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ABSTRACT 

It is well established that microbial growth is decreased with the reduction of available 

water in a given environment. The availability of water is referred to as water activity and is 

expressed in aw values, that provide a reference measure between high-solute environments. 

Organisms that can survive in environments with low water activity are considered to be 

osmotolerant. There are many environments that have low water activity and extensive research 

has been done on organisms growing in these environments. However, most of the research has 

been done either with yeast in high-sugar environments or bacteria in high salt. Furthermore, the 

current planetary protection guidelines established by NASA were made using older sugar 

literature dealing with yeast. This was due to the assumption that water activity affects organisms 

similarly independent of the solute. Our current findings show that this assumption is invalid and 

that halotolerance does not confer sucretolerance. Therefore, one of the main objectives for this 

study was to look at the relationship between sugar and salt tolerance in bacteria. With regard to 

this objective it was hypothesized that bacterial growth responses would be different depending 

on the solute. Screening of salinotolerant bacteria in multiple high-solute media, supports the 

conclusion that there is a difference between high-solute environments in terms of microbial 

growth The second objective of the study was to look at the abundance of bacteria which can 

survive in high-solute environments. With regard to this objective, it was hypothesized that soil 

bacteria that can grow in high-sugar environments would be rare. Also those bacteria which 

could survive high-sugar environments also would display salinotolerance. Screening of soils in 

high-sugar media showed decreased growth, especially at saturation. Isolation of bacteria from 

the soils yielded primarily Bacillus species, that also displayed salinotolerance.   
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CHAPTER 1 

LITERATURE REVIEW 

1.1 Water Activity 

Microorganisms can be classified based on their ability to tolerate environmental 

stressors. More specifically for this review osmotolerance refers to the ability to survive, grow, 

and reproduce at low water activities. Although many terrestrial microorganisms can survive 

desiccation, they all require liquid water in order to reproduce and grow. Water activity (aw) can 

be described as the activity of liquid water and is related to the relative humidity (rh) of an 

atmosphere when it is in equilibrium with the water system (a solution or porous membrane) as 

follows (Beaty et al. 2006):    

aw = rh/100 

  The water activity of pure water is one (Grant 2004), it is not temperature dependent 

(Beaty et al. 2006) and all other solutions have water activity values lower than one. Generally 

most bacteria cannot grow in an environment which has an aw value less than 0.97 however, one 

exception is Staphylococcus aureus which has shown the ability to survive in environments with 

an aw value of 0.82 (Grant 2004). The lowest recorded aw which allowed microbial growth was 

for the spoilage mold Xeromyces bisporus (Grant 2004) in an 83% (wt/vol) sucrose solution with 

an aw of 0.62 (Beaty et al. 2006). This organism cannot grow at an aw value of 0.97 or greater 

therefore, it is considered to be osmophilic, requiring low aw conditions for growth (Grant 2004).  

It is important for cells to have a cytoplasmic aw similar to the extracellular aw in order to avoid 

excessive osmotic pressure, plasmolysis or plasmoptysis (cell explosion); however, some 

positive osmotic pressure is required for cell expansion during replication (Beaty et al. 2006).  
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1.2 Low Osmotic Environments 

1.2.1 Desiccated Environments 

There are two main environments where water availability is limiting for an organism.  

One is an environment in which the water availability is determined by the solute concentration 

(e.g. hypersaline lakes), the other an environment where the water availability is determined by 

capillary and surface-binding effects (e.g. heterogeneous soils) (Grant 2004).  A desiccated 

environment has been shown to be more inhibitory to cellular growth, even at a similar aw, than 

high-solute environments due to nutrient limitations. The issue in desiccated environments is that 

as water becomes less available, the water films become thinner and discontinuous which limits 

solute diffusion as well as microbial mobility. If a soil loses water to a point where it has an aw 

value of approximately 0.99 or less, solute diffusion is decreased by a factor of two and motility 

is negligible. Therefore, desiccated environments can induce starvation conditions due to 

lowered solute diffusion as well as limited microbial mobility. Certain filamentous 

microorganisms (e.g. fungi, cyanobacteria, algae, and actinomycetes) may overcome these 

stressors by extending filaments through air voids, however, this only extends their 

osmotolerance to an aw value of approximately 0.90. Bacteria may be able to undergo two to 

three rounds of reductive cell division to compensate for the stressors, however, since this does 

not increase biomass, it cannot be considered true growth (Beaty et al. 2006).  

1.2.2 High Solute Environments  

High-solute environments can be divided into two groups based on whether they have a 

high concentration of an organic solute or a high concentration of inorganic ions. The stressors 

imposed by ions and organic solutes are generally not the same. Certain microbial organisms 

from high-sugar foods, mainly yeasts, can grow in media supplemented with high levels of NaCl 

(20% wt/vol) while also being able to grow in media containing enough sucrose or glycerol to 

have a similar aw value. This is generally not true for other organisms, and most organisms that 

can live in hypersaline environments for example, will not be able to thrive in an environment 

with a similar aw value composed of organic solutes (Grant 2004).  Another consideration for the 

difference between organic solutes and ions is that they do not achieve the same water activity at 
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the same concentrations, and some may be able to drive water activity lower than others. 

Saturated NaCl (5.2 M) has an aw value of 0.75 (Beaty 2006) which is relatively similar to that of 

sucrose and glucose which is 0.79 in a 71% (w/w) and 64% (w/w) solution, respectively. 

Fructose can drive water activity to an aw value of 0.65 in a 76% (w/w) solution (Tokuoka and 

Ishitani 1991).  

Studies have shown that most hypersaline lakes on Earth have a significant microbial 

populations, however, most hypersaline environments will not drop below an aw of 0.75. Certain 

microorganisms have been shown to be able to grow in saturated NaCl brines, and even though 

the presence of microorganisms have been observed in brines of other salts with lower water 

activity values, there are questions concerning their life-cycle including where and how they 

reproduce and grow. An example would be microbial populations that have been reported in the 

Don Juan Pond of Antarctica, a small unfrozen lake which has high concentrations of CaCl2. The 

reported aw value is 0.45, however, there are debates as to whether life can even exist with such 

low water activity (Beaty et al. 2006).   

1.3 Compatible Solutes  

 Organisms that live in low water-activity environments have certain mechanisms that 

prevent the loss of water through osmosis. Halophiles (requiring high salt concentrations for 

growth) such as haloarchaea and anaerobic bacteria from the order Haloanaerobiales use 

counterbalancing levels of inorganic ions (generally KCl), however, most osmotolerant 

organisms produce low-molecular-mass organic compounds with osmotic potential. These 

osmolytes are referred to as compatible solutes, since they have to be compatible with cellular 

machinery while also preventing inactivation, inhibition, and denaturation of enzymes and 

macromolecule structures under low aw conditions (Grant 2004). The reason these solutes are 

compatible, is due to the low affinity they have to enzyme sites (Brown 1976). It has been 

hypothesized that the internal compatible solute system of an osmotolerant organism is not an 

evolutionary cause of growth at low water activity, however, it was an evolutionary requirement 

for growth at low water activity to occur (Beuchat 1981). Compatible solutes belong to several 

classes of compounds including the following: (a) polyols including glycerol, arabitol, mannitol, 

sugars and sugar derivatives such as trehalose, sucrose, sulphotrehalose and glycosylglycerol; (b) 
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betaines and thetines; (c) amino acids such as proline, glutamate and glutamine; (d) N-acetylated 

amino acids; (e) glutamine amide derivatives; (f) ectoines (Grant 2004). In general only a small 

number of compatible solutes can be utilized in a given phyla, reflecting the constraints on the 

types of solutes compatible with cellular machinery and macromolecules (Sleator and Hill 2001). 

The classes are further distinguished into 3 chemical groups: zwitterionic solutes, neutral solutes, 

and anionic solutes (Roberts 2005). Generally food-spoilage prokaryotes will produce proline, 

glutamate, trehalose and glycine betaine as compatible solutes, whereas yeasts and fungi produce 

alcohols such as glycerol and arabitol (Grant 2004). It has been hypothesized that yeasts 

synthesize polyols and retain them in cells to act against high concentration gradients (Brown 

and Simpson 1972). A general rule of thumb is that bacteria and eukaryotes accumulate neutral 

compatible solutes, where Archaea accumulate negatively charged compatible solutes. 

Interestingly Archaea use the same zwitterionic or neutral solutes that bacteria and eukaryotes 

do, however, they are modified so they are negatively charged (Roberts 2005).The most common 

compatible solute produced by prokaryotes is ectoine and its derivatives hydroxyectoine. Glycine 

betaine is another common compatible solute produced, however, in phototrophic bacteria it has 

to be synthesized de novo. Polyols also are synthesized de novo in most prokaryotes. The 

prokaryotes that utilize the inorganic ions to equalize osmotic pressure have been found to have 

high Na+/H+ antiporter activity across the cell membrane that leads to the constant efflux of Na+ 

from the cell. The Cl- from KCl has been found to be important to halophiles, not necessarily for 

osmoregulation. For example, in the bacterium Halobacillus halophiles it has been found to 

regulate endospore production, motility and expression of a large number of proteins (Grant 

2004). An organism may be able to produce more than one type of compatible solute, as seen 

with S. rouxii which in basal media will produce arabitol, whereas in response to high-salt 

environments will produce glycerol. Certain compatible solutes also may be excreted from cells; 

S. rouxii releases glycerol into the surrounding environment as a response to high-salt. Another 

consideration with compatible solutes in eukaryotic organisms is that organelles, such as the 

nucleus, mitochondria and chloroplast do not have a mechanism for maintaining a dilute interior 

in a concentrated cytoplasm. Therefore, it has been hypothesized, however currently not known, 

that these organelles contain a compatible solute which may or may not be the same as the one in 

the cytoplasm (Brown 1976).    
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1.4 Food Spoilage  

1.4.1 Preservation 

 Food preservation through the lowering of water activity is achieved primarily in two 

ways: 1) through the presence or addition of solutes such as salts or sugars, and 2) through the 

dehydration of the foods either by freeze-drying or simple evaporation. (Grant 2004). As 

mentioned above desiccated environments will have more stressors than high-solute 

environments, and therefore, dehydrated foods will have lower water activities as well as smaller 

microbial communities. Other factors such as temperature, pH, oxygen levels and the presence of 

antimicrobial agents also will have an effect on microbial populations (Grant 2004; Beuchat 

1981). Food products that have a higher aw value than the minimum aw value required for growth 

of a specific species of microorganism are subject to spoilage from these microorganisms. 

Therefore, the words “highly perishable” refers to foods with an aw value of 0.97 or greater, such 

as fruits, vegetables, meats, fish and fresh milk (Beuchat 1981). Most fresh foods will have an aw 

ranging from 0.95-0.99 (Grant 2004). As mentioned above most bacteria, except S. aureus, will 

not grow in environments with an aw below 0.97whereas the majority of fungi and yeast won’t be 

inhibited until 0.80-0.75, with the exception of X. bisporus which can grow at an aw value of 

0.62. This has led to a slight misconception that since molds and yeast can grow at low water 

activities, they do not grow in higher water activities approaching a value of one. Even though 

fungal spoilage occurs more frequently at water activities less than 0.85, it does not mean that 

fungi cannot grow above 0.85. The pattern is observed since bacteria are more competitive at 

higher aw values and therefore, the predominant type of microorganism at water activities of 0.85 

or higher (Beuchat 1981). Food products that are preserved utilizing heavy salting (aw values less 

than 0.80) generally have only one type of prokaryote which can survive in such an environment, 

the haloarchaea, with the species H. salinarum being the most dominant (Grant 2004).  

1.4.2 Economic Perspective 

 Osmophilic yeasts are part of an economically important group since they have the ability 

to thrive in food products of high-sugar content and cause spoilage due to fermentation of these 

sugars. Various species of spoilage-causing yeasts have been found in many food products 
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including cane syrup, cream fondant candies, dried fruits, grapes, honey, maple butter, maple 

syrup, molasses, and orange marmalade. Species of Mycotorula, Saccharomyces, 

Schizosaccharomyces, and Torula have been found in high-sugar environments; however, 

members of the genus Zygosaccharomyces are particularly prevalent. Certain species of 

Zygosaccharomyces, in high-sugar environments, have the ability to play the chief part in 

fermentation, even if outnumbered by other yeast species (Lochhead and Landerkin 1942). 

Tetragenococcus halophilus is an important homofermentative lactic-acid bacterium used for 

halophilic fermentation of soy sauce, soy paste, brined anchovies, fish sauce, Japanese fermented 

puffer fish ovaries, Indonesian “terasi” shrimp paste and fermented mustard. T. halophilus has 

been found in concentrated thick sugar juices (intermediate for beet sugar), where it can cause 

degradation of the thick sugar by decreasing the pH resulting in economic loses (Justé et al. 

2008).      

1.4.3 Sporulation and Germination 

 Studies have shown that germination and sporulation are altered for the same organism at 

different water activities. Other factors such as the specific solute present or pH also may affect 

germination and sporulation. At high aw values the inhibitory effects of different solutes or pH 

changes generally results in longer germination times, whereas at low aw values they result in 

complete inhibition of germination. A study by Pitt and Hocking (1977) showed that germination 

for some microorganisms does not change depending on pH and solutes. However, the organism 

Chryososporium fastidium is able to germinate in an environment with an aw value of 0.70, but 

when in the presence of NaCl, germination was inhibited at 0.92 aw. X. bisporus showed 

intolerance to glycerol at low water activities, and at pH 6.5 in the presence of NaCl it will not 

germinate at any aw values (Pitt and Hocking 1977). Microscopic observations have shown that 

germination is always followed by growth, which indicates that for germination to occur, the 

organism has to be under conditions that allow for the production of macroscopic colonies (Pitt 

and Christian 1968). Germination times for microorganisms at different water activity values 

varies significantly from organism to organism, and can abruptly change with a small decrease in 

aw. The organism Aspergillus flavus has been shown to germinate most quickly at high aw values, 

whereas germination times for C. fastidium are shorter at lower water activity values (Pitt and 

Hocking 1977). Another study showed that  Aspergillus restrictus will germinate in eight days at 
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an aw value of 0.77, however, germination will not occur if the water activity value is dropped to 

0.75 (Pitt and Christian 1968).   

1.5 Nectar  

 There has been a multitude of studies performed with nectar and this review will try to 

cover some of these including: nectar microbiology, nectar scents, nectar influence on 

mosquitoes and honey.  

1.5.1  Nectar microbiology 

 Most of the studies done on nectar microbiology have dealt with different types of yeasts; 

however, studies have shown that bacteria can and do live in nectar (Gilliam et al. 1983). Nectar 

has been thought of as an ideal habitat for yeasts due to the high-sugar content and for many 

years yeasts were believed to be the primary microbes in nectar. Since yeasts do not have 

photosynthetic capabilities they are dependent on environments which have organic carbon 

available; nectar being one of those environments (Mushtaq et al. 2006). It is a well-known fact 

that yeast is present in nectar, however, there has been speculations as to whether or not yeasts 

have a biological impact on the plant. These speculations have arisen since nectar tends to have 

antimicrobial properties and suppress growth of microorganisms. A study by Keven et al. (1988) 

looked at the effects of yeast-contaminated nectar vs. yeast-free nectar in the milkweed Asclepias 

syriaca on honeybee frequency of visitation. The yeast-contaminated nectar contained an 

increased amount of amino acids, alcohols, and fermentation derivatives that was hypothesized 

to cause the honeybees to visit yeast-free plants rather than yeast contaminated flowers. The 

results of the study showed that there was no discrimination of visitation frequency by the 

honeybees between yeast-free and yeast-contaminated plants. The honeybees appear to visit the 

closest neighboring plant to receive the highest amount of “reward” at the lowest energy 

expenditure (Kevan et al. 1988). Nectar is the most common form of floral reward given to 

pollinators for their help in distributing the pollen (Herrera et al. 2009). A study by Herrera et al. 

(2009) noted that the presence of yeasts in high abundance in flowers could have adverse effects, 

since yeast can dramatically alter the sugar profile of nectar. Changes in sugar profile could 

deem the flower “unrewarding” for a potential pollinator (Herrera et al. 2009). This is an 
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interesting consideration since studies have shown that bees in particular work as vectors to 

distribute yeast communities among flowers (Herzberg 2004). A study by Lachance et al. 

showed that beetles which pollinate the morning glory (Ipomoea indica) flower of Hawaii bring 

about 104 cells of yeast with them per beetle, whereas a Drospohilid carried about 103 cells of 

yeasts (Lachance et al. 2001). The ability of insects to carry yeasts from plant to plant also works 

as a survival mechanism for the yeast in environments where plants lose their flowers during 

winter periods. It has been hypothesized that yeast either survive in the ground during winter and 

are distributed by wind in early spring or survive with the insect pollinator and inoculated into 

flowers in early spring (Herzberg 2004). 

 Certain factors such as nectar pH, nectar sugar molarity, and sucrose/hexose ratios can 

differ significantly between plant families. Sugar concentration can vary significantly within the 

same species, for example H. foetidus sugar concentration can range from 34% (w/w) to 57% 

(w/w). Sugar concentration is dependent on certain factors as well (temperature, exposure time, 

age, etc.). Sugar concentration and the family-specific factors mentioned above have not shown a 

direct correlation between yeast abundance in nectar, however, a correlation to visitation 

frequency of pollinators. This is an important consideration since the more often and the sooner 

nectar is visited, the more likely it will be inoculated with yeast. A study by Herrera et al. (2009) 

noted that yeast density increased in nectar through progression from early to late floral stages, 

usually around 104 to 105 cells/mm3. The increased density of yeast led to adverse effects, since 

this altered the sugar concentrations of the nectar, fermentation of sucrose to fructose, and in the 

case of Helleborus foetidus the sugars were nearly completely depleted. Since the floral “reward” 

is altered or depleted by the yeast, it is reasonable to expect that these effects will be detrimental 

to the plant due to less pollination visitations (Herrera et al. 2008). One study by Grüb (1917/18) 

indicated that morphological differences in the yeast species M. gruesii was due to differences in 

nectar properties in different plant species however, other studies have not found a relation 

between yeast morphology and specific nectar types (Herzberg 2004). Pollinating bees carry 

mostly Dekkera intermedia and Saccharomyces cerevisiae in their honey stomachs (Sandhu and 

Waraich 1985) whereas beetles and flies carry (present in feces) mostly yeast from the genera 

Metschnikowia, Kodamanea, and Wickerhamiella (Lachance 2001).        
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1.5.2 Honey 

 Honey is a naturally produced sweet substance made by honeybees from nectar. Honey is 

known to contain a variety of microorganism and has in fact been describes as a reservoir for 

microorganisms. Honey has also been proven to have certain antimicrobial properties, which has 

resulted in research as to whether or not honey can be used to clear infections from wounds 

(Olaitan et al. 2007). Honey is produced in two stages: an initial evaporation that decreases the 

water content by 40%-50% carried out by the honeybee, and a second evaporation bringing the 

water content to 15%-18% which occurs in the honeycomb (Ruiz-Argueso and Rodriguez-

Navarro 1975).  Microorganisms that can survive in honey have to be able to withstand the sugar 

concentration, the acidity and the antimicrobial factors. The primary sources of microorganisms 

in honey are from pollen, honeybees, dirt, dust, and flowers. Microorganisms found in 

honeycombs are bacteria and yeasts which primarily come from honeybees (Olaintan et al. 

2007). A study by Sackelt (1919) showed that Bacillus, Micrococcus, and Saccharomyces could 

be isolated from honeycombs. Bacillus species were predominant, followed by Gram-variable 

pleomorphic bacteria. Molds, actinomycetes, Gram-negative bacteria, and yeast also were 

isolated. The microorganisms isolated were compared with the intestinal flora of honeybees and 

were found to be very similar (Olaintan et al. 2007). Most microorganisms found in honey 

include bacteria, yeasts and molds however, only spore-forming microorganisms can survive in 

honey by remaining dormant. Studies have shown that the spores cannot transit into a vegetative 

form in honey however, if placed in a less harsh environment they can transit into a vegetative 

state (Olaintan et al. 2007). A study by Ruiz-Argueso and Rodriguez-Navarro (1975) showed 

that microorganism abundance decreased as the ripening of honey proceeded, which correlates to 

the increased difficulty of survival in an environment with lower water activity.        

1.6 Halotolerance 

1.6.1 Hypersaline Environments 

Soil is a complex system that incorporates a variety of microhabitats with different 

physiochemical gradients and environmental conditions that allows the microorganisms to adapt 

and interact with other components of the soil biota. A recent meta-analysis found that salinity, 
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rather than temperature and pH, is the major determining factor for microbial communities in 

soil (Trabelsi et al. 2009). It has been shown that the general phenomenon regarding bacteria, 

yeasts, and molds is that they have considerably higher optimum growth temperatures in 

solutions with high concentrations of salt or sugar. However, a study by Christian showed that 

decreasing temperature can prompt halophilic organisms to survive in salt concentrations less 

than their natural tolerance (Jermini and Schmidt-Lorenz 1986). Hypersaline environments are 

defined as those with a higher concentration of salts than seawater (Tang et al. 2011). 

Hypersaline environments can be grouped based on their relative ion composition as compared 

to seawater. Thalassohaline waters are derivatives of seawater and initially have an ion 

composition proportional to seawater. Solar salterns, where evaporation of seawater occurs to 

produce sea salts, are an example of a thalassohaline environment. As seawater evaporates, the 

salts will precipitate out, eventually creating hypersaline brines (Grant 2004). Solar salterns are 

commonly found on or near the seashore and saltwater is directed into the initial pan where it 

sinks into the ground, continuously leaving salts behind and increasing the salt concentration of 

the solar saltern (Litchfield and Gillevet 2002). The development of hypersaline brines is 

dependent on the geographic location, since salt deposits and ion leaching can affect the pH of 

the hypersaline brine. The concentrations of Ca2+ and to a lesser extend Mg2+ have a critical role 

in determining the pH of hypersaline brines. An equilibrium between CO32
-, HCO3

- and CO2 is 

one of the primary buffer systems in aquatic systems. In environments where Ca2+
 is present the 

calcium can remove the alkaline CO32
- resulting in a neutral pH. Environments in which Ca2+ and 

Mg2+ are not present, will generally result in an alkaline environment. If an environment is rich 

in Mg2+, then the environment will be slightly acidic due to the formation of H+ ions during the 

precipitation process (Grant 2004). Hypersaline aquatic environments are more stable than 

terrestrial hypersaline environments. As mentioned above aquatic salinity depends on the 

geographic location of salt deposits in the proximity of a body of water; however, in terrestrial 

environments, salt compositions can change temporally and spatially due to rainfall (Brown 

1976). This phenomenon has been observed at the Great Salt Plains of Oklahoma, where during 

periods of heavy rainfall the salt plains can be flooded with tens of centimeters of water and 

during dry periods the surface is covered in a layer of crystalline salts. The variation in the 

amount of water on the Great Salt Plains makes the environment change in relative salinity from 

near zero to saturated (Caton et al. 2004). A similar phenomenon can be observed in Organic 
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Lake, Antarctica, where during January the lake is filled with fresh water (present as 1.2 m of ice 

through the rest of the year) and has a salinity around 0.8%; however, in October the water under 

the ice plug has a salinity of 15.8% (Franzmann et al 1987).    

1.6.2 Microbial Salinity Tolerance 

Vertebrates and invertebrates have an upper limit for NaCl concentrations of about 1.5 M 

however, the brine shrimp Artemia salina is often present in hypersaline brines. Most eukaryotes 

cannot survive above this limit, an exception being phototrophic flagellates of the genus 

Dunaliella which often provide pigmentation to hypersaline brines (Grant 2004). Since solar 

salterns are generally found close to the seashore they also provide breeding grounds for large 

populations of birds and certain countries have designated them as nature preserves (Litchfield 

and Gillevet 2002). Between the concentrations of 1.5 M and 3 M, prokaryotes are the main 

organisms, with a few fungi and protozoa present (however, they probably only grow at the 

lower concentrations). There are three predominant archaeal families that are halophilic: the 

Halobacteriaceae (also called haloarchaea or halobacteria) and a few methanogens in the families 

Methanospirillaceae and Methanosarcinaea. Halobacteriaceae has members that are exclusively 

halophilic whereas Methanospirillaceae and Methanosarcinaea have some members that are not 

halophilic (Grant 2004). Halophilic bacteria tend to be categorized in two groups; the moderate 

halophiles which grow better in media containing between 0.5 M-2.5 M NaCl and the extreme 

halophiles which grows better in media with a NaCl concentration between 2.5 M-5.2 M. Note 

that these categories are not great, as they do include organisms which are halotolerant rather 

than halophilic. In this regard the it’s important to remember that true halophiles require a 

minimum salinity for growth. Within the moderate halophilic group mostly Gram-negative 

organisms has been described, however, studies have shown the isolation of Gram-positive 

organisms that fall within this group (Ventosa et al. 1998). There are also halotolerant bacteria 

which grow better without the presence of NaCl however, have the ability to grow in high-salt 

concentrations (Rodriguez-Valera et al. 1981). Most halotolerant bacteria fall into genera with 

representatives that do not show halophilic capabilities. The bacterial family Haloanaerobiaceae 

contains exclusively halophiles whereas the family Halomonodaceae are predominantly 

halotolerant (Grant 2004). 
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1.6.3 Non-saline Halophiles 

 Extremophiles (organisms able to grow in extreme temperature, pH, salinity, and 

hydrostatic pressure, ultraviolet and ionizing radiation) have been believed to only live in 

environments where they show a specialized means of growth. However, many extremophiles 

have been isolated from environments where they would not be expected to grow. In Japan an 

experiment was done where common forest type soil was used to inoculate agar plates. The soil 

was measured for salinity, which was found to be less than 0.1%. The plates contained 20% 

NaCl and the experiment found two moderately halophilic bacteria which was isolated from the 

soils (Usami et al. 2007). It has been hypothesized (though no real data is present at the time) 

that the halotolerant microorganisms, which are in the soils of Japan, are the result of years of 

precipitation.  The precipitation is thought to have carried atmosphere from the indigenous 

highly saline environments of Asia, such as salts lakes of inner Mongolia or salterns in Korea 

(Echigo et al 2005).   
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CHAPTER 2 

RATIONALE AND HYPOTHESES 

 Osmophiles can survive in environments with high solute concentrations and low water 

activity (Grant 2004). There has been a strong emphasis on research dealing with halophilic and 

halotolerant organisms, due to the similarity of high-solute environments between Earth and 

extraterrestrial environments. Studies pertaining to high-sugar environments involve mostly food 

preservation or nectar decomposition due to larger eukaryotic microorganisms such as yeasts, 

molds, and fungi. Organisms that can survive, grow, and reproduce in environments with high 

sugar concentrations are termed sucretolerant. At the beginning of this project it was assumed 

that low water activity affected microorganisms in a similar manner independent of the solute 

used to lower the water activity. Therefore, research done with fungi in high-sugar environments 

have been used as the basis for planetary protection protocols by NASA, more specifically for 

their Mars research. However, the current project indicates that there is a difference between low 

water activity environments induced by high concentrations of sugar compared to salts, and even 

a difference between members of these groups. Therefore, this study has proposed the question: 

How does bacterial growth differ in high-sucrose, high-NaCl, and other high-solute media? The 

corresponding hypothesis is stated as follows: Bacterial growth will be affected differently by 

each osmolyte, even at the same water activity.  

 Up until recently it was thought that extremophiles (including the osmophiles) were only 

able to live in environments that contain their specialized requirements for growth. However, 

recent data has shown that halotolerant organisms have been found in soils which contain only 

trace amounts of salts (Usami et al. 2007; Echigo et al 2005). Therefore, this study proposed the 

question: How common are soil bacteria which can grow in laboratory media with a high enough 

concentrations of sugar to substantially lower water activity? With a corresponding hypothesis 

stated as follows: Soil bacteria that can live in high-sugar media are rare. As mentioned 

previously very little research has been done looking at osmophiles in common soils, and in 

regards to bacteria, only a few species have been identified. Therefore, this study asked the 

following question: Which genera of bacteria can be isolated from common soils using 
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laboratory media with a high enough concentration of sugar to substantially lower water activity? 

The corresponding hypothesis is stated as follows: Genera that also show halotolerance are more 

like to be isolated in high-sugar media. 
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CHAPTER 3 

METHODOLOGY 

3.1 Media 

 All media were made weight to volume in the sense that a 50% medium would contain 50 

g of solute in a 100 ml aqueous solution. Any semi-solid media was made using high-strength 

agar representing 0.6% of the total volume of the solution.  

3.1.1 Autoclaving Procedures 

All media were autoclaved for a given time cycle preset by the machine depending on 

maximum volume of one container (75 ml = 25 min, 250 ml = 30 min, 500 ml = 40 min, further 

cycles have increased times by 5 min per 500 ml). Some of the media (AN, ANS, ANS-S, and 

Sorbose) had to be autoclaved in separate parts. For this purpose one batch consisted of sucrose, 

fructose, and glucose (AN); only sucrose (ANS); sucrose and sodium chloride (ANS-S); or 

sorbose (Sorbose medium) in DI water to represent 80% of the total volume of the final solution. 

The second batch contained yeast extract and tryptone in DI water to represent 9% of the total 

volume. The third batch contained ammonium sulfate, potassium chloride, magnesium chloride, 

iron chloride hexahydrate, and SP trace metals in DI water to represent 10% of the total volume. 

Calcium chloride was autoclaved separately and added post autoclaving representing the last 1% 

of the total volume. Since the media are made in multiple parts, if the media is aliquoted into 

tubes, this had to be done post-autoclaving. Any dry materials (tubes, caps, pipette tips) required 

were autoclaved separately from the medium on a dry cycle.     

3.1.2 Artificial Nectar Medium 

Artificial nectar (AN) medium was established as the base line medium. AN medium 

contains: X% (X represents the % concentration of the media) sucrose, 0.5% fructose, 0.5% 

dextrose (glucose). Both oligotrophic (0.05% yeast extract and 0.05% tryptone (peptone)) and 

eutrophic (0.5% yeast extract and 0.5% tryptone) AN media were established. 
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3.1.3  Artificial Nectar Medium with Salts Medium  

Artificial nectar with salts (ANS) medium was established secondarily. ANS media 

contains the following solids: X% sucrose as described above, 0.5% tryptone,  0.5% yeast 

extract, 0.2% ammonium sulfate, 0.2% potassium chloride, 0.016% magnesium chloride; and 

liquids: 0.1% iron chloride hexahydrate (working solution: 0.1 g/100 mL), 1% calcium chloride 

dihydrate (working solution: 0.36 g/10 mL), 0.05% SP trace metals (working solution: cobalt(II) 

chloride hexahydrate 0.002 g/L, copper(II) sulfate heptahydrate 0.02 g/L, manganese(II) chloride 

hexahydrate 0.2 g/L, sodium molybdate dihydrate 0.1 gL, zinc sulfate heptahydrate 0.1 g/L, 

copper sulfate hexahydrate 0.001 g/L ).  

3.1.4 Artificial Nectar Medium with Salt and Sodium Chloride Medium 

Artificial nectar with salts and sodium chloride (ANS-S) medium was established. ANS-

S media contains the following solids: X% sucrose and X% NaCl (e.g. “ANS-S 10-5” would 

contain 10% sucrose and 5% NaCl), 0.5% tryptone, 0.5% yeast extract, 0.2% ammonium sulfate, 

0.2% potassium chloride, 0.016% magnesium chloride; and liquids: 0.1% iron chloride 

hexahydrate, 1% calcium chloride dihydrate, 0.05% SP trace metals.  

3.1.5  Cellobiose Medium 

A cellobiose medium was established containing the following solids: X% cellobiose as 

described above, 0.2% ammonium sulfate, 0.2% potassium chloride, 0.016% magnesium 

chloride, 0.5% tryptone, 0.5% yeast extract; and liquids: 0.1% iron chloride hexahydrate, 1% 

calcium chloride dihydrate, 0.05% SP trace metals.  

3.1.6 Nitrate Medium  

Nitrate medium was made by adding 9 g nitrate broth (working solution: beef extract 3 

g/L, peptone 4 g/L, proteose peptone No. 3 1 g/L, potassium nitrate 1 g/L) to one liter of DI 

water.  
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3.1.7 Basal Salt Medium 

Basal salt medium (BSM) for sucrose, sorbose, fructose and glucose contains the 

following solids: 1% sucrose, sorbose, fructose or glucose, 0.58% potassium phosphate dibasic, 

0.45% potassium phosphate monobasic, 0.2% ammonium sulfate, 0.016% magnesium chloride 

hexahydrate; and liquids: calcium chloride (working solution: 2 g/L), sodium molybdate 

(working solution: 0.236 g/L), iron chloride (working solution: 0.1 g/L), manganese chloride 

(working solution: 0.158 g/L).  

3.1.8 Salt Plains Medium  

Salt Plains (SP) medium contains the following solids: X% sodium chloride as described 

above, 0.1% magnesium sulfate heptahydrate, 0.2% potassium chloride, 1% yeast extract, 0.5% 

tryptone, 0.1% dextrose; and liquids: 0.1% iron chloride hexahydrate, 0.05% SP trace metals, 1% 

sodium bromide (working solution: 0.23 g/10 mL), 1% sodium bicarbonate (working solution 

0.06 g/10 mL), 1% calcium chloride dihydrate.  

3.1.9 Magnesium Sulfate Medium 

Magnesium sulfate medium was made containing the following solids: X% magnesium 

sulfate as described above, 1% sodium chloride, 0.2% potassium chloride, 1% yeast extract, 

0.5% tryptone, 0.1% dextrose; and liquids: 0.1% iron chloride hexahydrate, 0.05% SP trace 

metals, 1% sodium bromide, 1% sodium bicarbonate, 1% calcium chloride dehydrate.  

3.1.10 Sorbose Medium  

Sorbose medium was made containing the following solids: X% Sorbose as described 

above, 0.5% tryptone, 0.5% yeast extract, 0.2% ammonium sulfate, 0.2% potassium chloride, 

0.016% magnesium chloride; and liquids: 0.1% iron chloride hexahydrate, 1% calcium chloride 

dehydrate, 0.05% SP trace metals.     
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3.1.11 Fructose Medium 

Fructose medium was made containing the following solids: X% fructose as described 

above, 0.5% tryptone, 0.5% yeast extract, 0.2% ammonium sulfate, 0.2% potassium chloride, 

0.016% magnesium chloride; and liquids: 0.1% iron chloride hexahydrate, 1% calcium chloride 

dehydrate, 0.05% SP trace metals.     

3.1.12 Glucose Medium 

Glucose medium was made containing the following solids: X% glucose as described 

above, 0.5% tryptone, 0.5% yeast extract, 0.2% ammonium sulfate, 0.2% potassium chloride, 

0.016% magnesium chloride; and liquids: 0.1% iron chloride hexahydrate, 1% calcium chloride 

dehydrate, 0.05% SP trace metals.     

3.1.13 Dilution Bottles 

 Dilution bottles are made containing an equivalent percentage of the base solute used for 

the specific MPN (e.g. MPN done with ANS 50 would require a dilution bottle with 50% 

sucrose). Dilution bottles also contain 0.1 g sodium pyrophosphate, a chaotropic agent.  

3.2 Antifungal compounds 

 Three antifungal compounds were used throughout the thesis work, namely: 

cycloheximide, nystatin, and carbendazim. Cycloheximide works by inhibiting elongation during 

protein synthesis (National Center for Biotechnology Information). Nystatin acts by binding to 

sterols in the cell membrane causing increased membrane permeability (National Center for 

Biotechnology Information). Carbendazims mode of action is by inhibiting mitotic microtubule 

formation (National Center for Biotechnology Information). All antifungals were added to the 

media post-autoclaving, and filter sterilized using a 0.22-μm filter. The stock solution (100X) 

was made using the following the measurements: 1 g cycloheximide, 1 g carbendazim, and 0.16 

g nystatin in 100 ml of ethanol. Antifungal cocktails were added to all media used throughout the 

thesis work, and the triple antifungal combination was primarily used, except for some of the 
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early work. The only experiment which was done using a different antifungal (only 

cycloheximide) was the initial most probable number count for AN media with turf soil.    

3.3 Water Activity 

 All water activity measurements were performed by Dr. Fadi Aramouni of Kansas State 

University. Water activity values for AN and ANS media can be seen in Table 1. Water activity 

values for SP and MgSO4 media can be seen in Tables 2 and 3, respectively. A graphical 

representation of the relationship between ANS and SP, and ANS and MgSO4 media can be seen 

in Figures 1 and 2, respectively. Water activity values for sorbose and cellobiose media can be 

seen in Table 4. A graphical representation of the relationship between ANS and sorbose, and 

ANS and cellobiose media can be seen in Figure 3 and 4, respectively. Water activity values for 

ANS-S media can be seen in Tables 5, 6, and 7 based on their NaCl concentration: 5%, 10%, and 

15%, respectively. A graphical representation of the relationship between ANS-S media can be 

seen in Figure 5. Water activity values for fructose and glucose media can be seen in Tables 8 

and 9, respectively. A graphical representation of the relationship between ANS and fructose 

media, and ANS and glucose media can be seen in Figures 6 and 7, respectively.  

3.4 Nitrate Reduction Test 

3.4.1 Nitrate Test Reagents 

 The reagents used for the nitrate test include: sulfanilic acid (working solution: 0.8 g in 

100 ml of 5 N acetic acid (30%)), α-naphthylamine (working solution: 5 g in 1 L of 5 N acetic 

acid), and zinc powder.   

3.4.2 Nitrate Test Procedure 

 The nitrate reduction test was conducted in accordance with the procedures in 

Microbiology Laboratory Theory and Application, published by Leboffe and Pierce (2006). 

Nitrate reduction tests were done for the 17 sugar-tolerant isolates. A nitrate broth tube was 

inoculated for each isolate and grown at 37 °C for two days. The following procedure was 

repeated for each tube. The Durham tube was examined to see if a bubble was present. If a 
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bubble was present and the organism is not a fermenter, then the organism reduced nitrate to N2. 

If no bubble was present then eight drops sulfanilic acid and eight drops of α-naphthylamine 

were added to the tube. If the tube turned red it indicated that the organism reduced nitrate to 

nitrite. If the solution did not turn red, zinc powder was added to the tube. If the tube turned red 

it indicated that the organism does not reduce nitrate. If the solution stay yellow clear, then it 

indicated that the organism reduced nitrate to something other than nitrite.  

3.5 Salinotolerant Isolates 

 The salinotolerant organisms used for this thesis work were categorized as the Great Salt 

Plains collection (GSP) and the Hot Lake collection (HL), collected from the Great Salt Plains of 

Oklahoma and Hot Lake of Washington, respectively. The Great Salt Plains represents a region 

with high concentrations of NaCl during dry periods, while Hot Lake represents a region high in 

MgSO4. Sucretolerant organisms also were isolated from the soils used for most probable 

number counts. These soils were common soils and are described in detail below. Twelve 

isolates from the HL collection were chosen for further testing based on the following criteria. 

The isolates were categorized on a strong vs. weak basis for both salino- and sucretolerance. Any 

isolate which grew in 20% NaCl was considered a strong salinotolerant organism, while any 

growing only in 15% and less NaCl was considered a weak salinotolerant organism. Any 

organism which grew to stationary phase with a spectrophotometer reading higher than 0.5 in 

50% ANS medium was considered a strong sucretolerant organism, while any organism with a 

reading lower than 0.5 was considered a weak sucretolerant organism. The isolates also were 

chosen based on taxonomic spread, in order to have a more representative sample of the 

collection. All salinotolerant isolates were stored on 9.8SP medium. 

3.6 Tolerance Tests 

 Certain factors were kept constant throughout all tolerance tests. The sizes of the tubes 

used were 13x100 mm and all contained 3 ml of media. Growth was measured over the course of 

one month, with weekly readings. Throughout this time the tubes were placed in sealable plastic 

bins on a shaker. The bins contained beakers with water to help prevent the tubes from drying 

out. The rotational speeds of the shakers were set to 150 rotations per minute. Inoculations were 
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done either with a metal loop (flamed), disposable loop, or autoclaved wooden applicator. 

Parafilm was used to seal all tubes post-inoculation.  

3.6.1 Sucrose 

 Tolerance to sucrose was measured first using oligotrophic AN 50 medium with the triple 

antifungal treatment. The tests were done using 93 isolates from the Hot Lake collection, and 64 

isolates from the Great Salt Plains collection. Second, sucrose tolerance was measured using 

eutrophic AN 50 medium with the triple antifungal treatment. The tests were done using 93 

isolates from the Hot Lake collection and 64 isolates from the Great Salt Plains collection. Next 

sucrose tolerance was measured in ANS 50 medium with the triple antifungal treatment.  The 

tests were done using 93 isolates from the Hot Lake collection and 56 isolates from the Great 

Salt Plains collection. Sucrose tolerance at varying degrees of saturation was measured using the 

following media: ANS 1, ANS 30, ANS 40, ANS 50, ANS 60, and ANS 70. The tests were done 

using the selected 12 Hot Lake isolates. This test was further expanded to include an additional 

32 Hot Lake isolates.   

3.6.2 Sodium Chloride 

 A control was done in order to ensure that the selected 12 Hot Lake isolates were still the 

correct isolates, as well as measure their salinotolerant abilities. The control was conducted by 

screening the selected 12 Hot Lake isolates on SP media in order to match them with previously 

generated data, which indicates their halotolerance. The following media were used for the 

control: SP 1, SP 10, SP 15, SP 20, SP 25, and SP 30. Halotolerance was conducted for the 17 

sugar-tolerant isolates. The following media were used for the test: SP 1, SP 10, SP 15, SP 20, 

SP 25, and SP 30.   

3.6.3 Magnesium Sulfate 

 Epsotolerance was measured for the 17 sugar tolerant isolates. The following media were 

used: MgSO4 1, MgSO4 10, MgSO4 20, MgSO4 30, MgSO4 40, MgSO4 50, and MgSO4 60. 
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3.6.4 Sorbose 

 Sorbose tolerance was measured for the selected 12 Hot Lake isolates. The following 

media were used: Sorbose 1, Sorbose 20, Sorbose 30, Sorbose 40, Sorbose 50, and Sorbose 60.  

3.6.5 Cellobiose 

 Tolerance to cellobiose was measured for the selected 12 Hot Lake isolates. The 

following media were used: Cellobiose 1, Cellobiose 5, and Cellobiose 10.  

3.6.6 Fructose 

Fructose tolerance was measured for the selected 12 Hot Lake isolates. The following 

media were used: Fructose 1, Fructose 30, Fructose 40, Fructose 50, Fructose 60, and Fructose 

70. 

3.6.7 Glucose 

Fructose tolerance was measured for the selected 12 Hot Lake isolates. The following 

media were used: Glucose 1, Glucose 30, Glucose 40, Glucose 50, Glucose 60, and Glucose 70. 

3.7 Temperature Tolerance 

 Temperature tolerance was measured for the 17 sugar-tolerant isolates. For each 

temperature, a ANS 50 plate was inoculated with the isolates (four per plate), and left at the 

appropriate temperature for two weeks. A positive result was indicated by any growth on the 

plate, and growth was checked on a weekly basis. The following temperatures were used through 

this thesis work: 4 °C, 37 °C, 45 °C, 50 °C, 55 °C, and 60 °C. 

3.8 Most Probable Number Count 

Most probable number counts are broken down into sections: media preparation, soil 

collection, post-collection test, and dried soil tests. Media preparations and equipment 

sterilization were usually done the day prior to the soil collection.  
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3.8.1 Media Preparation 

 For the purpose of this thesis work AN and ANS, both 50% and 70%, media were used 

for most probable number counts (MPN). The media were prepared as described in the media 

section. In order to run a single MPN, 35 tubes are required (5 blanks and 30 for the serial 

dilution), each containing 1.8 ml of medium. For the purpose of this work tubes with the size 

13x100 mm were used. One MPN also requires a dilution bottle to be made. Once the tubes were 

prepared they were labeled in accordance with the dilution test which was performed in the post-

collection tests. Five trials were done per MPN and the trials labeled accordingly: trial one were 

labeled 1-1, 1-2, 1-3 through 1-6; trial two were labeled 2-1, 2-2, 2-3 through 2-6. Trials 3-5 

were labeled in a similar pattern. The second number represent the dilution value (e.g.: 1-1 

represent trial one at 10X dilution), omitting the dilution factor from the dilution bottle.    

3.8.2 Soil Collection 

For the soil collection all metal spatulas that were used were autoclaved prior to the 

collection day. Gloves were worn when the soil samples were collected. Sterile whirl-pak bags 

were used to contain the sterile samples. A trowel was used to collect the non-sterile samples, 

which were contained in one gallon bags.  

To collect the soils first an appropriate area was determined and a 10 m by 10 m square 

was measured out, and the corners marked with flags. Within the 10 m by 10 m square three 

spots were selected haphazardly. At each spot a one meter square was measured out, and again 

the corners marked with flags. Within each one meter square, five points were selected from 

which the soil samples were taken, for a total of 15 samples. If any vegetation was present, it was 

removed. Also, about 1-2 centimeters of the surface soil and leaf litter were removed prior to 

taking the samples. All of the 15 samples were combined into one whirl-pak bag per MPN and 

mixed together. A new sterile scoop was used for each of the three, one meter squares. A large 

non-sterile sample was taken from each one meter square and combined into a one-gallon bag.  



24 
 

3.8.3 Post-Collection Tests 

  For each MPN, ten grams of the sterile composite sample were measured out and placed 

in a dilution bottle. The bottle was then placed on an orbital shaker for one hour, after which it 

was allowed to settle for three to five minutes (however, not long enough to allow everything to 

settle at the bottom). After the dilution bottle had settled, 0.2 ml of the liquid was transferred to 

the first tube of each trial. At this point tube 1-1 was vortexed and 0.2 ml from 1-1 was 

transferred to 1-2 using aseptic techniques. Then tube 1-2 was vortexed and 0.2 ml from 1-2 was 

transferred to 1-3. This procedure was repeated through tube 1-6 and further repeated for each of 

the five trials (see picture 1). All tubes were sealed with Parafilm and placed in moist chambers 

on a shaker for two weeks. Growth readings were done on a weekly basis.  

3.8.4 Dried Soil Tests 

 For each MPN 10-20 g of soil were measured out and placed in an aluminum cupcake tin 

and placed in an oven at 110 °C for two days. This was done with the sterile sample, however, if 

an insufficient amount of soil was left then the non-sterile soil was used. A wet weight (pre-

drying) and a dry weight (post-drying) were taken for the soil sample. After the soil had dried, 

salinity and pH was measured. Salinity was measured using a refractometer, while pH was 

measured with a handheld pH meter. For the salinity test a 1:10 dilution of the dried soil sample 

was prepared and agitated on a shaker for one hour. After the sample had been agitated it was 

allowed to settle for 15 minutes. After the sample had settled 2-3 ml were removed using a 

syringe, and was further filter sterilized using a 0.22 μm filter. The refractometer was calibrated 

and 2-3 drops of the filter-sterilized sample were used to measure the salinity as well as the 

specific gravity. For the pH reading, a 50:50 slurry of the dried soil sample was prepared. The 

pH meter was calibrated using standard pH buffers, after which the reading was taken.  

3.8.5 Scoring 

 Scoring of the MPN was done in accordance with Methods of Soil Analysis Part 2—

Microbiology and Biochemical Properties, published by Weaver et al. 1994, and is done as 

follows. All tubes positive for growth are counted within each dilution set, which gives a six 

digit score. As an example the MPN for prairie soil in ANS medium received a score of 5-5-5-5-
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4-1 meaning; all five trials were positive at dilution 10-1, 10-2, 10-3, 10-4; four trials were positive 

at dilution 10-5; and one trial was positive at dilution 10-6. The scores were then matched to a 

statistical chart. The given chart which was used had to be chosen based on the dilution factor 

and the number of replications. For this thesis work the dilution factor was ten and the number of 

replications was five. From the charts a population estimate was established however, the table 

value had to be divided by 0.2 to account for initial volume and inoculant size. To account for 

the dilution bottle, the divided table value was multiplied by 10. To account for the difference 

between wet and dry weight for the soils, the value was further divided by the percent dry weight 

(e.g. % difference = 5%, value is divided by .95). Confidence limits were determined using the 

confidence factor given in the chart (3.3 for this thesis work), divided into and multiplied to find 

the lower and upper confidence limits (P=0.05), respectively.  

3.8.6 Description of Soil Collections and Their Sites 

 The turf site was located on the Wichita State University campus and represents soil with 

short vegetation, which is highly managed (picture 2). Turf soil samples were collected through 

the period of June 2012 to March 2013. The sampling dates were June 29, July 17, November 

18, and March 18. The prairie site was located in the nature park at Chisholm Creek and 

represented soil with varying degrees of prairie-type vegetation and which was not highly 

managed (picture 3). Prairie soil samples were collected through the period of November 2012 to 

March 2013. The sampling dates were November 18 and March 18. The pond site was located at 

Chisholm Creek, in the riparian zone of the most northern pond (picture 4). This site represented 

a riparian zone of stagnant water. The creek site was located at Chisholm Creek, representing a 

riparian zone with moving water (picture 5). Pond and creek samples were collected August 8 

2013. Soils from fields containing sweet corn and soybean were collected to increase the spread 

of soils from different soil biomes. The crop soil samples were collected August 4 2014. 

Conditions in June included surface temperatures of up to 32.7 °C with a mean daily high of 30.2 

°C. Mean day temperature variation was 11.8 °C with a maximum variation of 12.2 °C. 

Conditions in July included surface temperatures of up to 33.8 °C with a mean daily high of 33.3 

°C. Mean day temperature variation was 12.2 °C with a maximum variation of 12.2 °C. 

Conditions in November included surface temperatures of up to 17.2 °C with a mean daily high 

of 13.1 °C. Mean day temperature variation was 10.7 °C with a maximum variation of 11.1 °C. 
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Conditions in March included surface temperatures of up to 13.8 °C with a mean daily high of 

6.1 °C. Mean day temperature variation was 7.6 °C with a maximum of 7.7 °C. Conditions in 

August included surface temperatures of up to 33.3 °C with a mean daily high of 32.5 °C. Mean 

day temperature variation was 11.9 °C with a maximum of 12.3 °C. 

3.8.7 Isolation Technique 

 Isolation of bacteria from soils was done after a most probable number count was 

completed (two weeks). Within each set of MPNs (e.g. ANS 50 Prairie) 100 μl was removed 

from two tubes, from the highest dilution which showed growth, and spread-plated on ANS 50 

plates. The isolates were then purified by using a six-streak purification technique. If multiple 

isolates were observed on the spread plate (e.g. different colors or colonies compared to a smear) 

a six-streak purification was done for each isolate. The six-streak purification technique was 

performed as followed: One colony from the spread plate was streak-plated on a ANS 50 plate 

(representing streak one). One colony from the first streak plate was streak-plated on another 

ANS 50 plate (representing streak two). This pattern was repeated until six streak-plates were 

made (streak two to streak three, streak three to streak four, etc.). After the six-streak purification 

each isolate was stored on ANS 50 slants and later defined as the sugar-tolerant (ST) isolates.    

3.9 Stains 

 All stains were applied in accordance with the procedures from Microbiology Laboratory 

Theory and Application, published by Leboffe and Pierce 2006. Staining was done for the 17 

sugar-tolerant isolates. All stains were prepared by making heat-fixed emulsions, and observed 

under oil immersion once complete. For simplicity, the procedures are explained as if only a 

single slide was used.  

3.9.1 Gram Stain 

 The slide was first covered with crystal violet stain for one minute and then gently rinsed 

with water. The slide was then covered with iodine mordant for one minute and then gently rinse 

with water. The slide was then decolorized using a 95% ethanol solution and gently rinsed with 
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water. The slide was then counter stained with safranin for one minute, then gently rinsed with 

water and blotted with bibulous paper.  

3.9.2 Endospore Stain 

 A bibulous paper was applied to the slide and then covered with malachite green stain. 

This was done over a beaker with boiling water to steam the slide for five minutes. The slide was 

kept moist during the five minutes by continuous application of more malachite green stain. 

After the five minutes the paper was removed and the slide gently rinsed with water. Next the 

slide was counter stained with safranin for one minute. After the one minute the slide was gently 

rinsed with water and gently blotted with bibulous paper.   

3.9.3 Acid-Fast Stain 

 The acid-fast staining was done using the Ziehl-Neelsen (ZN) method. The slide was 

covered with bibulous paper and ZN carbolfuchsin stain was applied to the slide. This was done 

over a beaker with boiling water to steam the slide for five minutes. The slide was kept moist by 

the continuous application of ZN carbolfuchsin stain. After the five minutes the slide was gently 

rinsed with water.  The slide was then decolorized with the use of an acid-alcohol solution until 

the run off was clear. The slide was then counter stained with methylene blue for one minute. 

After the one minute the slide was rinsed with water and blotted with bibulous paper.  

3.10 Molecular Genetic Analyses 

3.10.1 DNA Extractions 

 DNA extractions were performed for the 17 sugar-tolerant isolates, using a freeze/thaw 

technique. One tube of ANS 50 broth medium was inoculated with each of the 17 isolates and 

cultured until the medium was turbid. From the tube, one ml of the medium was transferred to a 

microfuge tube and centrifuged for five minutes at 16000 g. The supernatant was removed and 

another ml of inoculum was added to the microfuge tube. The tube was centrifuged for five 

minutes at 16000 g again and the supernatant poured off. Another ml of inoculum was added to 

the microfuge tube, and spun down for five minutes at 16000 g, after which the supernatant was 
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removed. Half a ml of deionized water was added to the tube and it was placed in a disrupter for 

five minutes. At this point the tube was transferred from liquid nitrogen to a 90 °C water bath 

and back, six times at one minute intervals (six, one minute periods in liquid nitrogen and six, 

one minute periods in the 90 °C water bath). The microfuge tube was then centrifuged for ten 

minutes. Two hundred μl of the supernatant was removed and transferred to a new smaller 

microfuge tube, representing the crude DNA extract.  

3.10.2 PCR Amplification and Procedure 

PCR amplification was done for each of the extracts made from the 17 sugar-tolerant 

isolates. All components of the PCR amplification were left on ice for the duration of the mixing 

of components. A negative and positive amplification were conducted with each PCR run. The 

negative control consisted of only water and the positive control had Bacillus subtilis DNA 

extract added. One tube of PCR mixture contained 22.5 μL nuclease-free water (25 μL for the 

negative control), 2.5 μL DNA extract (omitted in the negative control), and 25 μL master mix 

for a total of 50 μL. The master mix was composed of the following reagents and volumes per 25 

μL: 13.25 μL nuclease-free water, 5 μL 10X Ex Taq buffer, 4 μL dNTP, 1.25 μL PA primer 

(EUBPA: 5’-AGAGTTTGATCCTGGCTCAG-3’), 1.25 μL PH primer (EUBPH: 5’-

AAGGAGGTGATCCAGCCGCA-3’), 0.25 μL Ex Taq polymerase. The order of mixing was as 

followed: The DNA extract was added to the water, after which the master mix was prepared, 

with the Taq polymerase thawed and added just prior to adding the master mix to the water. 

After the master mix was added the tubes were placed in a thermocycler (however, not while the 

temperature was below 70 °C). The DNA was denatured for two minutes at 95 °C, followed by 

40 cycles of 95 °C for one minute, 50 °C for one minute, and 72 °C for one minute, with a final 

extension at 72 °C for five minutes.  

3.10.3 Gel Electrophoresis  

 All gels were used for the purpose of this thesis work were 1% agarose gels, which were 

made by adding 0.5 g of agarose to 50 mL of 1X TAE buffer (50X TAE buffer was made as 

follows: 242 g Tris Base, 57.1 mL glacial acetic acid, 100 mL 0.5 M ethanol at pH 8). The 

agarose was dissolved by heating the solution in a microwave for three minutes in one minute 

intervals and the flasks was swirled in between each interval. The power level of the microwave 
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was set to four. All gels were loaded with 12 μL of amplicon and 3 μL of 6X loading dye. The 

gels were stained using ethidium bromide (dilution factor: 10 μL per 100 mL) after which they 

were exposed to UV light and an image captured.   

3.10.4 Sequencing 

 Prior to sequencing each amplicon was cleaned using a Wizard SV Gel and PCR Clean-

Up System. The following procedure was for each of the isolates. Twenty-five μl of amplicon 

was transferred to a clean microfuge tube; in addition, 25 μl of membrane-binding solution was 

added to the microfuge tube. A minicolumn was placed in a collection tube and the mixture of 

membrane-binding solution and amplicon (50 μl) was added to the minicolumn. The mixture was 

allowed to incubate at room temperature for three minutes after which it was spun down in a 

centrifuge at 16000 g for one minute. The flow-through was discard and 700 μl of membrane 

was solution was added to the minicolumn after it was reinserted into the collection tube. The 

sample was then spun down for one minute at 16000 g. The flow-through was discarded and the 

minicolumn reinserted into the collection tube. Five hundred μl of membrane wash solution was 

added to the minicolumn and the sample was spun down at 16000 g for five minutes. The flow-

through was discarded and the minicolumn reinserted into the collection tube, after which the 

sample was spun down at 16000 g for two minutes. The minicolumn was transferred to a clean 

1.5-ml centrifuge tube and 50 μl of nuclease-free water was added to the minicolumn. The 

sample was allowed to incubate for one minute at room temperature, after which it was spun 

down for one minute at 16000 g. The cleaned DNA sample (now in the 1.5 ml centrifuge tube) 

was stored at -20 °C until further prepared for sequencing.  

3.10.5 Backup Procedure 

 Backups of the 17 sugar-tolerant isolates were made using the following procedure. For 

each isolate a sterile cryovial was prepared with 200 μL of sterile 50% glycerol. The isolates 

were transferred from plates, where approximately ten colonies were removed and added to the 

glycerol. The cryovials were left for 10-15 minutes to allow the glycerol to soak into the cells. 

The cryovials were then placed in a Nalgene Mr. Frosty container with 250 mL of isopropanol 

and placed in a -80 °C freezer. The Mr. Frosty container was used to achieve a cooling rate of 

one degree Celsius per minute.    
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3.11 Statistics 

 Statistical comparisons between growth of the 44 Hot Lake isolates in SP and ANS media 

was done using SAS version 9.2. A Paired T-test was performed for the comparison. Statistical 

comparison of the selected 12 Hot Lake isolates in the six different media (sucrose, NaCl, 

glucose, fructose, sorbose, and cellobiose) also was performed using a Paired T-test using SAS 

version 9.2.  
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CHAPTER 4 

RESULTS 

4.1 Salinotolerance vs. Sucretolerance 

 Screening of the salinotolerant organisms in oligotrophic AN 50 medium showed very 

little growth. Addition of organics (eutrophic AN 50) led to an increase in growth (Table 10). 

Addition of salts to the eutrophic AN medium caused a further increase in growth (Table 11). 

However, overall growth was still limited in both collections (23.66% for Hot Lake and 17.86% 

for Great Salt Plains). Note that the ANS 50 medium has a water activity comparable to that of 

the 9.8SP medium in which the salinotolerant organisms were stored (Figure 1).  

Screening of the 12 selected Hot Lake isolates in different sugar concentrations with 

ANS media showed that some isolates have comparable growth patterns, such as isolates 11, 54, 

80 and 82. Others have very different growth patterns in SP and ANS media such as isolates 12, 

20, 55, 68, and 91 (Figures 8 and 9). Expansion of the experiment by the addition of two groups 

(each with 16 isolates) of Hot Lake isolates yielded similar results. Note that more isolates 

showed different growth patterns (32/44) than similar growth patterns (12/44) (Figures 9, 10, and 

11). At concentrations with similar water activities there was a big difference in growth 

throughout the 44 isolates, 100% compared to 36% for SP 10 and ANS 50, respectively. It 

should be noted that at much lower water activities in salt (SP 30 with 0.76 aw) more growth was 

observed (20%) than at higher water activities in sugar (ANS 70 with 0.90 aw) where only 15% 

growth was observed.  Comparison of overall growth tolerances between the 44 isolates show a 

difference in growth patterns between the two solutes (Tables 15 and 16). Statistical analysis of 

the difference in growth showed a significant difference between the two solutes (P = 0.001). 

4.2 Tolerances to Other Solutes 

 Growth was seen for all 12 selected Hot Lake isolates in sorbose medium however, only 

at low concentrations (1% sorbose). Three of the twelve isolates grew above a concentration of 

1%; isolates 12 and 54 grew at a concentration of 20%, while isolate 11 grew at a concentration 
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of 30% (Table 17). Growth was limited in cellobiose medium with only eight of the twelve Hot 

lake isolates growing at any concentrations of the medium. Of the eight isolates which grew, 

seven of the isolates grew to near saturation (10% cellobiose), while one isolate only grew at a 

1% concentration (Table 18). 

Growth was observed in fructose media for all of the 12 selected Hot Lake isolates, albeit 

only at a concentration of 1%. Growth was not seen above a concentration of 40%, and only 

three isolates were able to growth at this concentration; isolates 12, 54 and 55. Growth was 

observed at a concentration of 30% fructose in six of the 12 isolates (Table 19). Growth was 

observed for all 12 Hot Lake isolates in glucose media, however, only at a 1% concentration. 

Isolate 12 grew to a concentration of 60%, which was the highest concentration at which growth 

was observed. Overall growth was greater in glucose compared to fructose, with five isolates 

growing in 40% medium, and eight isolates growing in 30% medium (Table 20). It should be 

noted that the water activities of all three sugars (sucrose, fructose, and glucose) are all very 

similar (Figure 6 and 7).   

 The use of basal salt medium supplemented with solutes showed that all of the 12 

selected Hot Lake isolates have the ability to use sucrose or glucose as sole carbon and energy 

sources while a smaller number can use fructose (2 of 12) or sorbose (5 of 12) (Table 21).  

Statistical comparison between growth tolerances to the solutes showed that there is a significant 

difference between the response to these solutes. Of the 16 comparisons, 14 comparisons came 

out with statistical significance. The two which did not have significance were the comparisons 

between cellobiose and NaCl, as well as, the comparison between cellobiose and glucose. The p-

values for each comparison can be seen in Tables 22 and 23. 

4.3 Mixture Media 

 Growth was predominately seen in the mixture media containing 5% NaCl (Table 24), 

while growth was decreases with each increase in NaCl concentration (Table 25 and 26). 

Comparing the three tables, a pattern is observed with the decreased growth, showing that those 

isolates which grew better at a lower NaCl concentration would grow better at the next increment 

of NaCl concentration. Isolates 11, 12, and 54 grew at the highest concentration (30% sucrose 
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and 15% NaCl) where growth was seen. It should be noted that these three isolates have done 

exceptionally well in any of the solutes that have been tested through this thesis work. An 

important note with the mixture media was that growth was not entirely dependent on water 

activity. All isolates (except isolate 64) displayed at least one occurrence where no growth was 

observed in a medium with a higher water activity, and then positive growth observed in a 

medium with a lower water activity caused by a different solute. 

4.4 Most Probable Number Count 

 At concentrations of 50% sucrose the highest population estimate which was seen was for 

the turf soil in ANS medium (2.21x107) and the lowest estimate was seen in the Hot Lake soil 

(1.15x104) (Figure 12). The soils taken from the crops, sweet corn and soybean, had slightly 

different population estimates 4.05x106 and 4.07x106, respectively. Riparian zone soils had 

lower population estimates than those of the common soils and the crop soils; 2.34x106 and 

3.40x106 for the creek and pond, respectively. There was a great difference in growth between 

AN and ANS media; e.g. prairie soil in AN medium had a population estimate of 8.02x105 

compared to 1.06x107 in ANS medium. Increased amounts of antifungals (cycloheximide 

compared to CCN combination) decreased growth in AN medium from 3.32x106 to 1.46x106 

(Figure 12). The control group showed similar results, with turf soil in ANS medium having the 

highest population estimate and the Hot Lake soil having the lowest. Overall the population 

estimates were equal to or greater in the control experiment than those which were observed in 

the experimental group (Figure 13). 

 At a concentration of 70% sucrose population estimates were very low, ranging from 

1150 to 15509 (Figure 14). Between the six sites and two different media which were used, six of 

the population estimates were very similar; turf soil in AN medium with CCN (1551), also 

Prairie (1446), turf (1551), creek (1664), pond (1729), and Hot Lake soils in ANS medium with 

CCN (1150). Sweet corn was the only site which had a population estimate of 5551, while turf 

soil in AN medium with cycloheximide, prairie soil in AN medium with CCN, and soybean soil 

in ANS with CCN had estimates of 1.55x104, 1.45x104, and 1.20x104, respectively (Figure 14). 

The control group had much more growth than the experimental group with population estimates 
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ranging from 1650 to 1.14x106. Overall growth was greatly increased at each site and in each 

media, expect for the Hot Lake soil which only had a small increase (1150 to 1650) (Figure 15).   

 The test for soil characteristics showed that pH varied only slightly between the different 

soils (Table 27). Prairie soil had the lowest pH of 6.0 while turf soil had the highest pH of 7.4. 

The other soils had pH values close to neutral. The soils had very low salinity levels with salinity 

readings of zero and specific gravity readings of one in the refractometer. Water content was 

varied throughout the soils; the soil from the riparian zones had the greatest water content, while 

the soil from the crops had the lowest water content (Table 27). 

4.5 Sugar-Tolerant Isolates 

   Sucretolerance was seen in all isolates, and all 17 isolates grew at concentrations up to 

50% sucrose. Most of the isolates (13/17) grew to a concentration of 60% sucrose (Table 28 and 

29). Halotolerance was observed for all isolates, though four isolates only grew at a 

concentration of 1% sodium chloride. Most of the isolates showed moderate halotolerance with 

two isolates growing at 10% sodium chloride and 11 isolates growing at a concentration of 15% 

sodium chloride (Table 30 and 31). Epsotolerance was observed in all isolates, and every isolate 

grew to a concentration of 60% MgSO4 which is near saturation (Tables 32 and 33). Temperature 

screening showed that all isolates can grow at temperatures ranging from 25 °C to 45 °C. Growth 

was observed for most isolates (15/17) at 50 °C, while a smaller number were able to grow at a 

temperature of 55 °C (7/17). No growth was observed at temperatures of 4 °C and 60 °C (Tables 

34 and 35). Nitrate reduction was only observed in two of the isolates (isolates 1 and 3), and 

nitrate was reduced to nitrite. All isolates were Gram-positive Bacillus except isolate 3 which 

was a Gram-positive Microbacterium. All isolates had negative results for the presence of 

mycolic acid and endospores (Tables 36 and 37). The scientific names for each sugar-tolerant 

isolate are given in Tables 38 and 39.    
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CHAPTER 5 

DISCUSSION 

5.1 Salinotolerance vs. Sucretolerance 

 Comparison of growth in sucrose and NaCl for the Hot Lake and Great Salt Plains 

isolates indicates that there is not a clear relationship between salinotolerance and sucretolerance. 

The low degree of growth tolerance seen in the oligotrophic medium could be explained by the 

bacteria “starving”, as the organic composition of the medium was ten times less than the media 

which the bacteria were stored on. However, even at a similar organic composition there was still 

substantially less growth in the sucrose media than in NaCl. The same scenario was seen even 

with the addition of trace salts, though growth was increased slightly compared to the eutrophic 

media. The addition of trace salts was expected to increase growth since some of these salts are 

required for growth for some of the bacteria. Initially growth comparisons between the solutes at 

different concentrations showed varied results, with some isolates having similar growth patterns 

and others which did not have similar growth patterns. However, expansion of the experiment 

yielded a larger proportion of dissimilar growth patterns, further indicating that there is a 

difference between growth in the two types of solutes. An interesting result was that more 

growth was seen in saturated NaCl than in saturated sucrose, even though the water activity was 

much lower in saturated NaCl. The NaCl medium actually dropped below the water activity of 

saturated sucrose medium, at nearly half saturation. At these concentrations of NaCl almost all of 

the isolates grew, though very few grew in the sucrose media with a comparable water activity. 

This observation indicates that the specific solute and concentration of the given solute seem to 

affect microbial growth at least with equal importance to water activity. The result of the 

statistical analysis also indicates that the two solutes are different, as a significant difference was 

observed in the paired t-test. Statistical comparison between sucrose and NaCl was done in two 

ways, one with the raw data and one where any isolate which grew in a 1% sucrose solution was 

considered to be able to grow in a 29% sucrose concentration. This step was done since next 

higher concentration of media from 1% was 30% at which those isolate were negative for 

growth. With that consideration, the isolates could have grown anywhere between 1% and 29%, 
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therefore, statistics were done in order to see if significance was seen even at the highest possible 

concentration for growth. Overall the data support our first hypothesis, that different osmolytes 

will affect growth differently even at a similar water activity. In terms of the significance of 

these findings in regards to NASA, it could be proposed that the planetary protection guidelines 

be revised, using current literature which was based on high MgSO4 to be comparable to the 

environment on Mars.  

5.2 Tolerances to Other Solutes 

 Sorbose media was used in order to compare growth in two types of sugars. Sorbose was 

a good comparative sugar as it decreases water activity in a similar pattern as sucrose does.  

Previous data generated in the lab showed differences in epso- and halotolerance for some of the 

Hot Lake isolates, which raised the question if there would be differences between sugars as 

well. The growth pattern for the selected 12 Hot Lake isolates was very different in sorbose 

media compared to ANS media, indicating that there are growth differences between sugars. All 

statistical comparisons between sorbose and other solutes were significant, further supporting our 

hypothesis that growth tolerances are different in different solutes. A possible explanation, 

though not confirmed by this thesis work, is that sorbose tends to occur in a linear conformation, 

which differs from the conformation of sucrose and therefore, the isolates may have difficulty 

utilizing the sugar. A similar scenario was observed when cellobiose media was used. Cellobiose 

is composed of two glucose molecules linked by a beta-bond (Jacobson et al. 1961) which makes 

the molecule appear similar to cellulose. Another consideration is that cellobiose saturates 

around 10% meaning the solute concentration cannot get very high in this type of media, which 

was represented in the very high water activity. Due to the factors of low solute concentrations 

and high water activity, it’s likely that organisms that had a mechanism to break down beta-

bonds were able to grow fairly uninhibited in the cellobiose media. Statistical comparisons to 

cellobiose were also the only comparisons which did not have significance. Because of these 

considerations, growth in the cellobiose media did not appear to help answer any of the questions 

addressed in this thesis work.   

 There were some differences between the growth of the selected 12 Hot Lake isolates in 

the three different types of sugar (sucrose, fructose, and glucose). Considering that all three 
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sugars have very similar water activities, these were some interesting results. Another 

observation was that isolates which did well in one type of sugar, also grew well in the other two 

types of sugar. Another consideration is that sucrose is a fructose and a glucose molecule bonded 

together. Therefore, it was interesting that there was a difference in growth between the sugars. 

Since fructose media had less overall growth it could be hypothesized that the structure of the 

molecule may play a role in how a bacterium can utilize the molecule. Considering that all 

differences between the sugars had statistical significance and the results of the growth data, this 

helps support the hypothesis which states that growth will differ among multiple solutes.  

5.3 Mixture Media 

 The thought behind the mixture media was to be able to achieve a low water activity with 

less of each of the solutes. We were hoping that the solutes would work synergistically in order 

to lower water activity. This was done to see if the microbes would grow at lower water 

activities, with a lower concentration of each solute, than they could when grown in only one 

solute at a high concentration. Interestingly a couple of patterns were observed with this data. 

First, comparing growth in the three NaCl concentrations showed that those isolates which grew 

at a high sucrose concentration in 5% NaCl media also grew in more, and at higher, sucrose 

concentrations in 10% and 15% NaCl media. Secondly, growth was observed to be somewhat 

independent of water activity. Almost all the isolates showed at least one instance where growth 

was observed in a medium with a lower water activity, than one with a higher water activity. The 

general trend here was that a medium with a high sucrose concentration (e.g. ANS-S 40-5) 

would show no growth, while positive growth was observed in a medium with a lower sucrose 

concentration but a higher NaCl concentration (e.g. ANS-S 10-15) even though this medium had 

a lower water activity. This data helps support our findings that water activity does not control 

microbial growth independently, and that solute concentration and type is a factor when 

explaining microbial growth tolerances.  

5.4 Most Probable Number Counts 

 The results from the most probable number counts showed that in common soils there are 

bacteria that can survive high solute environments. Therefore, site selection was based on a 

couple variables while the sites still had to represent common soils. The prairie and turf soils 
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were selected as they are highly abundant throughout the region. The pond and creek soils were 

selected to see if relatively wet soils contained an abundance of sucretolerant organisms. The 

crop soils were selected to increase the spread of soils from different soil biomes, while crop soil 

is also very common throughout the region. Even though there are organisms in the soil which 

can survive in these environments, their abundance was much lower than those microbes that 

grow under normal, less extreme conditions. Common soils in general contain 109 cells per gram 

of soil (Whitman et al. 1998) and the highest abundance measured in the current work was in 

range of 107. This result was only observed from two sites and only in the less concentrated 

media (ANS 50) while still representing a hundred-fold decrease in the population estimate. 

Most of the population estimates from the ANS 50 medium were actually in the range of 106 

indicating a thousand-fold decrease in the population estimate. The population estimates in the 

ANS 70 medium was very low ranging from 103 to 104, representing decreases of a one million-

fold and one hundred thousand-fold, respectively. This data helps support our second hypothesis 

that bacteria which can survive in these harsh chemical conditions are relatively rare. However, it 

should be noted that even though these bacteria can survive high solute environments are rare in 

common soils, they are still present and NASA should consider common soils as a possible 

contamination source for spacecraft assembly facilities. Another interesting consideration from 

these results is how different the population estimates between ANS 50 and ANS 70 media were. 

The media differed only by 0.01 with regard to water activity and from that perspective should 

be relatively similar in terms of the stress which was placed on the bacteria. Considering that 

growth did vary greatly between the two media types, this further indicates that the specific 

concentration of the solute used can affect microbial growth even at similar water activities.  

With regard to the tests for soil characteristics, overall there was not a large difference 

between the six sites. Most of the soils had relatively neutral pH values and salinity was low in 

all the soils; therefore, these factors should not have had a strong effect on microbial growth. In 

terms of water content, it was expected that the riparian zone soils would lose more water than 

the other soils on drying. The difference which was seen between the prairie, turf, and crop soils 

are most likely explained by differences in seasonal and weather patterns at the time of the 

collections. Considering that the soils didn’t appear to have any outstanding qualities which 

would make them highly selective, it’s interesting that organisms with the capability to survive 

in these extreme environments were found in these common soils. There are a couple possible 
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explanations, though not experimentally confirmed, which could account for this phenomenon. 

One possibility is that endospores from bacteria which lived in high solute environments were 

scattered, potentially by a mechanism such as wind dispersal, and simply lie dormant in the soil. 

When the soil is introduced to high-solute media in the lab, these endospores are then 

unknowingly selected for. Another possibility is that in the soil there is a “nugget” or small 

composite of a specific solute and the isolates are then growing within or on this nugget. When 

the soil is placed in high-solute media in the lab, then the isolates now have a larger habitat with 

the given solute and can flourish in the lab environment.   

5.5 Sugar Tolerant Isolates 

 Considering that the bacteria were isolated from sugar media, and on sugar media, it was 

not surprising that the bacteria showed high sucretolerance. The display of epsotolerance was 

somewhat surprising; however, previous data from the lab has shown a similar trend where high 

epsotolerance was achieved even with a lower tolerance to other solutes. Considering that most 

of the isolates showed moderate halotolerance this data overall helps to support our hypothesis 

that bacteria from soil which are sucretolerant, will also display halo- and salinotolerance. In 

terms of temperature tolerance it’s noteworthy that none of the isolates were able to grow at a 

temperature of 4 °C. The consideration here is that the surface of Mars is always very cold. 

Therefore, any organism which could possibly serve as a contaminant has to have the ability to 

grow at low temperatures, which the sugar-tolerant isolates do not possess. Considering the 

extreme growth tolerances of the isolates, we expected many of them to be the same or at least 

similar. Since all but one isolate was a Bacillus, and all were Gram-positive, our assumption was 

correct that they were going to be similar, and only eight different species were observed within 

the seventeen isolates.      

5.6 Potential Experimental Errors 

 The main problem working through this thesis work was the issue of determining positive 

growth in liquid broth media. By standard procedures turbidity is the indication of positive 

growth however, in some instances when soils were added or when very low concentration 

media were used, the cultures would be turbid upon inoculation. This was primarily an issue for 

the first row of the MPN dilution tubes, as they would receive a fair amount of small soil 
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particles. In order to standardize how the tubes were recorded as either positive or negative for 

growth, only one person (the author of this thesis) would record data for liquid broth tubes. This 

was done in order to eliminate any potential differences in growth determination. In a case where 

a clear determination by eye was not achievable, the medium was screened using a 

spectrophotometer after vortexing, and any readings above 0.5 were considered positive for 

growth.  
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CHAPTER 6 

CONCLUSION 

In conclusion it can confidently be stated that different solutes affect microbial growth 

differently even at similar water activities. In this sense we support our first hypothesis regarding 

microbial growth in different solutes. In terms of NASA's planetary protection guidelines for 

Mars, it could be proposed that they be revised using current literature dealing with high-MgSO4 

environments, in order to be comparable to the environment on Mars. Considering the reduction 

in microbial population estimates in high-sugar media compared to nonselective media, 

especially in saturated solutions, we support our second hypothesis, that soil microbes that can 

live in these harsh chemical conditions are rare. Though bacteria which can grow in these harsh 

chemical conditions are rare, this research shows that soil can serve as a possible contamination 

source for NASA spacecraft assembly facilities. This is an important consideration as both 

equipment and personal are likely to encounter soil and/or soil particles with relative ease. With 

regard to the third hypothesis, that those bacteria isolated in high-sugar media also will display 

salinotolerance, we support the hypothesis, since the seventeen isolates displayed both epso- and 

halotolerance.   
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CHAPTER 7 

FUTURE PROSPECTS 

There are a couple of different avenues that can be pursued from this thesis work, as 

questions were raised for both the soil portion as well as the salt vs. sugar portion of the thesis 

work. On the soil side, it would be interesting to figure out why there are isolates in common 

soils which can survive these harsh conditions, and how they behave in normal soil. It is possible 

to look at more types of soils (e.g. forest soils) to see if there are any differences compared to 

those soils which have already been tested. More isolates could be collected (possibly from other 

soils) in order to get more comprehensive knowledge of the bacteria in common soils that can 

survive in these high-solute environments. Considering that most of the bacteria that were 

isolated were Bacillus strains, it would be interesting to do a more comprehensive study on those 

specific Bacilli. This could be looking at how common they are in soils, and if not, where might 

they have come from. Another interesting possibility would be to look at variances throughout 

the year, by doing MPNs once or twice a month through the course of a year and comparing the 

population estimates. On the salt vs. sugar side, the main question to answer is why the isolates 

seem to do better in one solute than another. For this question it would be interesting to see if 

there is a specific mechanism that is used by bacteria in order to utilize the solute, or if there is a 

general pathway used by the bacteria in order to make compatible solutes.  Another possibility 

would be to look how toxic each solute is to the bacteria, and if there is a pathway which the 

bacteria use to remove the solute from the cell.  
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Media Type aw 

AN 50 0.930 

AN 70 0.900 

ANS 1 0.980 

ANS 30 0.960 

ANS 40 0.940 

ANS 50 0.910 

ANS 60 0.900 

ANS 70 0.900 

Table 1: Water activity measurements of AN and ANS 
media. The number under media type represents the 
percentage of the media which is sucrose (wt/vol). E.g. 
ANS 50 contains 50% sucrose.  
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Media Type aw 

SP 1 0.950 

SP 10 0.920 

SP 15 0.880 

SP 20 0.850 

SP 25 0.800 

SP 30 0.760 

Table 2: Water activity measurements of SP media. 
The number under media type represents the percentage 
of the media which is NaCl (wt/vol).  
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Media Type aw 

MgSO4 1 0.989 

MgSO4 10 0.983 

MgSO4 20 0.977 

MgSO4 30 0.966 

MgSO4 40 0.954 

MgSO4 50 0.936 

MgSO4 60 0.907 

Table 3: Water activity measurements of MgSO4 
media. The number under media type represents the 
percentage of the media which is MgSO4 (wt/vol). 
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Media Type aw 

Sorbose 1 0.980 

Sorbose 20 0.960 

Sorbose 30 0.950 

Sorbose 40 0.940 

Sorbose 50 0.900 

Sorbose 60 0.900 

Cellobiose 1 0.994 

Cellobiose 5 0.995 

Cellobiose 10 0.995 

Table 4: Water activity measurements of sorbose and 
cellobiose media. The number under media type 
represents the percentage of the media which is sorbose 
or cellobiose (wt/vol), for sorbose and cellobiose media, 
respectively. 
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Media Type aw 

ANS 10-5 0.942 

ANS 20-5 0.960 

ANS 25-5 0.940 

ANS 30-5 0.930 

ANS 40-5 0.925 

ANS 50-5 0.890 

ANS 60-5 0.850 

ANS 70-5 0.820 

Table 5: Water activity measurements of ANS media 
with 5% sodium chloride. The number under media 
type represents the percentage of sucrose and NaCl. 
E.g. ANS 10-5 contains 10% sucrose and 5% NaCl.  



54 
 

  

Media Type aw 

ANS 10-10 0.967 

ANS 15-10 0.939 

ANS 20-10 0.910 

ANS 30-10 0.890 

ANS 40-10 0.886 

ANS 50-10 0.824 

Table 6: Water activity measurements of ANS media 
with 10% sodium chloride. The number under media 
type represents the percentage of sucrose and NaCl.  
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Media Type aw 

ANS 10-15 0.891 

ANS 20-15 0.870 

ANS 30-15 0.839 

ANS 40-15 0.794 

ANS 50-15 0.750 

Table 7: Water activity measurements of ANS media 
with 15% sodium chloride. The number under media 
type represents the percentage of sucrose and NaCl.  
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Media Type aw 

ANSf 1 0.950 

ANSf 30 0.970 

ANSf 40 0.950 

ANSf 50 0.930 

ANSf 60 0.910 

ANSf 70 0.880 

Table 8: Water Activity measurements of fructose 
media. The number under media type represents the 
percentage of the media which is fructose (wt/vol). 
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Media Type aw 

ANSg 1 0.999 

ANSg 30 0.959 

ANSg 40 0.936 

ANSg 50 0.912 

ANSg 60 0.910 

ANSg 70 0.899 

Table 9: Water activity measurements of glucose 
media. The number under media type represents the 
percentage of the media which is glucose (wt/vol). 
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Media Type HL GSP 

Oligo- 
Trophic 

2/93 2.15% 0/64 0% 

Eutrophic 14/93 14.9% 7/64 10.9% 

Media Type HL GSP 

Eutrophic 22/93 23.66% 10/56 17.86% 

Table 10: Percent growth of salinotolerant organisms from Hot Lake and 
Great Salt Plains in liquid AN50 medium. Growth was determined visually 
as turbidity within each tube.  

Table 11: Percent growth of salinotolerant organisms from Hot Lake and 
Great Salt Plains in liquid ANS50 medium. Growth was determined 
visually as turbidity within each tube. 
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Isolate number Genus 

11 Marinococcus 
12 Halomonas 
14 Halomonas 
20 Planococcus 
54 Marinococcus 
55 Bacillus 
64 Nesterenkonia 
68 Bacillus 
76 Nesterenkonia 
80 Planococcus 
82 Halomonas 
91 Planococcus 

Table 12: Genus information for the 12 selected Hot Lake isolates.  
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Isolate number Genus 

1 Planococcus 
3 Marinococcus 
4 Halomonas 
5 Marinococcus 
6 Halomonas 
7 Marinococcus 
10 Marinococcus 
13 Halomonas 
21 Halomonas 
26 Halomonas 
34 Halomonas 
38 Halomonas 
40 Marinococcus 
41 Halomonas 
42 Halomonas 
43 Planococcus 

Table 13: Genus information for the Group One Hot Lake isolates.  
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Isolate number Genus 

47 Halomonas 
48 Halomonas 
49 Halomonas 
50 Marinococcus 
52 Bacillus 
53 Bacillus 
57 Halomonas 
58 Halomonas 
63 Bacillus 
65 Halomonas 
66 Halomonas 
67 Nesterenkonia 
70 Marinococcus 
71 Halomonas 
72 Marinococcus 
74 Halomonas 

Table 14: Genus information for the Group Two Hot Lake isolates.  
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NaCl Concentration Positive Growth 

1% 44/44 100% 

10% 44/44 100% 

20% 41/44 93% 

25% 17/44 39% 

30% 9/44 20% 

Table 15: Growth of 44 Hot Lake isolates in different concentrations of SP media.  
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Sucrose Concentration Positive Growth 

1% 44/44 100% 

30% 23/44 52% 

40% 17/44 39% 

50% 16/44 36% 

60% 12/44 27% 

70% 7/44 15% 

Table 16: Growth of 44 Hot Lake isolates in different concentrations of ANS 
media.  
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Isolate 

Number 

Sorbose Concentration 

1% 20% 30% 40% 50% 60% 

11 + + +    

12 + +     

14 +      

20 +      

54 + +     

55 +      

64 +      

68 +      

76 +      

80 +      

82 +      

91 +      

Table 17: Growth of selected 12 Hot Lake isolates in different concentrations of 
sorbose media. A (+) represents positive growth, while a blank spot represents 
negative growth. 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isolate 

Number 

Cellobiose 

Concentration 

1% 5% 10% 

11 + + + 

12 + + + 

14    

20    

54 + + + 

55 + + + 

64    

68 + + + 

76 + + + 

80    

82 +   

91 + + + 

Table 18: Growth of selected 12 Hot Lake isolates in different concentrations of 
cellobiose media. A (+) represents positive growth, while a blank spot represents 
negative growth. 
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Isolate 

Number 

Fructose Concentration 

1% 30% 40% 50% 60% 70% 

11 + +     

12 + + +    

14 +      

20 +      

54 + + +    

55 + + +    

64 +      

68 + +     

76 +      

80 +      

82 +      

91 + +     

Table 19: Growth of selected 12 Hot Lake isolates in different concentrations of 
fructose media. A (+) represents positive growth, while a blank spot represents 
negative growth. 
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Isolate 

Number 

Glucose Concentration 

1% 30% 40% 50% 60% 70% 

11 + + +    

12 + + + + +  

14 +      

20 +      

54 + +     

55 + + +    

64 + + +    

68 + + +    

76 +      

80 +      

82 + +     

91 + +     

Table 20: Growth of selected 12 Hot Lake isolates in different concentrations of 
glucose media. A (+) represents positive growth, while a blank spot represents 
negative growth. 
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Isolate 

Number 

Type of Solute Used for BSM Medium 

Sucrose Fructose Glucose Sorbose 

11 + + + + 

12 +  + + 

14 +  +  

20 +  +  

54 + + + + 

55 +  +  

64 +  +  

68 +  +  

76 +  + + 

80 +  +  

82 +  + + 

91 +  +  

Table 21: Growth of selected 12 Hot Lake isolates in BSM medium based on 
different types of solutes. A (+) represents positive growth, while a blank spot 
represents negative growth. 
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Solute 1 Solute 2 P-Value 

Sucrose NaCl <0.0001 

Sucrose* NaCl 0.0011 

Sucrose Fructose <0.0001 

Sucrose Glucose 0.0004 

Sucrose Sorbose <0.0001 

Sucrose Cellobiose 0.0064 

NaCl Fructose <0.0001 

NaCl Glucose 0.0164 

NaCl Sorbose <0.0001 

NaCl Cellobiose 0.1266 

Table 22: Statistical comparison between all solutes, using a paired t-test. * Any 
isolate which grew at 1% sucrose, was set to 29% sucrose for the paired t-test.    
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Solute 1 Solute 2 P-Value 

Fructose Glucose 0.0218 

Fructose Sorbose 0.0448 

Fructose Cellobiose 0.0060 

Glucose Sorbose 0.0032 

Glucose Cellobiose 0.4181 

Sorbose Cellobiose 0.0042 

Table 23: Statistical comparison between all solutes, using a paired t-test.    
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Isolate 

Number 

Solute Concentration (Sucrose-NaCl) 

10-5 20-5 25-5 30-5 40-5 50-5 

11 + + + + + + 

12 + + + + + + 

14 + + + +   

20 + +     

54 + + + + + + 

55 + + + + +  

64 +      

68 + + + + +  

76 + + +    

80 + +     

82 +      

91 + + + + +  

Table 24: Growth of selected 12 Hot Lake isolates in ANS-S medium with 5% 
NaCl. A (+) represents positive growth, while a blank spot represents negative 
growth. 
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Isolate 

Number 

Solute Concentration (Sucrose-NaCl) 

10-10 15-10 20-10 30-10 40-10 50-10 

11 + + + +   

12 + + + +   

14 + + +    

20 + +     

54 + + + +   

55 + + +    

64       

68 + + +    

76 + +     

80 + +     

82 +      

91 + + +    

Table 25: Growth of selected 12 Hot Lake isolates in ANS-S medium with 10% 
NaCl. A (+) represents positive growth, while a blank spot represents negative 
growth. 
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Isolate 

Number 

Solute Concentration (Sucrose-NaCl) 

10-15 20-15 30-15 40-15 50-15 

11 + + +   

12 + + +   

14 + +    

20 +     

54 + + +   

55      

64      

68      

76      

80      

82 +     

91      

Table 26: Growth of selected 12 Hot Lake isolates in ANS-S medium with 15% 
NaCl. A (+) represents positive growth, while a blank spot represents negative 
growth. 
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Soil Tests 

Soil Type 

Turf Prairie Pond Creek Sweet Corn Soybean 

pH 7.4 6.0 6.9 6.7 7.1 7.1 

Salinity 0 0 0 0 0 0 

Specific 
Gravity 1.000 1.000 1.000 1.000 1.000 1.000 

Water Loss 25.85% 20.46% 33.49% 30.06% 3.62% 4.20% 

Coordinates 37°43’04”N 
97°17’20”W 

37°44’33”N 
97°16’30”W 

37°44’36”N 
97°16’10”W 

37°44’31”N 
97°16’21”W 

37°46’43”N 
97°24’27”W 

37°46’36”N 
97°24’38”W 

Table 27: Results of soil characteristic tests performed on the six different soil 
types.   
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Isolate 

Number 

Sucrose Concentration 

1% 30% 40% 50% 60% 70% 

1 + + + + +  

2 + + + + +  

3 + + + + +  

4 + + + + +  

5 + + + + +  

6 + + + + +  

7 + + + + +  

8 + + + + +  

9 + + + +   

Table 28: Growth of sugar-tolerant isolates (1-9) in ANS media. A (+) represents 
positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

Sucrose Concentration 

1% 30% 40% 50% 60% 70% 

10 + + + + +  

11 + + + + +  

12 + + + + +  

13 + + + + +  

14 + + + + +  

15 + + + +   

16 + + + +   

17 + + + +   

Table 29: Growth of sugar-tolerant isolates (10-17) in ANS media. A (+) 
represents positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

NaCl Concentration 

1% 10% 15% 20% 25% 30% 

1 +      

2 + + +    

3 +      

4 + + +    

5 +      

6 + + +    

7 + + +    

8 + + +    

9 + + +    

Table 30: Growth of sugar-tolerant isolates (1-9) in SP media. A (+) represents 
positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

NaCl Concentration 

1% 10% 15% 20% 25% 30% 

10 + + +    

11 + + +    

12 + + +    

13 + + +    

14 +      

15 + + +    

16 + +     

17 + +     

Table 31: Growth of sugar-tolerant isolates (10-17) in SP media. A (+) represents 
positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

MgSO4 Concentration 

1% 10% 20% 30% 40% 50% 60% 

1 + + + + + + + 

2 + + + + + + + 

3 + + + + + + + 

4 + + + + + + + 

5 + + + + + + + 

6 + + + + + + + 

7 + + + + + + + 

8 + + + + + + + 

9 + + + + + + + 

Table 32: Growth of sugar-tolerant isolates (1-9) in MgSO4 media. A (+) 
represents positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

MgSO4 Concentration 

1% 10% 20% 30% 40% 50% 60% 

10 + + + + + + + 

11 + + + + + + + 

12 + + + + + + + 

13 + + + + + + + 

14 + + + + + + + 

15 + + + + + + + 

16 + + + + + + + 

17 + + + + + + + 

Table 33: Growth of sugar-tolerant isolates (10-17) in MgSO4 media. A (+) 
represents positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

Temperature (°C) 

4 25 37 45 50 55 60 

1  + + +    

2  + + + +   

3  + + +    

4  + + + + +  

5  + + + + +  

6  + + + + +  

7  + + + + +  

8  + + + +   

9  + + + +   

Table 34: Temperature tolerance of sugar-tolerant isolates (1-9). A (+) represents 
positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

Temperature (°C) 

4 25 37 45 50 55 60 

10  + + + +   

11  + + + + +  

12  + + + + +  

13  + + + + +  

14  + + + +   

15  + + + +   

16  + + + +   

17  + + + +   

Table 35: Temperature tolerance of sugar-tolerant isolates (10-17). A (+) 
represents positive growth, while a blank spot represents negative growth. 
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Isolate 

Number 

Nitrate 

Reduction 

Stains 

Gram Endospore Acid Fast 

1 + + - - 

2 - + - - 

3 + + - - 

4 - + - - 

5 - + - - 

6 - + - - 

7 - + - - 

8 - + - - 

9 - + - - 

Table 36: Results from the nitrate reduction test and stains of sugar-tolerant 
isolates (1-9). A (+) represents a positive result for the given stain or test, while a 
(-) represents a negative result. 
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Isolate 

Number 

Nitrate 

Reduction 

Stains 

Gram Endospore Acid Fast 

10 - + - - 

11 - + - - 

12 - + - - 

13 - + - - 

14 - + - - 

15 - + - - 

16 - + - - 

17 - + - - 

Table 37: Results from the nitrate reduction test and stains of sugar-tolerant 
isolates (10-17). A (+) represents a positive result for the given stain or test, while 
a (-) represents a negative result. 
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Isolate 

Number 
Scientific Name 

1 Bacillus thuringiensis 

2 Lysinibacillus sphaericus 

3 Microbacterium arthrospaerae 

4 Bacillus pumilus 

5 Bacillus pumilus 

6 Bacillus altitudinis  

7 Bacillus pumilus 

8 Bacillus megaterium 

9 Bacillus aryabhattai 

Isolate 

Number 
Scientific Name 

10 Bacillus pumilus 

11 Bacillus pumilus 

12 Bacillus altitudinis 

13 Bacillus altitudinis 

14 Bacillus megaterium 

15 Bacillus methylotrophicus 

16 Bacillus aryabhattai 

17 Bacillus aryabhattai 

Table 38: Scientific name of sugar-tolerant isolates one 
through nine. 

Table 39: Scientific name of sugar-tolerant isolates ten 
through seventeen. 
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Figure 1: Water activity measurements of SP media compared to ANS media. 
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Figure 2: Water activity measurements of MgSO4 media compared to ANS media 
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Figure 3: Water activity measurements of sorbose media compared to ANS media. 
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Figure 4: Water activity measurements of cellobiose media compared to ANS media. 
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Figure 5: Water activity measurements of ANS media containing 5%, 10%, and 15% NaCl. 
Note that only media with a similar concentration of sucrose are displayed, for a complete 
list of media reference tables 5, 6, and 7 for salt concentrations 5%, 10%, and 15%, 
respectively.  
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Figure 6: Water activity measurements of fructose media compared to ANS media.  
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Figure 7: Water activity measurements of glucose media compared to ANS media.  
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Figure 8: Growth of selected 12 Hot Lake isolates in ANS and SP media at different concentrations of the corresponding 
solute. See Table 12 for the genus corresponding to each isolate number.    
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Figure 9: Growth of selected 12 Hot Lake isolates in ANS and SP media based on degree of saturation. See Table 12 for 
the genus corresponding to each isolate number.    
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Figure 10: Growth of Group One Hot Lake isolates in ANS and SP media based on degree of saturation. See Table 13 for 
the genus corresponding to each isolate number.    
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Figure 11: Growth of Group Two Hot Lake isolates in ANS and SP media based on degree of saturation. See Table 14 for 
the genus corresponding to each isolate number.    
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Figure 12: Population estimates of different soil types in AN and ANS media at a 50% sucrose concentration using the 
antifungal combination CCN.  
*AN medium with only cycloheximide. 
**AN medium with CCN antifungal combination. 
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Figure 13: Population estimates of different soil types in AN and ANS media at a 50% sucrose concentration with no 
antifungals. 
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Figure 14: Population estimates of different soil types in AN and ANS media at a 70% sucrose concentration using the 
antifungal combination CCN.  
*AN medium with only cycloheximide. 
**AN medium with CCN antifungal combination. 
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Figure 15: Population estimates of different soil types in AN and ANS media at a 70% sucrose concentration with no 
antifungals. 
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Picture 1: Most Probable Number count (MPN) example serial dilution 

technique. Note that for the purpose of this thesis work 1.8 mL of medium was in 
each tube, and the inoculum was 0.2 mL.  

Courtesy of SIGMA-ALDRICH 

 <http://www.sigmaaldrich.com/analytical-chromatography/microbiology/learning-
center/theory/introduction.html> 
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Picture 2: Most Probable Number count turf site. 
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Picture 3: Most Probable Number count prairie site. 
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Picture 4: Most Probable Number count pond site. 
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Picture 5: Most Probable Number count creek site. 
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Picture 6: Most Probable Number count sweet corn site. 
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Picture 7: Most Probable Number count soybean site. 
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Picture 8: Phylogenetic tree of Sugar Tolerant Isolates 


