representative of the 

near-surface environment of Mars. Liquid broths prepared for this research are modified versions 

of salt plains (SP) medium, which typically is made with a moderate amount of salt (10% - 

NaCl) and is rich in nutrients (Caton et al., 2004). The composition of SP medium is, per liter: 

NaCl, 98 g; KCl, 2.0 g; MgSO4·7H2O, 1.0 g; CaCl2·H2O, 0.36 g; NaBr, 0.23 g; FeCl3·6H2O, 1.0 

mg; trace minerals, 0.5 ml; yeast extract, 10.0 g; Bacto-tryptone, 5.0 g; glucose, 1.0 g; and 

brought to a final pH of 7.0 (Caton et al., 2004). High-salt brine media were created by lowering 

NaCl in SP media to 0.1% and supplementing with 50% MgSO4 (wt/vol) or 20% NaClO3 

(wt/vol) per liter.  

Four 100-mL flasks of each brine solution (50% MgSO4 and 20% NaClO3) were 

prepared to immerse the microbial populations from each wipe sample into both high-salt 

conditions. Media was stored in 4˚C refrigeration prior to inoculation and warmed to room 

temperature day of. 
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3.2 JPL Samples 

 A total of four polyester wipes were provided by JPL-SAF. Three wipes were used within 

the facility to collect samples from high traffic floor surfaces (see Figure 1). Wipes were used to 

sample abundance of microbes over a 1-m2 area of SAF floors. The fourth wipe sample was 

sterile and never came in contact with surfaces within the cleanroom, acting as a procedural 

blank. The polyester wipes are dry when they arrive to JPL-SAF and become saturated with 15 

mL of sterile water before collecting samples. Wipes used for this research were packaged in 50 

mL centrifuge tubes and delivered overnight on dry ice. 

 

 

Upon receiving the samples, 10% sodium pyrophosphate (a chaotropic agent) was added 

to separate the cells from the wipes and side of the tubes. After allowing the wipes to sit in the 

10% sodium pyrophosphate for ten minutes, a syringe plunger was used to squeegee the liquid to 

the bottom of each tube. Using a pipette, 1 mL from each of the four wipe sample tubes was used 

Figure 1. Diagram showing the floor surfaces where wipes were used to collect 
microbial communities within the JPL-SAF cleanroom. 
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to inoculate a 100-mL flask from both 20% NaClO3 and 50% MgSO4 media. Additionally, 6 mL 

from each wipe sample tube were centrifuged to prepare DNA extracts for a timepoint of zero 

through a procedure later described in the sample collection section, 3.4. 

 

3.3 Most Probable Number Count 

 Microbial communities from JPL-SAF were tested in a range of salt concentrations 

through a most probable number (MPN) count. These salt conditions were made similarly to the 

liquid broths, based on SP medium with modified salt sources and concentrations. Media 

included 50% MgSO4, 1% and 5% NaClO3, 1% and 5% NaClO4, and 0.1% NaCl. Media were 

separated into test tubes with five replicates and held 1.8 mL of each salt concentration. 

The MPN count was performed using the liquid collected from the wipe sample tubes. 

0.2 mL of liquid collected from each wipe sample tube was added to the first column of test 

tubes containing 1.8 mL of salt treatment, creating 2 mL of inoculated media each. This serial 

dilution continued down each row, further diluting the culture. Tubes were left on a shaker at 

room temperature and checked ten days after inoculation. Turbidity within the tubes was 

observed visually and indicated positive growth. This pattern of positive growth across the tubes 

was compared to an MPN index and the final value is reported as most probable number of 

halotolerant cells per milliliter of undiluted sample (Woomer, 1994; Balance and Bartram, 2007).  

 

3.4 Enrichment Cultures 

 Crude DNA extractions of liquid enrichment cultures were performed on a weekly basis 

for one month and again at six months using freeze-thaw cycles as described in Caton et al. 

(2004). A total of 6 mL of dense liquid cultures were collected and subjected to the maximum 
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speed (16.4 x 1000 rpms or 14,000 g) in the microcentrifuge. After disposing of supernatants, 

pellets were suspended in 300 uL of sterile water and subjected to freeze-thaw cycles. Cycles 

consist of alternating samples between liquid nitrogen and an 80˚C water bath. Pellets were 

vortexed to break the cells and release DNA after every two cycles. Homogenates were 

centrifuged for ten minutes at maximum speed and supernatants were collected and heated at 

80˚C for five minutes to inactivate enzymes. The extracts were stored at -20˚C. 

Partially and fully dry conditions were created by adding 5 mL of each flask culture to 

petri dishes placed in the vacuum desiccator over Drierite. Samples were collected from partially 

dried cultures after 72 hours and fully dried cultures were collected after two weeks in the 

vacuum desiccator. Partially dried samples consisted of any liquid that was present after the 72-

hour period. Fully dried cultures were rehydrated to initial weight of 17.66 g (empty petri dish + 

5 mL of culture) with sterile water before samples were collected for DNA extraction. Freeze-

thaw cycles were utilized to obtain crude DNA extracts of partially and fully dry samples. 

 

3.5 PCR Amplification 

Polymerase chain reaction (PCR) was performed on all collected DNA samples to 

confirm that organisms’ rRNA sequences would amplify when subjected to Illumina sequencing. 

Primers used for PCR were purchased through Sigma-Aldrich and were domain specific, 

targeting the bacterial and fungal organisms present. All PCR was performed in a thermal cycler 

(Eppendorf Mastercycler) as 25-uL reactions; each reaction contained 2.5 uL of each primer 

(0.2uM), 1 U of DreamTaq DNA polymerase and associated master mix (Thermo Scientific), 

and 5 uL of DNA extract. Positive and negative controls were used in all PCR runs to asses any 

risk of contamination during the PCR process. Positive controls were known organisms found 
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within the same domain of those being amplified; negative controls did not include any DNA 

samples and tested possible contamination of PCR reagents. PCR amplicon products were 

visualized on 1.5% agarose gels stained with ethidium bromide on a UV light box. 

 Bacterial primers were used to select for the 16S rRNA genes unique to bacteria 

(EUBpA: 5’-AGAGTTTGATCCTGGCTCAF-3’ and EUBpH: 

5’AAGGAGGTGATCCAGCCGCA-3’) (Edwards et al., 1989). The thermal cycler denatured 

the DNA at 95˚C for 2 minutes, followed by 40 cycles of 95˚C for 1 minute, 50˚C for 1 minute, 

and 72˚C for 1 minute, with a final 5-minute extension at 72˚C (Caton et al., 2004). Positive 

control for bacterial PCR was a previously described Halomonas bacteria isolated from Hot 

Lake, WA (Kilmer, et al., 2014). 

Fungal primers were used to select for the 18S rRNA genes unique to fungi (Fun817F: 

5’-TTAGCATGGAATAATRAATAGGA-3’ and Fun1536R: 5’ATTGCAATGCYCTACCCCA-

3’) (Borneman & Hartin, 2000). DNA was denatured at 95˚C for 2 minutes, followed by 40 

cycles of 95˚C for 1 minute, 50˚C for 1 minute, and 72˚C for 1 minute, with a final 5-minute 

extension at 72˚C (Evans et al., 2013). Positive control for fungal PCR was Candida albicans 

NRRL Y-12983 (ARS Culture Collection NRRL, USDA). 

 

3.6 Illumina Sequencing 

A total of fifty-four DNA extracts were collected from the enrichment brines over the six-

month period. Thirty-eight samples of the original fifty-four were chosen to represent the 

microbial communities each week for the first month, again at six months, and when fully dried. 

All samples were amplified through PCR and subjected to gel electrophoresis to check quality 

before being sent to KU Genomics Core for Illumina sequencing, where 30,000 rRNA reads 
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were expected for each sample. Illumina sequencing was performed using broad primers for both 

16S and 18S rRNA sequences. Files were returned in FASTQ format with demultiplexed 

forward and reverse reads.  

Illumina files were uploaded to the Galaxy web platform (Afgan et al., 2018). Data was 

analyzed following the 16S Microbial Analysis on Galaxy’s public server (Batut et al., 2018; 

Hiltemann et al., 2020). This analysis incorporates tools designed by MOTHUR (Schloss et al., 

2009). Forward and reverse reads were combined to create contigs, generating an average read 

length of 465 nucleotides for 16S and 334 nucleotides for 18S. Both 16S and 18S sequences 

were aligned to SILVA alignment, v.138 and classified in reference to SILVA taxonomy, v.138.  

 

3.7 Bacterial Isolate Collection 

Bacteria living in the flask cultures at six months were isolated, identified through 

genomic sequencing, and characterized through morphological, physiological, and biochemical 

tests. Enrichment cultures were serially diluted in SP medium broth supplemented with 10% 

NaCl (wt/vol). Dilutions were plated on 10% NaCl (wt/vol) SP medium plates prepared with 15 

g/L Bacto-agar.  

 Colonies were selected from the diluted cultures on the agar plates based on colony 

morphology and isolated further on five additional streak plates. Isolates remaining after five 

additional uncontaminated agar plates were transferred to agar slants comprised of SP medium 

supplemented with 10% NaCl (wt/vol). Duplicates of every isolates’ agar slant was made to 

preserve the collection and avoid contamination as one of each isolate’s duplicate became the 

working set while the other was used to maintain the collection. 
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3.7.1 Sanger Sequencing 

 Genomic DNA of each bacterial isolate was collected through the DNA extraction 

protocol previously described. Amplicons of the extracts’ 16S rRNA gene were obtained through 

PCR with the EUBpA and EUBpH primers. The amplicons were sent to Eurofins for single-pass 

Sanger sequencing with the EUBpA primer. Results of single-pass Sanger Sequencing of 

bacterial isolates were returned in .sff, .ab1, and .seq formats. 

 

3.8 Morphological, Physiological, and Biochemical Characterization 

All tests were performed in duplicates to ensure accuracy. All media was autoclaved prior 

to use to reduce contamination. Inoculated media requiring incubation was checked daily over a 

span of a week to allow slow-growing organisms sufficient time. 

 

3.8.1 Cell Shape 

 Cell shapes of the bacteria isolates were recorded when viewing smears under the 

microscope while performing Gram and endospore staining. 

 

3.8.2 Gram Stain 

 Gram-stain procedure was performed on each isolate using Harleco reagents and 

following the manufacturer’s protocol. Slides were immediately viewed under microscope 

following staining. 
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3.8.3 Endospore Stain 

 Endospore stain procedure used reagents from and followed instructions by Fischer 

Science. Slides were immediately viewed under microscope following staining. 

 

3.8.4 SIM Test 

 Motility, hydrogen sulfide production, and indole production were determined through 

stab inoculation of SIM media. Media deeps were created using BBL SIM Medium mix and 

following manufacturer’s instructions. Tubes were incubated in 37˚C walk-in. 

 

3.8.5 Catalase Test 

 Presence of catalase enzyme was determined through applying 3% hydrogen peroxide to 

individual smears of liquid broth culture isolates on microscope slides. 

 

3.8.6 Gelatinase Test 

 Nutrient gelatin deeps were used to determine if gelatinase was present in bacterial 

isolates. Medium deeps were stab inoculated and incubated in 37˚C walk-in. 

 

3.8.7 Oxidase Test 

 Oxidase enzyme was detected through use of BBL DrySlide (Fischer Scientific) kit, 

following instructions provided by manufacturer. 
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3.8.8 Amylase Test 

 Starch Agar plates were used to determine if amylase is present in bacterial isolates. Agar 

plates were created using DIFCO Starch Agar medium mix and following manufacturer’s 

instructions. Plates were incubated in 37˚C walk-in. After agar plates exhibited growth, they 

were flooded with iodine to observe hydrolysis of starch. 

 

3.8.9 Lipase Test 

 Presence of lipase enzyme was determined through plating on Spirit Blue Agar plates. 

Media was created following manufacturer’s instructions. Each bacterial isolate was streaked on 

an individual agar plate and incubated in 37˚C walk-in. 

 

3.8.10 Mannitol Fermentation 

 Ability to ferment mannitol was detected through plating on Mannitol Salt Agar plates. 

Agar plates were created using BBL Mannitol Salt Agar medium mix and following 

manufacturer’s instructions. Plates were incubated in 37˚C walk-in. 

  

3.8.11 Lactose Fermentation 

 Ability to ferment lactose was detected through plating on MacConkey Agar plates. Agar 

plates were created using BBL MacConkey Agar medium mix and following manufacturer’s 

instructions. Plates were incubated in 37˚C walk-in. 
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3.8.12 Glucose Test 

 Fermentation of glucose is detected through the production of acid and gas in 0.5% 

(wt/vol) glucose medium in test tubes containing inverted Durham tubes. Glucose medium 

consists of the following per liter: glucose, 5.0 g; NaCl, 100.0 g; Bacto-tryptone, 10 g; Phenol 

Red, 0.018 g; final pH of 7.3. 

 

3.8.13 Sucrose Test 

Ability to ferment sucrose is detected through the production of acid and gas in 0.5% (wt/vol) 

sucrose medium in test tubes containing inverted Durham tubes. Sucrose medium consists of the 

following per liter: sucrose, 5.0 g; NaCl, 100.0 g; Bacto-tryptone, 10 g; Phenol Red 0.018 g; final 

pH of 7.3. 

 

3.9 Salt Tolerances of Bacterial Isolates 

Limits of salt tolerances in bacterial isolates were measured by observing growth in 

broths of increasing salt concentrations (NaCl, NaClO3, MgSO4). Broths made to test salt 

tolerances of NaCl were formulated by adjusting the weight/volume concentration in SP medium 

(0.1, 10, 20, and 30%). MgSO4 and NaClO3 broths were created by decreasing NaCl to 0.1% and 

supplementing with increasing weight/volume concentrations of desired salt (MgSO4 – 30, 40, 

50, and 60%; NaClO3 – 5, 10, 20, and 30%). Media were distributed by separating 2 mL into 13-

mL tubes and autoclaved to guarantee sterility.  

Inoculations were performed by aseptically transferring bacteria from the bacterial 

isolates from the working agar slant collection into the liquid broth tubes. Tubes were measured 

at 600nm on spectrophotometer at time of inoculation to later compare growth and placed in the 
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moist shaker for twenty-eight days. All initial readings were below 0.05 OD units. Turbidity was 

measured on the 1st, 3rd, 7th, 14th, 21st, and 28th day. Growth of bacterial isolates were 

demonstrated by a reading of at least 0.2 OD units at 14 days. 
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CHAPTER 4 

RESULTS 

 

This research has two objectives: (1) to observe the succession of microbial communities 

from a spacecraft assembly facility cleanroom in high-salt enrichment brines, and (2) exploration 

of organisms capable of surviving for an extended period of time. Community and OTU-based 

analyses examining the diversity of the cultures overtime and the characterization of bacteria 

present after six months were used to meet these objectives. The following results are used in the 

discussion to answer the questions presented by the hypotheses. 

 

4.1 Most Probable Number Count 

All results are reported in Table 1. The results of this MPN revealed a general trend of 

cell counts decreasing as salt concentrations increased across all media. At concentrations of 

0.1% NaCl, all wipe samples demonstrated relatively high population estimates when compared 

to the other salt concentrations. Wipe 1 was estimated to have the highest cell count at 1.56 x 107 

cells. Wipe 3 exhibited its highest cell count across all salt concentrations with 5.18 x 106 cells. 

All wipe sample communities experienced their lowest cell population estimate when introduced 

to 50% MgSO4. Less than 1% of cells capable of growing in 0.1% NaCl grew in 50% MgSO4. 

The dramatic decrease in cell count estimates as salt concentrations increased was most 

apparent in wipe 1 as it was introduced to 5% NaClO3. The population for wipe 1 in 1% NaClO3 

was calculated at a whopping 3.8 x 107 cells before dropping to 2.41 x 105 cells in 5% NaClO3. 

This was a reduction of 99.37%. This was the only example of a wipe sample exhibiting its 

highest cell population estimate in a media other than 0.1% NaCl and may suggest the cells 
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required more salt for optimal growth. The confidence intervals of the population estimate of 

wipe 1 in 0.1% NaCl and 1% NaClO3 overlapped, implying they were not significantly different.  

The general trend of decreasing population estimates between 1% and 5% NaClO3 

concentrations was shared with sodium perchlorate media except in the case of wipe 2. The 

estimated population of wipe 2 in 1% NaClO4 rose from 5.19 x 105 to 1.76 x 106 cells in 5% 

NaClO4. This was an increase of 238.8%; however, the confidence intervals of the population 

estimates overlapped, meaning they were not significantly different from one another. 

Due to large number of cells estimated for wipe 1 in 1% NaClO3, an average of 130.7% 

of all cells that were capable of growing in 0.1% NaCl grew in 1% NaClO3. Only 22.3% of all 

cells capable of growing in 0.1% NaCl grew in 1% NaClO4. As the sodium chlorate and 

perchlorate concentration increased to 5%, the percentage of cells capable of growing in both 

0.1% NaCl and 5% NaClO3 or 5% NaClO4 decreased. On average, only 13% of cells capable of 

growing in 0.1% NaCl could also grow in 5% NaClO3. Accounting for the increasing population 

estimate of wipe 2, 53.5% of all cells growing in 0.1% NaCl also grew in 5% NaClO4. 

No growth was observed in tubes that were inoculated with the microbial community of 

wipe 4. These tubes showed no turbidity and were quantified as having no halotolerant cells per 

mL of diluted sample for each media type. 
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4.2 Enrichment Brine Flasks 

 In total, eight enrichment flasks were prepared for the salt treatments. Sterile salt media 

was transparent although they distinctly differed in the color; the 50% MgSO4 brines had a 

brown hue while the 20% NaClO3 brines were yellow. Liquid collected from each wipe sample 

was used to inoculate two flasks, one 50% MgSO4 and one 20% NaClO3, and flasks were 

incubated on an orbital shaker at room temperature for the first four weeks. Cultures flasks were 

then wrapped with parafilm and placed in a dark cabinet for remainder of the six-month period.

 As the microbial communities began to adapt and grow within the flasks, the liquid 

became increasingly turbid and the color of the cultures began to change. Flasks containing the 

50% MgSO4 brines began to change color to a deeper orange / brown color with no distinct 

variation across the samples. Flasks containing cultures in 20% NaClO3 brines began to exhibit 

more variation in color among the wipes as the colors of the flasks ranged from muted yellow to 

beige. No turbidity or color change was observed in the flasks associated with wipe 4. 

  Table 1. Abundance of Halotolerant Microbes (cells mL -1 undiluted sample) (104). Cell count estimations calculated at 
104 cells. Numbers in parenthesis below cell count represent the confidence interval range; 95% confidence interval 
factor was 3.3 

Sample 
Source 

  Sodium Chlorate Sodium Perchlorate 

0.1% NaCl 50% MgSO4 1% 5% 1% 5% 
Wipe 1 1557 0.5 3802.5 24.1 311 17.6 

 (471.8 – 5138.1) (0.2 – 1.7) (1152.3 – 12548.3) (7.3 – 79.4) (94.2 – 1026.1) (5.3 – 57.9) 
       

Wipe 2 110.7 0.3 102.2 17.6 51.8 175.5 
 (33.5 – 365.3) (0.1 – 1.0) (31.0 – 337.1) (5.3 – 57.9) (15.7 – 170.8) (53.2 – 579.2) 
       

Wipe 3 517.5 1.1 287.1 110.7 110.7 3.8 
 (156.8 – 1707.8) (0.3 – 3.6) (87.0 – 947.4) (33.5 – 365.3) (33.5 – 365.3) (1.2 – 12.5) 
       

Wipe 4 0 0 0 0 0 0 
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 Cultures were subjected to partial and full desiccation after one month. As samples began 

to dry, salt crystals formed on the edge of the plates. After 72 hours, when the partially dry 

samples were taken, the culture had not changed color from the flask they were extracted from. 

Fully dry samples turned white and fully crystalized after being allowed to dry for two weeks. As 

fully dry samples were rehydrated, their consistency was slushy rather than original liquid 

consistency found in the enrichment flasks. 

 

4.3 Microbial Communities Timepoints 

Classification of the sequences provided a taxonomic identity of the microbes present in 

each enrichment flasks over the six-month period. Both bacterial and fungal communities were 

identified at phyla taxonomical level. Bacterial communities were further described at a genera 

taxonomic level while fungi were further described at a class level. Relative abundance was 

calculated based on the number of sequences present in each flask.  

OTU-based analysis, including coverage, Chao1, nonparametric Shannon Diversity 

index, and inverse Simpson Diversity index were produced using MOTHUR calculators on the 

Galaxy web platform. Calculations were generated at 99% (strain), 97% (species), 94% (genus), 

Figure 2. 50% MgSO4 brines on shake table. Figure 3. 20% NaClO3 brines on shake table. 
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and 88% (division) sequence identities. Coverage provides the depth of the sampling and was 

calculated using the equation C = 1 – !!"# ", where #1 is the number of OTUs sampled once, and 

N is the total number of individuals in the sample (Schloss et al., 2009). Chao1 estimates the 

total number of species in a community based on the number of OTUs present plus the number 

of singleton species (OTUs with only one sequence) over the number of doubleton species 

(OTUs with only two sequences). Both nonparametric Shannon and inverse Simpson indices 

generate calculations of the communities’ diversity, accounting for the abundance and evenness 

of OTUs present in the sample. 

 

4.3.1 Succession of the Bacterial Communities 

The phyla distribution of bacterial sequences from the enrichment flasks over a six-month 

period are shown in Figures 4 and 5. Bacterial sequences were identified across four different 

phyla,  Actinobacteria, Firmicutes, Planctobacteria, and Proteobacteria. The majority of the 

sequences were found within the Firmicutes phylum representing 87.1% of all bacterial 

sequences observed over the six-month period. Actinobacteria represented 12.8% of all 

sequences, while the other two phyla and all unclassified bacteria represented less than 1%. 

 Across all wipes of both salt treatments, a common trend was observed in relation to the 

presence and relative abundance of the bacterial sequences. Sequences representing bacteria 

within the Firmicutes phylum were the overwhelmingly majority of sequences present for the 

first four weeks, as the abundance of sequences in the Actinobacteria phylum slowly increased 

and eventually comprised a significant portion of the sequences at six months. Though this trend 

was observed for both salt treatments, the rate at which Actinobacteria increased was not 

equivalent. In 50% MgSO4 flasks, Actinobacteria sequences represented less than 1% of total 
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sequences in the first week before steadily increasing to represent 56.7% at six months. In 20% 

NaClO3 flasks, Actinobacteria sequences represented less than 1% of total sequences for the first 

four weeks before drastically rising to 14.3% at six months. This trend was inversely 

proportional with the relative abundance of Firmicutes sequences for both salt treatments over 

the six-month period. 

While the average relative abundance of Actinobacteria sequences represented the 

majority of sequences at six months in 50% MgSO4 flasks, this was not the case for each wipe 

sample. In wipe sample 1, Actinobacteria sequences only represented 38.6% at six months. In 

20% NaClO3 flasks, Actinobacteria sequences represented an average of 14.3% of total 

sequences at six months across all wipes. Flasks containing wipe samples 1 and 2 actually 

contained an increased relative abundance of Actinobacteria sequences with 24.9% and 22.4% at 

six months, respectively. 

 

 

Figure 4. Relative abundance calculated by number of total sequences per timepoint. Phyla with relative abundances below 1% 
for entire six months were removed. 
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Identification of bacterial sequences at a genus level proved to be more interesting as the 

breakdown of bacteria present within the flasks revealed a more comprehensive view of the 

changing microbial communities (see Appendix Figures A1 and A2). Actinobacteria sequences 

were identified as belonging to seven genera across both treatments: Brachybacterium, 

Brevibacterium, Corynebacterium, Curtobacterium, Dietzia, Glutamicibacter, Microbacterium, 

as well as unclassified bacteria found in the Micrococcaceae family. Brevibacterium (7.9%), 

Glutamicibacter (3%), and Brachybacterium (1.6%) contained most of the sequences of all 

flasks over the six-month period, while all other genera represented less than 1%.  

Figure 5. Relative abundance calculated by number of total sequences per timepoint. Phyla with relative abundances below 1% 
for entire six months were removed. 
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In the 50% MgSO4 flasks, Brevibacterium surprisingly comprised the majority of 

sequences present at six months (50.5%) after first being detected in week three in relatively low 

abundance (2.3%). In 20% NaClO3 flasks, Brachybacterium was the only genera to make up 

more than 1% of all sequences at six months (14.1%). 

Four genera comprised the Firmicutes phylum across all flasks: Dolosigranulum, 

Oceanobacillus, Streptococcus, and Staphylococcus, as well as unclassified sequences falling in 

the Bacilli class. Sequences identified in the Staphylococcus genera overwhelmingly comprised 

the majority of sequences found in all flasks over the six-month period (81.6%). Within the 50% 

MgSO4 flasks, sequences within Staphylococcus decreased over the six months from 98.4% to 

42.5%. During this time, most genera from the Firmicutes phylum did not increase above 1%; 

the only exceptions are Oceanobacillus (4.4%) and unclassified Bacilli (2.2%) at week two 

before decreasing to less than 1% again at week three. Flasks containing the 20% NaClO3 

enrichment brines experienced a similar trend of Staphylococcus encompassing most of the 

sequences recovered as all other genera represented less than 1% of sequences for the first four 

weeks. Oceanobacillus was one of the genera that did not rise above 1% during the first four 

weeks; surprisingly it jumped to 35.9% at six months. Staphylococcus represented 48.6% of all 

sequences at six months. 

OTU-based analyses revealed the diversity of the bacterial community in relation to the 

number and abundance of sequences within the enrichment brines (see Appendix Table A1).  

Coverage values of all time points between both enrichment brines ranged from 95% to 100% as 

they decreased from 99% to 88% sequence identity. However, week two of 50% MgSO4 brines 

was consistently lower than the other time points across all identities, indicating that deeper 

sequencing of these samples may be necessary. 
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Chao1 estimate, the number of OTUs, and the diversity indices of 50% MgSO4 brines 

revealed communities that alternated in richness and evenness over the six-month period. The 

brines began with uneven communities with many species, generating low diversity indices at 

week one. This trend continued to fluctuate until demonstrating the high diversity at six months. 

In 20% NaClO3 brines, the small fluctuations were observed across the communities over the 

first four weeks. At six months, the communities exhibited higher diversity than seen in 50% 

MgSO4 brines. The nonparametric Shannon and inverse Simpson indices imply a proportional 

increase in diversity and sequence identity. 

 

4.3.2 Succession of the Fungal Community 

 The distribution of fungi at a phylum classification in the enrichment flasks over six 

months are shown in Figures 6 and 7. Fungal phyla present within the flasks include Ascomycota 

and Basidiomycota. Sequences identified as belonging to Ascomycota were the most abundant 

relative to the total amount of sequences with 63.4%. Basidiomycota represented 26.5% of all 

sequences over the six-month period while 10.1% of total sequences were unidentifiable 

eukaryotes. Initial classification included sequences identified as insect, flagellated protist, and 

plant phyla; sequences representing these phyla were removed from the results, adjusting the 

sequence totals and relative abundances. 

 In both salt treatments, sequences identified in the Ascomycota phylum represented the 

majority of sequences at six months. For communities within the 20% NaClO3 brines, the 

relative abundance of Basidiomycota never rose above 3% for the first four weeks; at six months 

they only represented 8%. Ascomycota sequences represented the vast majority of sequences in 

20% NaClO3 brines; the relative abundance never dipped below 80% over the six-month period. 
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The six-month time point in 50% MgSO34 brines were similar to that of the 20% NaClO3 brines 

with Ascomycota representing the overwhelming majority of the sequences present, but the 

competition between the two phyla did not play out the same way. In 50% MgSO4 brines, 

Basidiomycota sequences initially represented most sequences before slowly decreasing over the 

first four weeks before dramatically reducing to 1.8% at six months. During this time, sequences 

representing Ascomycota slowly increased in relative abundance and ultimately comprised 90% 

of sequences at six months. 

 Unclassified sequences persisted in the fungal communities throughout the six-month 

period at higher relative abundances than what was observed in the bacterial communities. These 

sequences represented 10.1% of all sequences of both salt treatments. In 50% MgSO4 brines, 

these unclassified sequences never represented more than 9.1% of sequences, while they 

represented upwards of 16.4% in 20% NaClO3. 

 

 

Figure 6.  Relative abundance calculated by number of total sequences per timepoint. Phyla with relative abundances below 1% 
for entire six months were removed. 
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The fungal communities were further divided into classes to better understand the 

community interactions that took place while in the enrichment brines (see Appendix Figures A3 

and A4). Ascomycota was separated into four classes: Dothideomycetes, Eurotiomycetes, 

Saccharomycetes, and Sordariomycetes, as well as unclassified Ascomycota. Saccharomycetes 

sequences had the highest relative abundance across both salt treatments with 61.7%. 

Eurotiomycetes represented 1.2% of all sequences while Dothideomycetes, Sordariomycetes, and 

unclassified Ascomycota all represented less than 1% of sequences. 

 Saccharomycetes slowly became the front runner of all Ascomycetes sequences in 50% 

MgSO4 brines for the first month as it slowly grew from 6.3% at week one to 42.9% of 

sequences at week four. During this first month, all other Ascomycetes sequences were observed 

in low relative abundance, never representing more than 6.2% of sequences. At six months, a 

shift was made from Saccharomycetes, as it reduced to 1.9%, to Eurotiomycetes, which soared to 

Figure 7. Relative abundance calculated by number of total sequences per timepoint. Phyla with relative abundances below 1% 
for entire six months were removed. 
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74.1%.  In the 20% NaClO3 brines, Saccharomycetes held the majority of all Ascomycetes 

sequences in over the entire six-month period. However, like the 50% MgSO4 brines, 

Eurotiomycetes gained a considerable amount of sequences between the first month and sixth 

month, representing 7.6% at the final timepoint. 

 Basidiomycetes was separated into five classes: Agaricomycetes, Cystobasidiomycetes, 

Exobasidiomycetes, Microbotryomycetes, and Tremellomycetes, as well as unclassified 

Basidiomycota. Microbotryomycetes represented most of the sequences with 18.8%. 

Tremellomycetes represented 4.9% and unclassified Basidiomycetes represented 2.6%. 

Agaricomycetes, Cystobasidiomycetes, and Exobasidiomycetes represented less than 1% of all 

sequences. 

 In 50% MgSO4 brines, Tremellomycetes quickly increased in relative abundance at week 

one before nearly disappearing entirely by six months. Microbotryomycetes gained most 

sequences by week three, while it slowly reduced to represent only 1.8% at six months. In the 

20% NaClO3 brines, unclassified Basidiomycota was the only consistent group throughout the 

entire six-month period. This group started below 1% at week one, before slowly rising to 

represent 7.6% at six months. 

 OTU-based analyses were performed on the fungal sequences present within the 

enrichment flasks. Results of these analyses are found in the Appendix Table A2. The coverage 

values are quite low for many of the samples, ranging from 15% to 99% as the sequences 

decreased in identity. Samples collected at six months had the lowest coverage values across 

both salt treatments. Reported coverage values indicate that deeper sequencing of the sampling 

may be required. Low coverage values may also indicate that errors have occurred when 

analyzing samples through bioinformatic software. 
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 Diversity, as measured by the nonparametric Shannon and inverted Simpson indices, 

described communities that fluctuated week-by-week within the enrichment brines. Both salt 

treatments saw decrease in diversity after the first week; 50% MgSO4 brines slowly increased in 

diversity though the final value was lower at six months than week one. The fungal communities 

of the 20% NaClO3 brines showed slight fluctuation over the six-month period, with most 

nonparametric Shannon Diversity indices calculated at similar values. Ultimately, 20% NaClO3 

brines had a decrease in diversity at six months, as compared to week one. Inverted Simpson 

Diversity indices conveyed communities of both salt treatments with containing dominant 

species. Increased values demonstrate an increased chance of selecting the sequences from the 

same taxa. 

 

4.3.3 Fully Dried Communities 

 The distribution of the fully dried bacterial and fungal communities is shown in Figures 8 

and 9. Returned sequences provided insights about the microbial communities as they 

experienced desiccation. Overall, most sequences returned look similar to those observed at four 

weeks. In the bacterial communities, Staphylococcus continued to represent the vast majority of 

sequences, while Saccharomycetes represented most sequences of the fungal communities. 

Unclassified Eukaryota made a concerning jump in relative abundance as fungal communities 

experienced desiccation. Across both salt treatments, these unclassified sequences represented 

31.8% in 20% NaClO3 and 44.4% in 50% MgSO4. 
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Figure 8. Relative abundance calculated by number of total sequences per timepoint. Genera with relative abundances 
below 1% were removed. 

Figure 9. Relative abundance calculated by number of total sequences per timepoint. Genera with relative abundances 
below 1% were removed. 
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4.4 Bacterial Isolate Collection 

 Forty-three bacterial isolates were collected from the enrichment brines at six months. 

Five isolates were removed from the collection due to probable contamination and unattainable 

isolation. Thirty-eight samples were subjected to PCR to obtain the 16S region, which was sent 

to Eurofins Genomics in Louisville, Kentucky for Sanger Sequencing. 

 Three isolates were returned with empty sequence files, even after being processed for a 

second time (JPL-SAF 26, 27, & 28). Sequences of successful reactions ranged in length from 

299 to 2117 nucleotides before being trimmed based on ambiguous nucleotides and Phred 

quality scores. Files were uploaded to Geneious Primeâ (v. 10.1.2 Biomatters Ltd.), a 

bioinformatics software platform, allowing sequences to be compared against GenBank database 

through BLAST search (GenBank, 1982) (see Appendix Table A3).  

Of the thirty-eight isolates, four sequences could not be used to identify organisms 

through BLAST search. These sequences include the three that were returned with empty 

sequence files as well as one, labeled JPL-SAF 40, that did not match above 98% query 

percentage in BLAST. These isolates were still included in the characterization of the isolate 

collection as they could not be ruled out as being duplicate. 

 

4.4.1 Genetic Composition 

 Although thirty-eight isolates were collected from the six flasks, the bacterial sequences 

were identified as belonging to only four genera and four remained unclassified. The low number 

of genera results in low genera richness across the bacterial isolate collection. The majority of 

sequences were identified as belonging to the Staphylococcus genus (60.53%). The second 

largest group was sequences found in the Oceanobacillus genus (15.78%). Brachybacterium and 
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Brevibacterium genera represented 10.52% and 5.26% of the isolate collection, respectively. 

distribution of bacterial isolates at genus classification. 

 

 

 Many of the sequences were unique to the enrichment brines, or even the wipe sample 

they were collected from. Oceanobacillus was only identified in the flask containing the 

microbial community of wipe 3 growing in 20% NaClO3. Both Brachybacterium and 

Brevibacterium were isolated across all three wipe samples in only the 50% MgSO4 brine. 

Bacterial isolate sequences were used to produce a phylogenetic tree to show 

relationships among the isolates that were identified (Figure 11). Sequences were uploaded to the 

Molecular Evolutionary Genetics Analysis (MEGA) software (Stecher et al., 2020), where 

contextual sequences were obtained from BLAST and used as references to align isolate 

sequences automatically with CLUSTAL-W (Thompson et al., 1984). Distance analyses were 

implemented with Jukes-Cantor rules and the neighbor-joining algorithm. Additional 

staphylococci reference sequences, including Staphylococcus aureus and Staphylococcus 

60.53%

15.78% 5.26%
10.52%

10.52%

Distribution of Bacterial Isolates at Genus Classification

Staphylococcus
Oceanobacillus
Brevibacterium
Brachybacterium
Unclassified

Figure 10. Genus classification of sequences from bacterial isolate collection using BLAST database. 
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epidermidis, were added to the tree to observe relationships between the isolates and commensal 

human microbiome staphylococci species. The tree was rooted with Methanospirillum hungatei 

as its functional outgroup. 
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Figure 11. Phylogenetic tree of bacterial isolate collection based on 16S rRNA gene sequences. Staphylococcus aureus and 
Staphylococcus epidermidis included to demonstrate relationships of collected Staphylococcus isolate species to commensal 
organisms commonly found in human microbiome.  
Symbols next to isolates denote wipe sample it was collected from: wipe 1*; wipe 2†;  wipe 3‡. 
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4.4.2 Functional Characterization  

Results of bacterial isolation characterization can be found in the Appendix, Table A4 

and A5. Thirty-four of the isolates stained Gram positive (89%). Only six organisms showed 

evidence of an endospore structure and all were identified as being within the Oceanobacillus 

genus (16%). Nearly all organisms were positive for the oxidase enzyme (92%), while all were 

positive for catalase. Twenty-six were positive for lipase (68%) and no organisms were positive 

for amylase. Seven isolates were positive for SIM motility (8%) but none were positive for sulfur 

or indole production. Most organisms were able to ferment mannitol (92%), glucose (92%), and 

sucrose (71%), but only one could ferment lactose (3%). Figure 12 demonstrates the distribution 

of positive tests across the two salt treatments.  

 

 

 

 

 

Figure 12. Data presented as number of positive results per test.  
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4.4.3 Halotolerances 

 Results of halotolerances are displayed in Figures 13, 14, and 15. All isolates 

demonstrated growth in 0.1% NaCl, 10% NaCl, and  20% NaCl, while the majority (81.6%) 

continued to grow in 30% NaCl. All isolates were capable of growth in 5% and 10% NaClO3. 

The vast majority (84.2%) demonstrated growth at 20% but only three isolates grew in 30% 

NaClO3 (7.9%). Of the three isolates capable of growth in 30% NaClO3, two were staphylococci 

isolated from flasks containing wipe samples in 20% NaClO3 brines while one was a 

Brachybacterium collected from 50% MgSO4 brines. All isolates grew in 30% and 40% MgSO4. 

The majority (76.3%) grew in 50% MgSO4, including all isolated from 50% MgSO4 flasks and 

60.9% of isolates collected from 20% NaClO3 flasks. Only seven isolates demonstrated growth 

in 60% MgSO4 (18.4%). These seven isolates were two of the unknown bacteria as well as five 

staphylococci. 

 

 
Figure 13. Growth of bacterial isolates were demonstrated by a reading of at least 0.2 OD units at 14 days. 
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Figure 14. Growth of bacterial isolates were demonstrated by a reading of at least 0.2 OD units at 14 days. 

Figure 15. Growth of bacterial isolates were demonstrated by a reading of at least 0.2 OD units at 14 days. 
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CHAPTER 5 

DISCUSSION 

 

5.1 Hypothesis 1: The most probable number count will reveal that only a fraction of the 

microorganisms present in JPL-SAF will grow at high salinity. 

 This hypothesis was formed based on the results of previous research conducted in JPL-

SAF. These studies demonstrated that microorganisms from this facility are less likely to survive 

as salt concentrations increase (La Duc et al., 2007; Ghosh et al., 2010; Moissl-Eichinger, 2017).  

Like these previous studies, the results of the MPN count shows a general trend that as 

the salt concentration increases, the number of halotolerant cells decreases. The cell count 

estimates of wipe 1 and wipe 2 deviate from this trend in two different contexts. A higher cell 

count is calculated for wipe 1 in 1% NaClO3 than 0.1% NaCl. Wipe 2 demonstrates an increase 

in population estimates as the salt concentration increases from 1% NaClO4 to 5% NaClO4. 

However, in both circumstances the confidence intervals of population estimates overlap, 

signifying that the populations are not significantly different.  

Less than 1% of all cells capable of growth in 0.1% NaCl grew in 50% MgSO4 and only 

13% grew in 5% NaClO3. Based on the general trend represented by the results of the MPN, it is 

appropriate to believe that as the concentration of sodium chlorate increases to 20%, even less 

cells are capable of growth. This implies that of the cells present in JPL-SAF, most are unable to 

grow in high salinity and the cells grown in the enrichment brines are only a small percentage of 

those present in the facility. 
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5.2 Hypothesis 2: Regular DNA extractions will expose low diversity of microorganisms 

present within the enrichment brines. 

This hypothesis not only considers previous research that explored the microbial 

communities present in JPL-SAF, but also the effects of extreme environments on community 

diversity (Atlas and Bartha, 1997; La Duc et al., 2003; Oren, 2008). The harsh environment of 

JPL-SAF selects for microorganisms tolerant of desiccating conditions and low nutrient levels. 

Extremophiles from this facility were further selected for when introduced to the high salt 

enrichment brines. SP medium was chosen because it is selective for microorganisms capable of 

growth in high salinity; the alteration of the media to include concentrations of 20% NaClO3 or 

50% MgSO4 selected for microorganisms specifically capable of growing in these salts.  It was 

expected that sequencing of the DNA extractions would return low diversity within the flask 

communities. Few bacterial and fungal species should be capable of surviving in the enrichment 

flasks, due to the ionic strength and water activity of the brines (Fox-Powell et al., 2016; 

Pontefract et al., 2017). Taxa diversity is being measured by the number of organisms present 

(richness) and the evenness of their relative abundances. 

Identification and binning of the all bacterial DNA sequences revealed that although 

many genera were observed, only five demonstrated relative abundances of more than 1% of 

total sequences. The majority of sequences were classified as Staphylococcus and 

Brevibacterium. In the fungal communities, many classes were reported but only three had 

relative abundances greater than 1% of total sequences. The majority of sequences were 

identified as being in the Saccharomycetes and Microbotryomycetes classes. Sequencing of both 

bacteria and fungi resulted in rich communities with many genera or classes identified, but 
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because many of these taxa had such a low number of sequences present, the communities are 

considered uneven. 

Water activity may have played a crucial role in the succession of organisms and 

diversity of the enrichment flasks. Both 50% MgSO4 and 20% NaClO3 flasks saw a more diverse 

bacterial community that increased in relative abundance over the six-month period, though 20% 

NaClO3 did so at a lower rate. OTU-based analysis supports this observation as it reveals a 

steady increase in the nonparametric Shannon Diversity index for 50% MgSO4 brines while 20% 

NaClO3 brines showed little change for the first four weeks, before dramatically increasing at six 

months. The water activity of 20% NaClO3 is 0.84, which predictably limits the number of 

bacteria capable of growing in the brine and accounts for the low number of genera present 

above 1% relative abundance. Staphylococcus species are known to endure low water activities, 

such as Staphylococcus aureus surviving water activity as low as 0.83 Aw (Medved’ová et al., 

2019) and represented most sequences present over the six-month period.  

Growth inhibition from reduced water activity was also demonstrated in the fungal 

communities as less fungi were capable of growth in the 20% NaClO3 brines than 50% MgSO4. 

Instead of becoming more diverse over the six-month period, the fungal communities decreased 

in diversity over time across both salts. OTU-based analyses support this claim as the 

nonparametric Shannon Diversity indices decreased and the inverted Simpson Diversity indices 

increased over the six-month period. These indices indicate that sequences likely represented less 

taxa and those present were in large numbers, suggesting the presence of dominant species. 

Coverage values of the fungal communities were low and should be taken into consideration 

when addressing the OTU-based analyses. These values imply that the sequencing or analysis 

efforts may have been substandard and should not be considered an authentic representation of 
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the fungal communities in the brines. Further analysis of these communities should be carried 

out to obtain a full picture.  

Fungal growth in 20% NaClO3 flasks seemed suppressed in relation to that seen in 50% 

MgSO4 flasks. Like the bacterial communities, fungi likely faced less than welcoming conditions 

with reduced water availability, limiting the number of fungi capable of growth. The most 

abundant fungi present in the 20% NaClO3 brines were Saccharomycetes which have 

demonstrated growth in water activity as low as 0.65 Aw (Walker and Stewart, 2016). 

The low number of genera and classes in the bacterial and fungal communities that were 

observed at relative abundances of more than 1% corroborates the hypothesis put forth. Few 

microorganisms were detected in large numbers and those that were generally competed between 

each other throughout the six-month period. Limited nutrients perhaps lead to the 

microorganisms outcompeting one another as they grew inside the enrichment flasks. A few 

species grew quickly in salt treatments, such as the Staphylococcus and Saccharomycetes. These 

species are considered r-strategists as they rapidly grew, exhibiting fast reproduction in a new 

environment (Andrews and Harris, 1987). Over time, the food supply becomes restricted and 

toxic metabolites may begin to build up. The growth of r-strategist becomes limited and allows 

slow growers, or k-strategists, to flourish (Andrews and Harris, 1987). The increased growth of 

Brachybacterium, Brevibacterium, and Tremellomycetes at six months supports this theory as the 

relative abundances of the fast-growing organisms decline. 

The growth medium and environmental conditions used for enrichment cultures selects 

the range of organisms observed.  Since our goal was to determine the effects of Mars brines on 

SAF microbial community development, SP medium was chosen because of its high salinity and 

demonstrated effectiveness for cultivating diverse salinotolerant microbes. Using eutrophic SP 
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medium to select for salinotolerant microorganisms under aerobic (or microaerobic) conditions 

limited the growth of microbes that may be present in the facility, such as ammonia oxidizers, 

denitrifiers, and methanogens. If present these may have been seen in the sequence library but 

were not. Furthermore, Mars may be an oligotrophic environment, but also may have hotspots 

rich in nutrients. Organisms central to biogeochemical cycles will need to be present for putative 

Mars microbial communities to persist.  Further investigations targeting important groups of 

lithotrophs, oligotrophs, and anaerobes are warranted. 

 

5.2.1 Hypothesis 2.a: Dominant species will be present within the microbial communities. 

An objective of this research was to focus on microorganisms that survived in the flask 

communities after six months and those who did not. As the microorganisms began to compete 

with one another and fight for the limited nutrients in the flasks, it was expected that the 

populations would reflect a few dominant organisms with high relative abundances. Dominance 

is understood to be an appropriation for a niche space by organisms within an environmental 

condition (McNaughton and Wolf, 1970). 

 Firmicutes, and more specifically Staphylococcus, sequences were dominant throughout 

the bacterial communities. Their presence was nearly overwhelming when assessing the diversity 

of the flasks and following the succession over the six months. Although its relative abundance 

slowly decreased over time in both salt treatments, the overall number of sequences retrieved 

was a little more than ten times that of the next most abundant. Staphylococci species are 

halotolerant and typically known as r-strategists, replicating quickly and in large quantities, 

similar to what was observed in the flask enrichments. These staphylococci species are regularly 

found in high abundances within JPL-SAF cleanrooms (La Duc et al., 2003; Probst et al., 2010), 
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meaning their presence in the enrichment flasks was not surprising. The presence of 

Staphylococcus in such high relative abundance throughout the flask enrichments supports this 

hypothesis. 

 

5.2.2 Hypothesis 2.b: Many of the organisms present in the enrichment brine communities 

and bacterial isolates will be associated with human activity. 

 This hypothesis was based on previous research focusing on the origin of microorganisms 

within spacecraft assembly facility cleanrooms, including those of JPL. These studies have 

concluded that most microorganisms within JPL-SAF are affiliated with the human microbiome 

or are soil organisms transported indoors (La Duc et al., 2003; Satomi et al., 2006; Probst et al., 

2010; La Duc et al., 2012).  

   Staphylococcus was the most abundant bacterial genus throughout the flask 

communities and isolate collection. Organisms within this genus are widely found in the 

environment, including soil and some species that are associated with the human microbiome 

(Scott, 1953; Wilson, 2005). The staphylococci within the isolate collection were identified as 

being most closely related to Staphylococcus cohnii and Staphylococcus sciuri. Both species are 

found within nature, commonly isolated from soil and wildlife, and sometimes found on human 

skin (Kloos et al, 1976; Garza-González et al., 2011). The relative abundance at which these 

organisms are present in the flask communities and isolate collection is similar to previous 

research that found Staphylococcus to account for the majority of microorganisms collected from 

JPL-SAF (Probst et al., 2010). Oceanobacillus was another noteworthy bacterium found in 

significant amounts in both the flask communities and isolate collection. Bacteria within the 

Oceanobacillus genus are regularly isolated from the environment, including soil and deep-sea 
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sediments (Lu et al., 2001; Mondal et al., 2017). The Oceanobacillus isolates collected were 

most closely related to those found in the Oceanobacillus picturae species, which was first 

isolated from the human gut (Laiger et al., 2015). 

 Fungal communities comprised of classes that represent microorganisms commonly 

found in the environment. The most abundant fungal sequences were identified as belonging to 

the classes Saccharomycetes, Microbotryomycetes, and Tremellomycetes. All three classes of 

fungi contain microorganisms commonly found in the soil (Capriotti, 1955; Sniegowski, 2002; 

Yurkov et al., 2011; Yurkov et al., 2019). Tremellomycetes also encompasses many orders of 

fungi that include several human pathogens (Wolf et al., 2001). Fungi discovered through 

sequencing of the flask communities shared many similarities with the identity and relative 

abundances of previously conducted research (La Duc et al, 2003; La Duc et al., 2012; 

Hendrickson et al., 2017). 

 It is reasonable to believe that the microorganisms from the JPL-SAF cleanroom 

originate from the environment outside of the facility and are brought inside on personnel or 

through air particulates. This hypothesis is not fully supported by the results of this study 

because the origin of the microorganisms cannot be thoroughly determined. Microbes associated 

with the human microbiome are likely transported into the facility on employees but those found 

in the soil may also enter through the air. The facility is designed to reduce microbial bioburden 

and does so by creating tough barriers like the air filtration system and harsh conditions within 

the cleanroom. Microorganisms capable of breaching the facility and surviving within the 

extreme conditions may be a product of selecting for resilient organisms. Implemented sterility 

protocols should take this into consideration as they may be creating a selective “bottleneck,” 

allowing only the hardiest microorganisms to survive (Link et al., 2003; La Duc et al., 2012).  
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We believe the chance of sample contamination was low. The lack of growth observed in 

enrichment flasks and MPN tubes inoculated with wipe sample 4 (procedural blank) supports 

this belief because all samples were handled and processed identically. If the other three samples 

were contaminated with microorganisms from our microbiome, this should have been observed 

in wipe 4 as well. Each enrichment flask was opened only six times (each timepoint sample and 

for desiccating conditions sample), minimizing the chance of contamination while being 

handled. Lastly, our contact at JPL-SAF is a professional who samples the facility on a regular 

basis and follows strict protocols, meaning it is unlikely she was a source of contamination. 

 Some organisms did not appear in the enrichment flask communities until the six-month 

timepoint, potentially indicating that contamination had taken place and allowed the 

microorganisms to develop in the cultures over time. This pattern of microorganisms developing 

late in the incubation of the brines was seen across many of the flasks; specifically, the 

appearance of Brachybacterium and Oceanobacillus at six months in the 20% NaClO3 flasks. 

Though this development may seem sudden, there is a five-month difference between the last 

weekly timepoint (week 4) and the six-month timepoint, potentially providing enough time for 

these bacteria to grow in large numbers. The five-month period of time and the similar trend 

among many flasks allow us to believe that it was unlikely that contamination played a role in 

the sudden appearance of microorganisms at six months. 
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5.3 Hypothesis 3: Genomic identification of bacterial isolates collected from enrichment 

brines after six months will represent the most abundant organisms present in the 

enrichment brines. 

 This hypothesis assumed similarities would be observed between the identification of the  

bacteria from the isolate collection and those identified within the enrichment brines at six 

months. It was anticipated that bacteria with higher relative abundances in the enrichment brines 

would have an increased chance of being selected when performing streak plate isolations. 

Comparisons between the bacteria identified within the isolate collection and the most abundant 

sequences in the six-month enrichment brines support this hypothesis. 

 All identified bacterial isolates corresponded to genomic sequences identified within the 

enrichment brines. At six months, the four most abundant sequences in the flasks shared the 

same identities of those in the isolate collection. Staphylococcus represented the majority of 

bacterial isolates as well as the most abundant sequences after six months within the enrichment 

brines. Not all relative abundances shared similarities, such as how the Brevibacterium 

represented the smallest fraction of the isolate collection but was the second largest group of 

sequences present in the enrichment brines at six months. 

 Just over 10% of the bacterial isolates were unidentifiable. Three of these isolates, JPL-

SAF 26, 27, and 28, had empty files returned when sent for Sanger sequencing, indicating the 

sequencing reaction failed. There are several causes for failed sequencing, such as insufficient 

DNA content, use of wrong primer, and contamination (Eurofins Genomics). All isolates were 

subjected to PCR to obtain the 16S rRNA region prior to sequencing, meaning the DNA content 

was likely not low as the 16S rRNA region had been amplified. It is unlikely that the wrong 

primer was used for these three isolates because only one primer was provided for all isolates 
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and was the same one used for the successful PCR reactions. The sequences of these isolates 

likely failed due to contamination from other bacteria. An excessive amount of template DNA 

will kill reactions as they become too overloaded to run properly. 

 

5.3.1 Hypothesis 3.a: Functional characterization of bacterial isolates will reveal high 

salinity tolerances to a variety of salt concentrations. 

This hypothesis was created based on the knowledge of the ability of these bacteria to 

regulate their osmolarity within a desiccating cleanroom. This regulation may contribute to the 

cells’ survival in a variety of osmolarities generated by high salt concentrations. Microorganisms 

living in desiccating conditions, like that of  JPL-SAF, have adapted by regulating their 

osmolarity through strategies such as the accumulation of osmolytes (bacteria and fungi) and the 

reinforcing of cell walls (fungi). These strategies allow cells to survive in a range of osmolarities 

in the event a dramatic environmental shift takes place, such as drought, rainfall, and changing 

salt concentrations (Bremer, 2002).  

Bacteria within the isolate collection were tolerant to a variety of salinities. This was 

expected because all genera identified within the isolate collection have species that have been 

previously isolated from hypersaline environments (Maitland and Martyn, 1948; Scott, 1953; Lu 

et al., 2001; Wilson, 2005; Park et al., 2011). At the highest concentrations of each salt, it 

seemed 30% NaClO3 was the most detrimental as only 7.9% of isolates demonstrated growth. 

This may be explained by the decrease in the already-low water activity of the brine as the salt 

concentration increases and limits water availability for the bacterial cells. Water activity of 20% 

NaClO3 is 0.84 Aw and should be expected to drop as the concentration of sodium chlorate 

increases. 
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5.4 Conclusion 

 Planetary protection protocols are implemented within the JPL-SAF cleanroom to prevent 

forward contamination on any missions to extraterrestrial environments. Mars poses significant 

challenges as we explore the chance of life due to special regions that present potential habitats 

for terrestrial organisms. Any contamination from the spacecraft assembly facility may 

compromise the ability to look for authentic biosignatures as they can generate false positives.  

 Objectives of this research focused on the succession of the bacterial and fungal 

communities over a six-month period once introduced to high salt enrichment brines representing 

Mars’ near surface. Further examination of bacterial isolates capable of surviving high salinity 

for an extended period provided insights about their genomic identity and enzymatic activity. 

Salt tolerances of the bacterial isolates demonstrated the range of osmolarities these bacteria can 

endure. This research revealed microbial communities comprised of common bacteria and fungi 

with extremophilic behavior. All identified microorganisms are likely introduced into the facility 

through human activity such as transportation from the outside soil or transferred from the 

human microbiome. 

The results of this thesis research inform planetary protection protocols because they 

reveal microorganisms from the JPL-SAF cleanroom capable of surviving in Mars-like 

enrichment brines for an extended period of time. Recognizing the microorganisms capable of 

surviving in Mars-like conditions allows researchers to adjust sterility standards and become 

aware of potential hitchhikers as we continue to look for life beyond our atmosphere. 
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Table A1. OTU-based diversity analysis of 16S rRNA sequences in enrichment brines. Confidence intervals are calculated at 95%. Percentages above timepoints represent 
sequence identity.
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Table A2. OTU-based diversity analysis of 18S rRNA sequences in enrichment brines. Confidence intervals are calculated at 95%. Percentages above timepoints represent 
sequence identity. 



 

 
 

75 

Table A3. Bacterial isolates collected from enrichment brines at six months. Identification of bacterial isolates collected from six-
month enrichment brines. Table includes original nucleotide length, trimmed length used in BLAST search, and percentage of the 
query coverage. Query coverage must be ≥98% to be accepted by GenBank.
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Table A4. Functional characterization of the bacterial isolate collection. Cell shape: c - coccus; b – bacillus. Colony color: Y – 
yellow, W – white, P – Pink. 

Table A5. Functional characterization of the bacterial isolate collection. Cell shape: c - coccus; b – bacillus. Colony color: Y – 
yellow, W – white, P – Pink. Total percentages are calculated out of 38 isolates per characteristic. 
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Figure A1. Relative abundance calculated by number of total sequences per timepoint. Genera with relative abundances below 
1% for entire six months were removed. 

 

 
 

Figure A2. Relative abundance calculated by number of total sequences per timepoint. Genera with relative abundances below 
1% for entire six months were removed. 
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Figure A3. Relative abundance calculated by number of total sequences per timepoint. Genera with relative abundances below 
1% for entire six months were removed. 

 
 
 

 
 

Figure A4. Relative abundance calculated by number of total sequences per timepoint. Genera with relative abundances below 
1% for entire six months were removed. 




