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Abstract 

Abstract 
The on going exploration of planets such as Mars is producing a wealth of data which 

is being used to shape a better understanding of potentially habitable environments beyond 

the Earth. On Mars, the relatively recent identification of minerals which indicate the presence 

of neutral/alkaline aqueous activity has increased the number of potentially habitable 

environments which require characterisation and exploration. The study of terrestrial 

analogue environments enables us to develop a better understanding of where life can exist, 

what types of organisms can exist and what evidence of that life may be preserved.  

 

The study of analogue environments is necessary not only in relation to the possibility of 

identifying extinct/extant indigenous life on Mars, but also for understanding the potential for 

contamination. As well as gaining an insight into the habitability of an environment, it is also 

essential to understand how to identify such environments using the instruments available to 

missions to Mars. It is important to be aware of instrument limitations to ensure that evidence 

of a particular environment is not overlooked. 

 

This work focuses upon studying the bacterial and archaeal diversity of Lake Magadi, a 

hypersaline and alkaline soda lake, and its associated hydrothermal springs. Culture 

dependent and culture independent analytical methods have been used and have led to the 

identification of potentially novel isolates. In addition, the effects of simulated Martian 

conditions such as desiccation and UVC radiation upon single strains isolated from this 

environment, and the effects upon a complex soil community have been assessed. Results 

have also provided an indication of what issues may arise with identifying minerals associated 

with these environments using the equipment such as the ExoMars PanCam. It is hoped that 

this work has contributed to our understanding of the possible habitability of Mars. 
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Chapter 1- Introduction 

Chapter 1 

A study of alkaline-saline environments relevant to 

understanding the habitability of Mars 
 

This thesis focuses upon the microbiology of extreme saline, alkaline soda lake environments. 

Studying the reactions of the communities to environmental stresses provides a wealth of 

information on the ability of communities to survive or adapt to unfavourable conditions. This in 

turn provides greater insight into the sorts of organisms which could inhabit extraterrestrial 

environments such as Mars. Investigations into characterising novel isolates may lead to the 

identification of organisms which can survive conditions beyond what has been documented 

before. Finally, critical to the whole process in terms of the search for life beyond the Earth is 

that in order to identify organisms which occupy a particular environment, either past or present, 

it must be possible to identify that environment using the instrumentation available to space 

missions. These are all areas which this thesis will examine in relation to Lake Magadi, an 

African soda lake.  

Astrobiology is a field of science which encapsulates the study of the origin, evolution and 

distribution of life in the universe. The study of the geology and biology of terrestrial analogues, 

be these environmental or biological analogues, is the first step towards answering whether 

there has been or is life beyond the Earth. The identification of aqueous alteration on Mars and 

the potential for a subsurface liquid ocean on Europa (Carr, 1998: Kivelson, 2000) and 

Enceladus (Waite Jr et al., 2009: Postberg et al., 2011) provides evidence of liquid water at 

some time in the history of these planetary bodies. At present, water is regarded as a necessary 

condition for life as we know it and its identification (past and/or present) elsewhere in the solar 

system is necessary in the search for extraterrestrial life (Rothschild and Mancinelli, 2001: 

Hubbard et al., 2003: Marion et al., 2003). To date the identification of life, on any planetary 

body other than the Earth remains elusive. However, this could be an absence of evidence 

rather than evidence of absence.  

 

Until recently Mars analogue studies in astrobiology focused markedly on acidic and arid 

environments (Amils et al., 2007: Fernandez Remolar and Knoll, 2008). As a result the study of 

near neutral to alkaline environments as Martian analogues has largely been overlooked in 

favour of acidic, sulphate forming ones (Ehlmann et al., 2010a: Ehlmann et al., 2011a). 

However, detailed observations of Mars have revealed that it has had a much more 

environmentally diverse geological history than previously thought (Ehlmann et al., 2008b). As a 

consequence astrobiological research requires the study of a variety of environments, not just 

acidic, but alkaline and saline terrestrial environments as well. Analogue research can focus 

upon the environmental and geological similarities between two environments, however this 

thesis will focuses upon the study of organisms which may have adaptations to conditions 
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analogous to those which do, or may exist on Mars. This work will also address the ability to 

recognise alkaline environments on Mars, so that the identification of an analogous environment 

to Lake Magadi might be possible, if such an environment were present on the surface of Mars. 

 

1.1. Alkaline environments and the origin of Life 

There are a number of hypotheses for the origin of life, including the protein first 

hypothesis, in which amino acids spontaneously join up to form proteins and therefore these 

were the first informational molecule (Mellersh and Smith, 2010). An alternative hypothesis is 

the RNA world, which states that the first genes and enzymes were RNA based. The proposed 

‘Alkaline World’ provides possible answers for an energy source, the introduction of substrates, 

dynamic flow and removal of waste for early life (Mellersh and Smith, 2010).    

 

The conditions on the early Earth have been hypothesised to include areas where cracks in the 

crust allowed the seepage of cold acidic waters. These waters would have been involved in the 

process of serpentinisation, or the formation of serpentinite (Mg3Si2O5 (OH)4), through the 

hydration and metamorphic transformation of ultrabasic rock in the Earth’s mantle (Sleep et al., 

2004). The waters would have become reducing, warmer, more alkaline and enriched in ions 

such as magnesium and silica. The mixing of these alkaline waters with the probably acidic 

Hadean Ocean waters (pH 5 - 6) could have caused the precipitation of minerals which could 

have formed semi-permeable, tube like structures, with a proton gradient to provide energy 

(Lane, 2010: Mellersh and Smith, 2010). The flow of waters through these tubes would allow the 

trapping and concentration of molecules, and those not trapped will flow out into the ocean 

(Martin, 2008: Mellersh and Smith, 2010: Lane, 2010).  

 

Examples of this kind of environment exist on present-day Earth: the Lost City hydrothermal 

field in the North Atlantic on the Atlantic Massif is comprised of white smokers formed by the 

process of serpentinisation (Figure 1.1). The fluids in these areas are alkaline (pH9-11) and 

upon contact with the seawater precipitate carbonate for the chimney-shaped deposits (Martin, 

2008). The temperatures are typically lower than the more well studied black smokers (>300°C 

(Pirajno, 2005)), with temperatures between 40 °C and 91 °C, and are found further away from 

the spreading ridges than the higher temperature vents (Martin, 2008). These alkaline 

hydrothermal vents support an ecosystem of predominantly anaerobic methanogen bacteria 

(Brazelton et al., 2006: Martin, 2008). The concept of life originating in an alkaline environment, 

such as these hydrothermal vents on the Earth, makes alkaline hydrothermal environments on 

Mars of great interest to astrobiology.  
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Figure 1.1. Comparison of (A) alkaline hydrothermal vent at Lost City and (B) A black smoker 

hydrothermal vent. Scale is 1 metre. Taken from (Lane, 2010) 

 

1.2. Terrestrial saline alkaline environments  

Soda lakes are naturally occurring alkaline settings in which organisms must withstand 

extreme conditions. Examples exist on all continents: for example Mono Lake and Summer 

Lake in North America (Raymond and Sistrom, 1967), Lake Van in Turkey (Kempe and 

Kazmierczak, 2002), Lake Malyi Kasytui, Siberia (Bryantseva et al., 1999) and Lake Magadi in 

the Kenyan region of the East African Rift Valley (Baumgarte, 2003). Those lakes in the East 

African Rift Valley have been studied in terms of their geology, hydrology, chemistry and biology 

(Jenkin, 1932: Baumgarte, 2003: Duckworth et al., 1996: Jones et al., 1998: Rees, 2004: Grant, 

2006: Grant, 1986: Tindall, 1980), but not in an astrobiological context.  

 

Soda lakes form in a similar way to purely salt lakes, however in these systems the carbonate 

and carbonate complexes are the major anions in solution (Jones et al., 1994). A number of 

climatic and geological factors contribute to the formation of soda lakes. The climate of the area 

controls how much water enters and leaves the system and therefore, the concentration of the 

lake fluids. The geology of the surrounding area is also important as it is directly linked to the 

types of solutes which find their way into the lake waters as meteoric water passes over the 

sediments. The source of the carbonate in these types of lakes is from rocks comprised of high 
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levels of sodium carbonate that, is leached as ground water flows over (Baker, 1955). Soda lake 

environments characteristically contain low levels of calcium and magnesium ions, due to the 

absence of Ca-rich and Mg-rich source rocks in the surrounding area(Warren, 2006).  

 

1.3. Saline-alkaline lakes of the East African Rift Valley 

Lake Magadi (Figure 1.3.A) is in the East African Rift Valley, which runs from Ethiopia 

through Kenya to Tanzania. There are ~20 lakes in the East African rift all of which are sodic in 

nature except Lake Baringo and Lake Naivasha (Uku and Mavuti, 1994: Darling et al., 1996). 

These lakes are hydrologically closed, either due to being crater lakes, or due to their position in 

the rift in a natural depression (Warren, 2006). The salinity of the lakes in the rift valley varies 

from 5% in the more northern lakes (Bogoria, Nakuru, Sonachi, and Elementia) to 

approximately 30% (saturation) halite/trona saturation (Lake Magadi, Lake Natron). The pH of 

these lakes is generally around 9, reaching up to a pH of 11.5 in the more alkaline depressions. 

Lake Magadi is one of the smallest and most saline lakes in the East Rift (Warren, 2006).  

 

 

 

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

 

Figure 1.2. Map of Lake Magadi. A. Satellite image of Lake Magadi, (Google-Earth, 2011) B. 
Map of Lake Magadi with spring locations and alkaline lagoons (Baker, 1955). 

 

B 
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Lake Magadi is at latitude 1°51’ S and longitude 36°15’ E with a surface area of around 90 km
2
 

and 604m above sea level (Baker, 1958: Warren, 2006). The climate is hot and dry, the average 

dry season air temperature reaches 40°C, the mudflat sediments around the lake edge which 

are dark in colour can reach between 66 °C and 68°C (Baker, 1958). The mean average 

precipitation is around 1, 000 mm/year, with an evaporation rate of 1, 750 mm/year and is an 

arid basin (Olaka et al., 2010). The rainy season occurs between March to May (Baker, 1958). 

For the majority of the year evaporation exceeds rainfall creating a negative hydrological 

balance (Warren, 2006).  

 

The Lake Magadi area has an archean aged basement rock and trachyte, basaltic and alkaline 

lavas (Figure 1.3.B), deposited during the Pleistocene and Pliocene periods (Baker, 1955). The 

Nguruman escarpment rises around 2 km along the western side of the lake, the result of 

various periods of faulting in its geological history (Spink and Stevens, 1946). To the east 

Olorgesailie volcano produced a build-up of alkali lava deposits, with the rift floor experiencing 

numerous basalt flows(Spink and Stevens, 1946). They are overlain by a thin layer of lake beds 

(Oloronga beds) comprised of reworked volcanic dust and debris. The area in which the modern 

lake Magadi sits is the result of grid faulting and down faulting and has experienced deposition 

from lakes of various ages up until current Lake Magadi. The rift valley is a volcanically active 

region: in the Lake Magadi, Lake Natron area, the younger the volcano the more alkaline it is. 

The youngest volcano in the area, Ol Doinyo Lengai is a carbonatite volcano and spews lava 

comprised of a mixture of sodium and calcium carbonate salts (Warren, 2006).  
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Figure 1.3. Geological map of the Lake Magadi area  
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1.4. Hydrochemistry and geology of Lake Magadi  

The springs at Lake Magadi (Figure 1.2) are hot-alkaline springs, defined as waters 

whose principal cations are sodium or potassium and which have a concentration of dissolved 

solids exceeding 2000 parts per million (a salinity greater than 0. 2%) (Baker, 1955). In general 

the springs around the lake tend to be seepages that occur in the shingle around the lake shore. 

The spring temperatures vary from 33°C to 86°C, and groups of springs may vary in 

temperature within a range of 5°C (Baker, 1955). The spring waters are clear at the source but 

algae are present in pools and near spring seepage locations.  The salinity of the spring waters 

is generally lower than lake waters (which can reach saturation ~35% (w/v) NaCl) into which 

they feed (Warren, 2006). These areas can be considered as a refuge during times of extended 

drought in the lake area (Warren, 2006: Duckworth et al., 1996).  

 

Meteoric waters contain normal levels of calcium and magnesium ions, these waters flow over 

highly reactive volcanic rocks on their way to the lake depression. The calcium within the 

residual glass in the volcanic rocks is more tightly bound up than the sodium therefore the 

sodium is more readily released on contact with inflow (Eugster, 1986). The calcium and 

magnesium is deposited as pedogenic and phreatic carbonates creating path 1 brines, with a 

high Na/Ca+Mg and (HCO
¯
3+CO2)/ (SO4/Cl

¯
) ratios (Warren, 2006) (Figure 1.4).  
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Figure 1.4. Flow diagram of water chemistry evolution from undersaturated inflow, to possible 

final brine chemistry with example lakes and associated saline mineral which are related to 

Lake Magadi geology. L = lake, V = valley. Adapted from Warren (2006).  

 

By the time these waters reach the lake they are characterised by a four-fold dominance of 

HCO
¯
3 over the alkaline earths Mg and Ca (Warren, 2006). Sulphate, and therefore sulphate-
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rich brines, such as those of Great Salt Lake are not formed (Eugster, 1986). The low levels of 

calcium and magnesium in the inflow water to the lake means that carbonates such as calcite 

and magnesite (Table 1.1) do not form in any significant amounts.  

 

The Na-CO3-Cl water chemistry at Lake Magadi produces the saline minerals; halite, nahcolite, 

natron, thermonatrite and trona (Figure 1.4). Saturated lake brines contain high levels of Na
+
, 

Cl
¯
 and HCO3, precipitation removes HCO

¯
3and CO3

2¯
resulting in a rise in pH (Eugster, 1986: 

Warren, 2006). The HCO3
-
 in the most abundant ion and will combine with the Na in the waters 

and produce evaporitic minerals mentioned above and a rise in pH (by removing HCO
¯
3 

(Eugster, 1986)), therefore an environment in which trona forms must be alkaline. The reduction 

in HCO
¯
3 trona formation means an enrichment of chlorine relative to HCO3, this leads to an 

increase  in the salinity and results in the crystallisation of halite (Warren, 2006).  

 

The evaporite series underlies the trona deposits in the centre of the lake. The trona above 

ground is massive, coarsely crystalline and porous. The liquor which is found within the holes in 

the porous trona is present 5cm to 2m below the trona surface, this liquor is depleted in Na
+
 and 

is relatively enriched in chlorine due to the trona precipitation (Eugster, 1986) . The fluid is pink- 

brown in colour and can tinge the trona. This is due to the presence of red halophilic bacteria in 

the fluid (Tindall, 1980). Trona precipitation is halted by the depletion of HCO3
-
 and formation 

will only continue following the addition of CO2 to the waters (Eugster, 1986). Mineral deposits 

such as trona and natron (Table 1.1) are not associated with the evaporation of waters with the 

composition of modern sea water.  

 

Table 1.1. Minerals associated with alkaline environments 

Mineral 

Class 

Mineral 

Subclass 

Mineral 

Group 
Mineral Chemical Formula 

Carbonate 

Hydrated - 

Trona Na2(CO3)(HCO3).2(H2O) 

Thermonatrite Na2CO3. H2O 

Natron Na2CO3.10H2O 

Anhydrous Calcite 

Magnesite MgCO3 

Siderite FeCO3 

Calcite CaCO3 

Chloride   Halite NaCl 

Sulphate 

Anhydrous - Anhydrate CaSO4 

Hydroxide 

- Gypsum CaSO4.2H2O 

- Jarosite KFe3S2On.3H2O 

Silicate 
Tectosilicates Zeolites 

Analcime NaAlSi2O6·H2O 

phillipsite (Ca,Na2,K2)3Al6Si10O32·12H2O 

Phyllosilicates Clay  Montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O 
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Sodium aluminosilicate minerals or zeolites (for example analcime Table 1.1)) minerals can be 

found in association with evaporite minerals, these are microporous crystalline solids containing 

alkaline earth metals (Warren, 2006). Zeolites form in saline alkaline lakes (Eugster and Jones, 

1968: Eugster, 1980), soils and land surfaces (e. g. Dry Valleys of Antarctica (Poulet, 2010), 

deep-sea sediments, low-temperature open and closed tephra systems (Sheppard and Hay, 

2001) and burial diagenesis and hydrothermal systems (Ruff, 2004a: Weisenberger, 2009). The 

pH of interstitial water is generally the most important control on zeolitization, and the waters will 

preferentially contain bicarbonate (Hall, 1998). The high pH and ion ratios needed to form 

zeolites are typical of closed hypersaline basins in areas such a continental rift zones or 

collision belts.  

 

Zeolites have been recorded in the Lake Magadi area (Lagaly, 1975: Surdam, 1976: Eugster 

and Jones, 1968). In addition sodium-aluminium silicate gel deposits, up to 5cm thick have been 

identified at Lake Magadi and are associated with zeolite formation (Eugster, 1967). The texture 

of these gels ranges from a soft gelatine-like substance to rubbery and cement-like, 

incorporating biological detritus. It is thought that these gels form through the interaction of hot 

(over 60°C) alkaline fluids with alkali trachyte lava flows (Baker, 1955). Zeolites begin to 

crystallise once the pH of the environment rises to between 9 and 10(McHenry et al., 2009). 

The zeolite analcime can form from a precursor mineral such as phillipsite or erionite, but can 

feasibly form from a gel precursor (Surdam, 1976: Eugster and Jones, 1968) and will also form 

from sodium rich solutions (English, 2001). The soil chemistry in the Magadi area is controlled 

by the leaching and base exchange within the soils, these being dominated by insoluble 

carbonates and the clay minerals which form are predominately the aluminium silicate clay 

bentonite (Baker, 1955), which is comprised mostly of montmorillonite (Millot, 1970).  

 

The anhydrite and gypsum (Table 1.1) are not compatible with an alkaline environment. This is 

because the dominance of HCO
¯
3 in the inflow water means that calcium precipitates as calcite 

before the calcium concentration is high enough for these minerals to form  (Eugster, 1986).  

 

1.5. Identification of alkaline-saline deposits in the geological record 

Saline alkaline lake deposits are found throughout the geological record (Eugster, 

1986). It is important to study modern saline alkaline lakes and the deposits they form to assist 

the identification of such areas in the past even after the alteration of evaporitic products. When 

looking for alkaline, saline lakes in the geological record minerals such as zeolites and cherts 

are particularly relevant as these are less soluble than trona, and so maybe better preserved 

(Eugster, 1986).  

 

The Green River Formation of Lake Gosiute in Wyoming is a 52-44Ma depositional 

environment. Sedimentary beds up to 3km thick of trona and halite, as well as Magadi-type 

cherts (Eugster, 1986), analcime and other zeolites (Surdam and Parker, 1972) are present. 

The trona beds indicate a high pH geochemistry prevailing, as does the high silica content and 
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alkaline zeolites. The hydrochemistry of this lake differs to that of Lake Magadi by having a 

different Ca to Na ratio, this resulted in more deposition of calcite around spring outflows than is 

seen at Lake Magadi. Once the calcium was removed from the waters by precipitation, trona 

was deposited (Eugster, 1986).  

 

Searles lake in California is an endoheric (closed – no outflow) dry drainage basin with 

evaporite deposits laid down during the Pleistocene (Warren, 2006). These deposits have high 

levels of bicarbonate (although not as high as at Lake Magadi), indicating a path I brine origin 

and a non-marine chemistry. Again phillipsite, analcime and fluorite are present indicating a 

high pH hydrochemistry (Eugster, 1986).  

 

Analyses of the paleolake deposits of Olduvai Gorge in northern Tanzania showed zeolites 

including phillipsite and authigenic potassium feldspars indicating that these sediments are of 

an alkaline-saline lake origin. However, jarosite- a hydrated potassium sulphate- has also been 

identified (McHenry et al., 2009). The jarosite in this location is found in the altered tephra in 

association with phillipsite, in the alkaline-saline lake deposits and the alkaline nature of the lake 

waters is undisputable (McHenry et al., 2009). Jarosite is typically indicative of an acidic 

environment, forming in locations with a pH below 4 (Bigham et al., 1996). The jarosite maybe 

modern, otherwise it would have been expected to have been destroyed in a non-acidic 

environment, or it might be that the mineral was stable under the very extreme alkaline-saline 

lake conditions present in the area (McHenry et al., 2009). This discovery may affect how 

deposits that contain jarosite are interpreted.  

 

1.6. Microbiology of alkaline and saline environments  

 

1.6.1. Environmental microbiology 

The microbiological study of environmental samples can be via non-culture based 

techniques, culture based techniques or both. Culture based methods provide a wealth of 

information on individuals of a sampled community, including details on morphology, growth 

limits and growth optima. Culture based studies can involve the isolation of organisms on 

media, which can then be identified using the 16s rRNA sequence. The 16s rRNA sequence 

has an alternating pattern of conserved and hyper-variable regions which vary between species 

(Neefs et al., 1990). Comparison of the 16S rDNA sequence of an isolate with a database such 

as the National Centre for Biotechnology Information (NCBI) database allows the 

identification of the organism, and its comparison relative to other strains already identified. A 

drawback of culture based methods is that typically less than 1% of a community can be 

cultured (Rhodes et al., 1996).  

 

Another culture based analytical method useful for environmental studies is the Biolog
TM

 

Ecoplate, microbial community analysis assay, Biolog
TM 

Ecoplate plates have been designed to 

characterise the metabolic activity of a single strain or community (Garland and Mills, 1991: 
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Biolog, 2010). The plate wells contain a carbon source (31 individual carbon sources plus a 

water control, in triplicate) and the tetrazolium redox dye; 4, 5-Dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide. This is a yellow tetrazole which is reduced to a violet 

formazan, a reaction catalysed by mitochondrial dehydrogenases. These  enzymes are 

only active in living cells and so give a measure of cell viability (Luttmann et al., 

2006). The inoculation of a Biolog
TM

 GN (gram negative) or Biolog
TM

 GP (gram positive) with a 

strain or culture will produce a finger-print of carbon usage which is specific to a particular type 

of organism.  

 

The pattern of well colour change can be compared to a database of known well colour change 

patterns for various strains. This method can therefore be used for identification of the strain 

when comparing the carbon usage fingerprint to known organisms, or for the characterisation of 

carbon usage by a strain (Smalla et al., 1998: Fynan et al., 2009). This method is can also be 

applied to soil communities to provide a carbon usage profile for a particular soil sample to 

distinguish between the communities of different soil types (Choi and Dobbs, 1999) (Figure 1.5) 

or for examining soil response after a particular treatment, for example after exposure to acid 

mine drainage (Gomez et al., 2006: Weber et al., 2008).  

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

Figure 1.5. Example of Biolog
TM

 Ecoplate response indicating colour change in wells where the 

carbon source is utilised and respiration has occurred (dark wells) and where no carbon 

metabolism has occurred (light wells). Taken from (Fynan et al., 2009).  

 

Culture-independent methods can provide a more complete picture of a community present in a 

sample. Denaturing Gradient Gel Electrophoresis (DGGE) is a non-culture based analytical 

technique in which DNA extracted from a sample is amplified through PCR using universal 

primers with a GC clamp on one end. The GC clamp is 40-60 nucleotides of guanine and 

cytosine which results in a high denaturing temperature (Roelfsema et al., 2005). The amplified 

DNA is run through an acrylamide gel which is made up with a gradient of the denaturing agents 

urea and formamide. The strands migrate through the gel until the proportions of the denaturing 

agent mix is sufficient to denature the DNA fragment except for the GC clamp section. The 

strand forms a Y shape which sticks in the gel at the position the fragment was 
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denatured(Roelfsema et al., 2005). It produces a ‘fingerprint’ of DNA bands which vary 

depending upon the organisms present (Figure 1. 6. A).  

 

The number of bands present gives an indication of the diversity of a sample (Muyzer, 1993). 

The relative intensity of each band also provides an indication of the relative abundance of a 

particular species in a community (Muyzer, 1993: Muyzer, 1998). Clustering algorithms can also 

be used to compare the diversity pattern for different samples (Figure 1. 6. B). Finally the bands 

from a gel can be extracted, cloned and sequenced in order to identify which organisms 

contribute to a particular band.  

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

Figure 1.6. Example DGGE gel. A. DGGE of 9 samples (wells A1-5 and B1-4) and reference 

lanes (R), demonstrating separation of bands and their varying intensity. B. Clustering analysis 

of each lane by their band distribution, indicating the samples produce two distinct groups. 

Taken from (Vanhoutte et al., 2005). 

 

DGGE complements the sequencing of isolated organisms and a reference ladder of isolated 

organisms can be used to identify which bands may be attributed to that species. However, the 

drawback of any technique which utilises PCR amplification is the introduction of PCR bias due 

to differences in template efficiency (Acinas et al., 2005).   

 

1.6.2. Extremophile and extreme-tolerant organisms 

Biology can exploit a variety of environments including those with a high pH, high 

salinity and extremes of temperature. Extremophile organisms are those which grow optimally in 

conditions which we would consider as being harsh and unfavourable for life (Cavicchioli, 2002). 

Organisms that need extreme conditions such as high pH or salinity to live are termed obligate 

extremophiles. These differ to tolerant organisms which can grow under extreme conditions but 

grow optimally at less extreme conditions (Cavicchioli, 2002). Polyextremophilic or polytolerant 

bacteria and archaea are able to live in the presence of a combination of extreme conditions, for 

example, at high pH, high salinity and high temperature. Possible definitions used to describe 

different environmental factors and examples of bacteria that can live in such environments are 

outline in Table 1. 2.   
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Table 1.2 Examples of definitions of environmental parameters and examples of organisms 
which can live in their presence 

Environmental 
parameter 

Type Conditions  Examples 

Salinity 

Halotolerant 

0. 2M-0. 5M NaCl 
(0.6% - 3% w/v), but 
can tolerate up to 2. 
5M NaCl (14. 6% w/v 
NaCl)(Mohapatra 
2008) 

Halomonas subglaciescola 
(Franzmann et al., 1987) 
 

Halophile 

Optimal growth in at 
least 1. 5M NaCl (9% 
NaCl) (Mohapatra 
2008) 

Haloquadratum walsbyi 
(Burns et al., 2007) 
Natronobacterium sp. 
 (Tindall et al., 1984) 

Hyperhalophile 

Optimal growth at 2. 
5M -. 5M NaCl (14. 
6%- 29% NaCl) 
(Mohapatra 2008) 

Salinibacterruber 

(Mongodin et al., 2005) 
 

pH 

Alkaliphile 

Optimal growth pH>   
8.5, cannot grow 
below pH 7. 5 
(Mohapatra 2008) 

Halomona scampisalis 
(Boltyanskaya et al., 2004) 

Facultative 
alkaliphile 

Optimal growth pH >8. 
5, can grow at pH <7. 
5 (Mohapatra 2008) 

Clostridium 
thermoalcaliphilum 
(Li et al., 1994) 
 Acidophile 

pH0-4(Seckbach, 
2000) 

Thiobacillus sp. 
 (Harrison, 1984) 

T
e
m

p
e
ra

tu
re

 

Hyperthermophile 
Optimal growth 80C -

85 C(Mohapatra 
2008) 

Aquifexaeolicus 
(Deckert et al., 1998) 

Thermophile 
50->60 C(Mohapatra 
2008) 

Thermusaquaticus 
(Brock and Freeze, 1969) 

Mesophile/ 
Thermotolerant 

25-45C, Optimal 
growth <50 °C 
(Mohapatra 2008) 

Clostridium sp. 
 (Warnick et al., 2002) 

Psychrophile 
-20-<15C(Mohapatra 
2008) 

Psychrobacterimmobilis 
(Juni and Hwym, 1986) 

Hydrostatic 
pressure  

Barophiles 
 

Growth is enhanced by 
pressures greater than 
1 atmosphere (Nogi 
and Kato, 1999) 

Moritellayayanosii.  
(Kato et al., 1998: Nogi and 
Kato, 1999), 
Marinitogapiezophila 
(Alain et al., 2002) 

Radiation  Radiation tolerant 
Deinococcus radiodurans 
(Anderson et al., 1956) 

D
e
s
ic

c
a
ti
o
n
 Xerophiles 

Organisms can 
withstand desiccation 
and enter 
ananhydrobioticstate 
showing little damage 
after rehydration (de 
Castro et al., 2000) 

Mycococcusruber   
(Imshenetsky et al., 1973) 

Xerotolerant 

Can withstand high 
osmotic pressures and 
low water activity 
(Speck, 1976) 
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1.6.3. Adaptation to extreme environments and stress factors 

 

1.6.3.1. High NaCl concentration  

Microorganisms in highly saline environments require adaptations which are 

energetically costly. These organisms possess several adaptations to maintain their cytoplasm 

in an iso-osmotic state with the environment (Oren, 2001). The two main strategies employed 

are a salt-out/compatibility solute strategy or a salt-in strategy. Generally only one is used by an 

organism, with the exception of methanogenic archaea which utilise both (Siddiqui and Thomas, 

2008). The salt-out method maintains the osmotic pressure by using organic compatibles such 

as betaine or glycerol; halophilic organisms can contain up to 1M betaine when grown in 20% 

NaCl (Siddiqui and Thomas, 2008). As the NaCl concentration of the environment decreases 

the levels of betaine are also reduced, this allows the organisms to grow over a wide range of 

NaCl concentrations (Siddiqui and Thomas, 2008).  

 

The salt-in strategy involves the intracellular accumulation of salt to balance the osmotic 

pressure. Some organisms obtain equimolar volumes of KCl within the cells in relation to the 

extracellular NaCl concentration (Oren, 2002c: Siddiqui and Thomas, 2008) and the NaCl is 

actively excluded from the cell, which is particularly energetically costly to the organism (Oren, 

2001). Those organisms which utilise a salt-in strategy need intracellular proteins which are 

adapted to high salt. These organisms then require high salt for protein activity and structural 

integrity, this need means that they are incapable of growing at lower salt concentrations and 

are obligate halophiles (Siddiqui and Thomas, 2008).  

 

Several studies have shown that some bacteria and archaea strains can survive being 

encapsulated in the fluid inclusions in halite (NaCl) crystals (Norton and Grant, 1988: Mormile et 

al., 2003: Stan-Lotter et al., 2003: Schubert et al., 2009). An archaeon Natronomonas sp. has 

been isolated from 34kyr halite crystals (Schubert et al., 2010) and 6 strains of archaea have 

been isolated from 250 Myr halite crystals (Vreeland et al., 2000). Bacterial strains of Bacillus 

have reportedly been isolated from 121 Ma and 112 Ma crystals (Vreeland et al., 2007). In 

these studies the surfaces of crystals have been sterilised to ensure that the cultured strains 

were preserved inside the crystals and not from the crystal surface(Park et al., 2009). These are 

important findings in terms of astrobiology, if any biology has existed on Mars, then it may be 

possible that the evidence of life could be preserved in halite crystals. It will be halophilic, or 

halotolerant strains which are likely to be able to be persevered in halite fluid inclusions.  

 

1.6.3.2. Alkaline pH 

The domains of bacteria, archaea and eukarya all contain examples of alkaliphiles. 

Alkaliphilic organisms have been identified in many alkaline environments, including the soda 

lakes and soda deserts, but also in environments with a pH near to neutral (Shirai, 2008: 

Yumoto et al., 2011). It is hypothesised that this is achieved by the organisms creating a 

localised pH through the induced production of extracellular alkaline substances (Chadwick, 

1999: Horikoshi, 2006).  
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Alkaliphilic bacteria are capable of maintaining an internal environment less alkaline than their 

external environment, for example, the extreme alkaliphile Bacillus pseudofirmus maintains its 

cytoplasmic pH around 2 pH units lower than its external environment (Slonczewski et al., 

2009). The cells of an alkaliphile can have barriers against external pH such as the presence of 

acidic polymers which may reduce the pH at the cell surface or they can utilise cell porters such 

as Na
+
/H

+ 
antiporter system to maintain pH homeostasis (Horikoshi, 1999). The role of 

membranes and secondary wall polymers in the resistance of alkaliphiles requires further 

investigation (Slonczewski et al., 2009).  

 

Alkaliphiles are commonly isolated using sodium carbonate buffer, regardless of the 

environmental chemistry they are isolated from, as most strains require at least some sodium 

(Horikoshi, 1999).  

 

1.6.3.3. Desiccation 

Environments around Lake Magadi experience desiccation, as described in Chapter 1, 

section 1. 3. Highly saline environments are often accompanied by desiccating environments, 

as the high salinity can be the result of concentration of solutes by drying.  

 

The dehydration of cells due to desiccation introduces damage to the organism’s DNA, 

including single strand and double breaks, where the DNA strand is severed (Storz et al., 2000: 

Fredrickson, 2008: Kottemann et al., 2005a: Mattimore, 1996: Potts, 1994). Single strand 

breaks (SSB) are more common and the continued acquisition of SSB can eventually lead to 

double strand breaks (DSB). DSB are consider to be the more lethal type of DNA damage 

because no complimentary strand is available as a template for DNA repair (Daly, 2009: 

Kobayashi and Handa, 2001) and breaks in the DNA strand prevent DNA replication, 

transcription and protein synthesis (Kobayashi and Handa, 2001).  

 

One way of limiting the effects of DSB is by providing a DNA template for repair through the 

presence of more than one set of chromosomes per cell (Daly, 2009: Minton and Daly, 1995). 

Studies have shown however, that isolate resistance is not simply the result of multiple 

chromosomes in the cell and in addition, resistance to desiccation is not simply a factor of the 

amount of damage to the genome (Daly et al., 2007: Fredrickson, 2008). Studies using 

Deinococcus radiodurans, a desiccation and radiation resistant bacterium, have shown that the 

numbers of DSB are comparable between resistant ‘wild type’ strains and sensitive ‘mutants’, a 

strain which has an inactivated uvrA gene, which is involved in DNA repair, for example (Udupa 

et al., 1994: Mattimore, 1996: Cox and Battista, 2005: Daly et al., 2007: Fredrickson, 2008: 

Slade, 2011). This suggests that direct DNA protection does not explain resistance.  

 

Instead, resistance to desiccation/radiation identified in organisms such as D. radiodurans is 

actually the result of an ability to retain functional DNA repair mechanisms, namely the proteins 
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involved (Minton, 1996: Daly et al., 2004: Daly et al., 2007: Fredrickson, 2008: Daly, 2009). 

Cellular damage due to dehydration has been primarily attributed to the formation of reactive 

oxygen species (ROS), such as hydroxyl and peroxyl radicals (Nauser et al., 2005: Fredrickson, 

2008: Kottemann et al., 2005a: Daly, 2011). The cellular proteins damaged during 

desiccation(Krisko and Radman, 2010)include those proteins involved in DNA 

repair(Fredrickson, 2008). Studies into protein damage related to oxidation suggest that the 

difference between resistant and non-resistant organisms is the amount of protein damage 

accumulated, with the amount of protein damage being lower in resistant organisms (Daly et al., 

2007: Fredrickson, 2008: Krisko and Radman, 2010).  

 

1.6.3.4. Ultraviolet-245nm (UV-C) radiation 

Ultraviolet radiation also causes direct damage to both DNA and proteins, in part due to 

oxidation (Daly, 2009: Chan et al., 2006). DNA damage due to UV-C radiation can include 

strand breaks (Slieman and Nicholson, 2000: Setlow and Setlow, 1996: Setlow, 2001) and the 

formation of photoproducts, such as pyrimidine dimers, which form between adjacent pyrimidine 

bases on the same DNA strand (Tyrrell, 1973: Maloy, 1994: Sancar, 1994: Cadet and Douki, 

2010). These types of DNA damage interrupt the replication of DNA resulting in genome 

rearrangement as well as mistakes and/or the ceasing of DNA replication(Maloy, 1994).  

 

The process of dimer formation in bacteria and archaea can be reversed by either 

photoreactivation or dark repair (Harm and Harm, 1968: Rastogi, 2006: Kowalski, 2009). 

Studies have shown a difference when comparing strains which have been exposed to UV-C 

and are then either incubated in the light (photoreactivation) or the dark (dark repair) for 

sufficient time to allow the cells time to recover, and DNA repair to occur. Those cells incubated 

without light can demonstrate up to an order of magnitude lower survival of cells compared to 

those incubated in the presence of light (Maloy, 1994).  

 

Photoreactivation dimer repair firstly involves the formation of a complex between a 

photoreactivation enzyme (PRE), such as photolyase, and the dimer to be repaired (Maloy, 

1994: Sancar, 1994: Rastogi, 2006). Photolyase will cleave the dimer in the presence of 

cofactor folic acid, upon exposure to visible light the folic acid absorbs the light, the enzyme 

breaks the dimer light and the PRE is released. This process is directly related to the quantity of 

visible light received (Maloy, 1994: Sancar, 1994: Rastogi, 2006).  

 

Dark repair mechanisms (as the name suggest) do not require light and include; nucleotide 

excision repair (NER), post replication repair (PRR) /recombination repair and SOS repair. In    

E. coli NER involves the enzyme complex UvrABC  endonuclease, proteins within this complex 

identify distortions in the double helix (i.e. thymine dimers), excises the damage and then a 

template DNA strand is used with the enzyme, DNA polymerase I, to infill the gap and repair the 

DNA (Yeung et al., 1986: Sancar and Tang, 1993: Maloy, 1994: De Laat et al., 1999: Cadet and 

Douki, 2010). PRR occurs when NER cannot function, for example, due to the absence of 
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template DNA for synthesis across the damage. In this instance, the section of damaged DNA 

can be replaced by intact segment of DNA from a different, but homologous duplex of DNA, this 

occurs post replication (Rastogi, 2006). The RecA protein is vital in this process, promotes 

single strand DNA (ssDNA) pairing between homologous, but not identical sequence from 

dsDNA (Maloy, 1994: Witkin, 1976). PRR initiates once the replicating DNA (Pol III in E. coli for 

example) attempts to replicate through a lesion, it will stall and then reinitiate polymerisation 

beyond the lesion, resulting in a gap in the newly synthesised daughter strand. A 

complementary section (to the gap in the daughter strand) on an undamaged parent strand is 

removed and ligated into the gap in the daughter strand. The gap in the parent strand is then in-

filled by DNA Pol I (Trun and Trempy, 2004).  

 

SOS repair a mechanism induced by DNA damage, and is a bypass system which allows DNA 

chain growth to occur over damaged segments of DNA. The SOS system involves the 

relaxation of the DNA editing system and allows DNA polymerisation across the damage (rather 

than removing it) (Lu et al., 1986: Maloy, 1994: Rastogi, 2006). In this process, the RecA protein 

is involved in suppressing this proofreading function, therefore, SOS repair results in 

polymerised DNA of the damage, which is prone to error (Maloy, 1994: Vandewiele et al., 

1998). This mechanism is unlike photoreactivation, NER and PRR, which result in faithful DNA 

repair (Maloy, 1994).  

 

1.6.3.5. Ionizing radiation (IR) 

There is an apparent relationship existing between desiccation and IR tolerance (and 

UV-C tolerance), DSB breaks and the production of ROS are produced by both forms of stress 

(DiRuggiero et al., 1999: Fredrickson, 2008: Mattimore, 1996). The evolution of IR resistance is 

debated; the radiation adaptation hypothesis suggests that desiccation resistance is a 

secondary result of evolved IR resistance (Sghaier et al., 2005: Sghaier et al., 2007). One 

theory is that extreme radiation resistance could have evolved through accumulated 

background radiation inducing DNA damage in organisms in permafrost/semi-frozen 

environments (Richmond et al., 1999).  

 

In contrast, IR resistance could instead be a secondary benefit acquired due to the evolution of 

resistance to desiccation and/or UV radiation (Arrage et al., 1993a: Mattimore, 1996: 

Fredrickson, 2008). The ‘desiccation adaptation hypothesis’ suggests that similar types of 

cellular damage occur due to desiccation in arid environments and through IR radiation, 

therefore IR resistance is a secondary benefit of the cellular strategies evolved to cope with 

desiccation (Mattimore, 1996: Slade, 2011). This hypothesis works with the fact that organisms 

are resistant to IR in spite of the limited advantages of IR resistance on Earth (Mattimore, 1996). 

Studies related to IR resistance have shown that the actual repair proteins involved in DNA 

repair are themselves, unremarkable. For example, the replacement of the DNA Polymerase 1 

gene (involved in DNA replication) in D. radiodurans with the DNA Polymerase 1 gene from E. 

coli still results in an IR resistant D. radiodurans mutant strain (Gutman et al., 1994: Daly et al., 
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2007). This supports the concept that the actual protection of the proteins is the key to cellular 

resistance against oxidative stress caused by IR radiation.  

 

1.6.3.6. Resistance to Desiccation, UV-C and Ionizing radiation 

Resistance to DNA damage and oxidative stress has been attributed to a variety of 

methods employed by different bacteria and archaea. These methods include; the presence of 

molecules such as sucrose and trehalose, which replace water hydrogen bonds and stabilise 

the cytoplasm, reducing the release of free radicals/ Reactive oxygen species (ROS) and 

therefore reducing protein oxidation (Slade, 2011: Welsh and Herbert, 1999). Other strains use 

an accumulation of KCl, which has been shown to reduce the effects of oxidative free radicals; 

KCl reacts with hydroxyl radicals to produce less reactive chloride radicals (Kottemann et al., 

2005a: Shahmohammadi et al., 1998). In strains such as the cyanobacterium Nostoc sp., 

extracellular polysaccharides (EPS) can provide protection against desiccation, where it can 

absorb and retain water to slow down the drying process, in addition, it can protect against UV 

radiation (Potts, 1994: Ophir and Gutnick, 1994: Hill et al., 1994: Ehling-Schulz et al., 1997). 

Another mechanism to provide cellular protection includes carotenoids, which have also been 

attributed with protection from oxidation by their capacity to scavenge ROS (Krinsky, 1979: Tian 

et al., 2009: Kottemann et al., 2005a: Carbonneau et al., 1989). 

 

Recent work on desiccation and IR resistance has indicated that there may be a correlation 

between increased resistance, and a high Mn/Fe ratio in the cells of D. radiodurans (Gérard et 

al., 2001: Daly et al., 2007: Fredrickson, 2008: Anjem et al., 2009: Daly, 2009). The Mn/Fe ratio 

has an effect on the level of protein oxidation, with the continued presence of DSB in the DNA 

helix indicating that the does not directly affect the DNA damage itself (Gérard et al., 2001: Daly 

et al., 2004). Redox cycling within the cell between Mn
2+ 

to Mn
3+

 prevents the proliferation of Fe-

dependent ROS and plays a role in reducing the number of Fe dependent ROS being formed 

(Daly, 2009). X‑ray fluorescence microspectroscopy of D. radiodurans cells demonstrated that 

manganese is distributed throughout the cell, with iron being restricted to certain areas (Daly, 

2009). The protection of intracellular proteins results in the continued function of proteins 

required to repair DNA damage, therefore the survival of the organism.  

 

1.7. Alkaline-saline environments as extraterrestrial analogues 

The study of analogue environments is a vital area of research to increase our 

understanding of environments elsewhere in the solar system. The study of analogue 

environments provides the opportunity not only to study the minerals present in a particular 

environment but also to understand the depositional environment under which they formed. 

These analogue studies also provide an indication of the types of life which can survive in a 

certain environment, and if nothing can live there, we can analyse why. All this information can 

then contribute to an understanding of the interactions between the environment and the 

biological community, the limits of life and the presence of any evidence for life in that 

environment. One of the most important aspects of studying analogue environments is to 
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identify of whether or not it is possible to distinguish between different depositional 

environments and to detect signs of life using instruments available to planetary orbiters, 

landers and rovers.  

 

The missions searching for evidence of life require some sort of direction. This applies to the 

geological as well as the biological studies of Mars and it is necessary that these explorations 

have an idea of what they are looking for. The main assumption that most astrobiological 

research has to make is that extraterrestrial life in our solar system will be carbon based with 

structures, metabolic pathways and replication systems which are very similar to life as we know 

it on Earth. We are also assuming that water is necessary for life to exist.  

 

The study of alkaline-saline environments such as Lake Magadi has relevance to locations such 

as Mars, Europa and Enceladus in our solar system. All these planetary bodies are known to 

have at some point in their history alkaline or alkaline-saline environments. The relevance of 

Lake Magadi in relation to Europa and Enceladus will be touched upon, however the focus of 

this work is Mars. There have been a variety of Martian analogue sites which have been 

examined, these have focussed upon areas including acidic rivers (Amils et al., 2007: 

Fernandez Remolar and Knoll, 2008), hydrothermal systems (Hagerty and Newsom, 2003: 

Bishop et al., 2004) and saline environments (Forsythe and Zimbelman, 1995: McDonald et al., 

1999: Grasby and Londry, 2007) and more specifically: Antarctic dry valleys (Wentworth et al., 

2005: MacClune et al., 2003), Svalbard (Steele et al., 2004: Steele et al., 2007) and the 

Atacama Desert (Wettergreen et al., 2005: Skelley et al., 2005). Following the discovery of 

neutral to alkaline environments on Mars, studies into analogues of such environments are now 

being conducted, e. g. (Ehlmann et al., 2011a: Dyar et al., 2012). The study of Lake Magadi its 

geology and biology will contribute to the Mars analogue studies of alkaline-saline 

environments.  

 

1.8. Relevance of alkaline-saline environments to planetary bodies within our solar 

system 

 

1.8.1. Europa 

Europa is the smallest of the Galilean satellites and is ~1,300 km in diameter and 

therefore smaller than the Earth’s Moon (Chela-Flores, 2010) and is thought to have an ocean 

(Kivelson, 2000: Chela-Flores, 2010). The cracked surface of this moon (Figure 1. 7) is thought 

to indicate the presence of tectonic processes, the result of warmer material existing 

underneath a cold crust (Harada, 2006). In addition, the lack of impact craters on the surface 

would imply active geology (Greenberg, 2002). The tidal processes on Europa are believed to 

be the dominant interior heat source, which resulted in liquid water on the moon (Greenberg, 

2010) and the implication of hydrothermal vents on the ocean floor of Europa due to this internal 

heating could play a part in sustaining life on the moon (Chela Flores, 2010).  
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The infrared spectroscopy by the Galileo spacecraft has indicated the possible presence of 

hydrated salts, with mixtures of: epsomite (MgSO4.7H2O), bloedite (MgSO4.Na2SO4.4H2O), 

mirabilite (Na2SO4.10H2O) and natron (Na2CO3.10H2O), providing good spectroscopic matches 

(Zolotov and Shock, 2001). However, a deficiency of Na in the ocean, modelled by Zolotov et al. 

(2001), would argue against the hypothesis of a soda ocean with a pH 11-12 which has been 

suggested by others (Sleep, 2001: Kempe and Kazmierczak, 2002). Alternatively, the theorised 

aqueous weathering of ultrabasic rocks would lead to an alkaline solution with a pH 10-12, 

which may then be diluted to a pH 8-9, a pH which could be representative of both primordial 

and present Europan ocean (Zolotov, 2004). The ocean of Europa may also be salty, and could 

contain NaCl (Kargel et al., 2000: Hand and Chyba, 2007: Prieto-Ballesteros et al., 2011).  

 

 

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

Figure 1.7 Surface ridging on Europa, Image is 200 km across(Carr, 1998) 

 

The presence of a briny/alkaline ocean on Europa provides another possible habitat for life 

beyond the Earth(Marion et al., 2003). The launch of missions to Europa will provide more data 

regarding the composition of its ocean. The Europa Jupiter System Mission EJSM planned to 

be launched around 2020 is a joint mission between ESA and NASA which will orbit the moons 

of Ganymede (ESA) and Europa (NASA).   

 

1.8.2. Enceladus 

The Cassini orbiter’s Visual and Infrared Mapping Spectrometer revealed a surface, 

predominantly of water ice, with simple organics and CO2in association with fractures in the 

south pole (Brown, 2006). Cassini Composite Infrared Spectrometer identified that the southern 

polar region is anomalously warm (Spencer, 2006). Cassini’s Ultra-Violet Imaging Spectrograph 

confirmed the existence of water vapour plumes in the south polar region (Hansen, 2006), with 

the Imaging Science Subsystem actually captured the eruption of icy plumes from ‘tiger stripes 

on the surface(Porco, 2006) (Figure 1. 8). These plumes, and the tiger striped trenches in the 
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southern hemisphere (which have a higher temperature than the surrounding surface), suggest 

that the moon is geologically active and warm(Porco, 2006).  

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

Figure 1.8 (A) Image of Tiger stripes on the surface of Enceladus. (B) Image of plume erupting 

from surface of Enceladus (Porco, 2006).  

 

Cassini mission data has suggested that the plumes from Enceladus may replenish material in 

the E-ring of Saturn(Spahn, 2006). Analysis of the E-rings grains has identified sodium chloride 

and possibly sodium carbonate minerals, with the source of the plumes suggested to have pH 

8-11 and contain 0.2% and 2% (w/v) NaCl and Na2CO3 0.02-0.1 M (Zolotov, 2007: Postberg et 

al., 2009). The Cassini’s Cosmic Dust Analyser produced mass spectra for a plume from 

Enceladus allowed the identified of 0. 5–2% by mass of sodium and potassium salts, which 

resemble the theorised composition of the Enceladian ocean (Postberg, 2011).   

 

As with Europa, the presence of a liquid ocean on Enceladus provides another possible habitat 

for life. Competition between the EJSM and the Titan Saturn System Mission (TSSM) has 

resulted in priority being given to the EJSM, with TSSM being continued for potential launch at a 

later date (Talevi and Brown, 2009). These missions will increase our understanding of these 

systems and develop our understanding of habitable environments in the universe (Rampelotto 

2011).   

 

1.8.3. Mars 

 

1.8.3.1. Exploring the surface of Mars 

Mars is a key target for planetary research and an astrobiological aspect to this work is 

becoming increasingly prominent. Exploring Mars has involved the acquisition of data using 

both orbital and rover missions over the years (Klein et al., 1976: Golombek, 1997: Farrand, 

2008: Ehlmann et al., 2009: Hecht et al., 2009: Arvidson et al., 2011).  

 

Each mission has been equipped with a variety of instruments in order to characterise the 

surface of Mars (Table 1.3). The Alpha Proton X-Ray Spectrometer, Miniature Thermal 
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Emission Spectrometer/Infrared-Mapper, Raman Spectrometer, Laser Induced Breakdown 

Spectrometer (LIBS), Mass spectrometer and X-ray Diffractometer instruments are all designed 

to analyse the mineralogy and/or the elemental chemistry of the planet. The Mössbauer 

spectrometer allows the analysis of iron-bearing minerals. Optical microscopes provide images 

of small scale features, with atomic-force microscopes imaging on nm scale. Wet chemistry 

analysis of pH, conductivity and the analysis of the redox potential of a soil can be conducted 

using instruments such as the Conductivity Analyzer (MECA), aboard the Phoenix lander. The 

addition of the Life Marker chip, an antibody assay-based life detection instrument on the 

ExoMars rover would enable a search for specific molecules indicative of life (Martins, 2011). 

Finally, camera instruments have been part of the payload of several missions (Bell et al., 2003: 

Griffiths, 2005: Malin et al., 2005: Griffiths et al., 2006). The camera systems can capture high 

resolution images, panoramic images and are capable of making multispectral observations 

(Griffiths et al., 2006).  

 

The first astrobiology-focused mission was the Viking program, with its associated orbiter and 

Viking lander missions Viking 1 and Viking 2 in the 1970’s, landing in Chryse Planitia and Utopia 

Planitia respectively (Mutch and Mutch, 1976a: Mutch and Mutch, 1976b) (Figure 1.9). The aims 

of the Viking Program were to take high resolution images of the surface, identify the main 

composition of the atmosphere and look for past signs of life (Radmer, 1971: Soffen and 

Snyder, 1976). The imaging provided detail pictures of regions of the surface of Mars but the 

biological experiments conducted provided no convincing evidence of life (Klein et al., 1976: 

Klein, 1978).  

 

Table 1.3. Missions to Mars, past and future detailing their instrument payloads 

Mission and launch date Instrument payload 

Viking 1 
and 
Viking 2 
1975 

Orbiter/ 
lander 

 Gas Chromatograph/Mass spectrometer 

 X-ray florescence spectrometer 

 Stereo colour cameras 

 Biology instrument 

Mars 
Observer 
1992 
 

Orbiter 

 Gamma ray spectrometer (GRS) 

 Mars Observer camera (MOC)  

 Mars Observer laser altimeter (MOLA) 

 Thermal emission spectrometer (TES) 

 Magnetometer/electron reflectometer (MAG/ER) 

 Pressure modulator IR radiometer (PMIRR) 

Mars global 
surveyor 
1997 
 
 

Orbiter 

 Magnetometer/electron reflectometer (MAG/ER) 

 Mars Observer laser altimeter (MOLA) 

 Thermal emission spectrometer (TES) 

 Mars Observer camera (MOC) 
Mars 
Odyssey  
2001 

Orbiter 

 Thermal Emission Imaging System (THEMIS)  

 Gamma Ray Spectrometer (GRS) 

 Mars Radiation Environment Experiment (MARIE) 

Mars 
Express  
2003 

Orbiter 

 High Resolution Stereo Camera (HRSC)  

 Energetic Neutral Atoms Analyser (ASPERA) 

 Planetary Fourier Spectrometer (PFS)  

 Visible &Infra Red Mineralogical Mapping Spectrometer 
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(OMEGA) 

 Sub-Surface Sounding Radar Altimeter (MARSIS) 

 Mars Radio Science Experiment (MaRS) 

 Ultraviolet and Infrared Atmospheric Spectrometer  

Lander- 
Beagle 2 

 Gas Analysis Package (GAP) 

 Panoramic camera (PanCam) 

 Mössbauer spectrometer 

 X-ray detector 

 Ultra violet sensor 

 Pressure sensor 

 Horizontal wind gauge 

 Dust impact detector 

Mars 
Exploration 
rovers 
 2003 

Twin rovers- 
Opportunity 
and Spirit 

 Panoramic camera (PanCam) 

 Microscope Imager (MI) 

 Miniature Thermal Emission Spectrometer  

 Mössbauer Spectrometer 

 Alpha particle X-ray spectrometer (APXS) 

 Magnet Array 

Mars 
reconnaiss
ance orbiter 
 2005 

Orbiter 

 High resolution imaging science experiment (HIRISE)- 
visible stereo imaging camera 

 Context camera (CTX) 

 Mars Color Imager (MARCI) 

 Compact Reconnaissance Imaging Spectrometer for 
Mars (CRISM)- visible/near infrared spectrometer 

 Mars Climate sounder (MCS) 

 Shallow Radar (SHARAD) 

Phoenix 
2007 

Lander 

 Robotic arm and camera 

 Microscopy, Electrochemistry & conductivity analyser 
(MECA) 

 Thermal and evolved gas analyzer (TEGA) 

 Mars Descent Imager (MARDI) 

 Meteorological station (MET) 

 Atomic force microscope 

Mars 
Science 
Laboratory 
2011 

Rover 

 Mast Camera (MastCam) 

 Mars Hand lens imager (MAHLI) 

 Mars Descent Imager (MARDI) 

 Alpha particle X-ray spectrometer (APXS) 

 Chemistry and camera (ChemCam) 

 Chemistry and mineralogy diffraction/X-ray 
fluorescence instrument (Chemin) 

 Sample Analysis at Mars (SAM Instrument suite 

 Radiation assessment detector (RAD) 

 Rover environmental monitoring station 

 Mars science laboratory entry descent and landing 
instrument 

ExoMars/ 
MaxC 
2018 

Rover 

 Panoramic camera (PanCam) 

 Water Ice and Subsurface deposit information on Mars 
(WISDOM) 

 Miniaturised Mössbauer spectrometer (MIMOS-II) 

 Mars multispectral imager for subsurface studies 
(MA_MISS) 

 The Raman- Laser Induced Breakdown Spectrometer 
(Raman-LIBS) 

 MircoOmega- Visible/IR microscope 

 Mars X-ray Diffractometer (Mars- XRD) 

 Mars Organic Molecule Analyser (MOMA) 

 Life Marker Chip (LMC) 
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The ill-fated Mars Observer (MO) spacecraft was intended to analyse the global topography and 

gravitational fields of Mars, as well as determining the elemental and mineralogical character of 

surface materials (Albee, 1992). The loss of this orbiter led to the design and launch of the Mars 

Global Surveyor Mission (MGS), which utilised many spare components and instruments from 

MO, and followed many of the same science objectives (Dallas, 1997: Albee et al., 1998). This 

mission imaged relatively young landforms on Mars, thought to suggest geologically young 

aqueous activity (Malin and Edgett, 2000: Heldmann et al., 2010: Lanza et al., 2010).  

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

 

Figure 1.9. Elevation map of Mars with landing sites (http://martianchronicles.wordpress.com) 

In the last 10 years 3orbiters have been sent to Mars, these being the ESA-led Mars Express 

and the NASA-led Mars Odyssey and Mars Reconnaissance Orbiter (MRO). The Mars Express 

orbiter and its associated Beagle 2 lander was intended to identify any signs of life and water, 

however contact with the lander was lost once it was separated from Mars Express (Griffiths, 

2005).  

 

The scientific objectives of Mars Odyssey, launched in 2001, included elemental mapping of the 

surface, ascertain subsurface hydrogen abundance, imaging of surface mineralogy and to 

provide details on surface morphology (Saunders et al., 2004). Odyssey identified subsurface 

water ice, pole ward of ± 60º latitude, through hydrogen mapping beneath the surface (Feldman 

et al., 2002). Mars Odyssey has also played a crucial role in communication relay for 

subsequent ground based missions (Edwards et al., 2004).  

 

MRO was launched in 2005. The concept of following the water led to the definition of four main 

goals for this mission. The first objective was to search for any past or present life on Mars, 

secondly, to characterise the climate on Mars, thirdly, to characterise the geology of mars and 

fourthly, to prepare for human exploration (Zurek, 2007). The overall aim of the mission was to 

increase the understanding of how Mars has evolved, as well as considering the presence and 

extent of water, as well as its role in evolving Mars’ climate, over its history (Zurek, 2007).  
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The Mars Exploration Rover (MER) mission was launched in 2003, with twin rovers Opportunity 

(Meridiani Planum) and Spirit (Gusev Crater). MER had several aims: to identify and 

characterise rocks with a hydrated history, to characterise the rocks present at the landing sites; 

to determine the geological processes involved in shaping the surface of Mars; and to try and 

answer whether or not Mars has had suitable environments for life (Roncoli and Ludwinski, 

2002: Squyres, 2005). In addition, the mission was intended to provide calibration and validation 

for orbital measurements(Roncoli and Ludwinski, 2002: Rogers, 2008).  

 

The Phoenix mission launched in 2007, its primary objectives were to look for water ice, and 

study the habitability of Mars at a high latitude (Smith et al., 2008). This mission was able to 

confirm the presence of water ice (Smith et al., 2009b), which had been detected by Mars 

Odyssey(Feldman et al., 2002), it also identified perchlorate chemistry and a moderately 

alkaline pH of 7. 7 ±0.5 (Hecht et al., 2009).  

 

The next phase in exploration involves a number of rovers due to land on the planet later this 

decade. The Mars Science Laboratory is a rover (Curiosity) mission aimed for launch in late 

2011, which will assess the past habitability of Mars, landing in Gale Crater (Mahaffy et al., 

2008). Its aims include identifying organic compounds and determine their nature, take an 

inventory of carbon, hydrogen, nitrogen, oxygen, phosphorus and sulphur, the key ‘building 

blocks of life’ and to identify features which may be the result of biological processes (Mahaffy 

et al., 2008).  

 

Following this, there is planned to be a joint European Space Agency/NASA mission ExoMars 

and Mars Astrobiology Exploration Cache (MaxC) rover planned for launch in 2018. The 

ExoMars rover is intended to search for signs of past and present life on Mars and to 

characterise the water and geochemical environment of the shallow subsurface of the planet. 

The ExoMars PanCam instrument has been designed with collaborators from institutions 

including the Mullard Space Science Laboratory (MSSL), University College London (UCL) and 

Aberystwyth University. The filter set for the PanCam instrument is being designed with the 

mission’s astrobiological focus in mind.  

 

1.8.3.1.1. ExoMars PanCam instrument 

The PanCam instrument is made up of two wide-angle stereo cameras (WAC) and a 

high resolution camera (HRC) (Figure 1.7). Its purpose is to gather data to provide details on 

the mineralogy of the rover’s surroundings to allow the characterisation of the environments. 

The PanCam will provide high resolution colour imaging and enable multispectral observations 

of the environment.  

 

The wide angle cameras will enable the acquisition of colour imaging of the surrounding 

environment (Griffiths et al., 2006). In addition the presence of a filter wheel will enable the 

rover to capture multispectral images of the environment. The filter wheel contains a set of glass 
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filters which are each made to a specific wavelength and bandwidth. Images taken through 

each filter will allow reflectance values to be obtained for the field of view. The combination of 

12 filters, for the ExoMars PanCam, produces a spectral profile for each pixel within the field of 

view (Griffiths et al., 2006: Cousins et al., 2010).  

 

 

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

 

Figure1.10. ExoMars PanCam optical bench indicating the position of the Wide angle stereo 

cameras and high resolution camera (Credit: MSSL/UCL).  

 

The PanCam filter set has been developed from the Beagle 2 filter set which was in turn based 

on the Pathfinder filter set. The Pathfinder filter set was designed with the aims of identifying 

ferric oxides and oxyhydroxides and to determine silicate mineralogy present on Mars (Smith et 

al., 1997). The ExoMars mission has a slightly different aim: although the PanCam instrument 

cannot directly identify the presence of life, it can identify the existence of hydrated minerals and 

the presence of pigments present in the rocks.  This has led to the redesign of the filter using 

sulphate, phyllosilicates, opaline silicate and calcium carbonate (Cousins et al., 2010). The 

limited use of minerals from alkaline/saline environments for the design of the filter sets may 

limit the capability of the filter sets to identify such minerals on Mars. This is an important point 

and will be addressed in Chapter 6 of this thesis.  

 

All filter sets designed for the ExoMars PanCam have incorporated 12 filters with wavelengths 

between 440 nm and 1000 nm. This wavelength range limits the PanCam systems ability to 

identify rock types, because the majority of diagnostic spectral features occur beyond 1000 nm, 

further into the near-infrared (Cousins et al., 2010). Nevertheless there are features within the 

440 nm- 1000 nm region which can be used to identify certain minerals, and with the combined 

analysis by other instruments aboard the rover a clear understanding of the mineralogy present 

can be obtained.  

 

1.8.3.2. Environments on present day Mars 
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Mars has become a prime target in the search for life beyond the Earth due to the 

evidence for liquid water on the surface during its history and the identification of contemporary 

subsurface ice (Fassett and Head, 2005: Fassett and Head, 2008: Smith et al., 2009b). This, 

coupled with the increasing information on the tolerances of life to extreme conditions makes 

the possibility of finding evidence of life, past or present, more promising. The habitability of 

Mars can be considered both in terms of its present and past environments.  

 

Mars has an atmosphere which is predominantly carbon dioxide ~95.3%, with 2.7% nitrogen, 1. 

6% argon and trace amounts of oxygen 0.13% water 0.02% and carbon monoxide 0.07% 

(Hansen et al., 2009). Pressure was measured at the two Viking lander sites as varying 

between 6.7mbar and 9.9mbar (Tillman et al., 1993) and temperature varies between -123 °C 

and +25 °C with diurnal and seasonal fluctuations (Horneck, 2000). In addition, the surface is 

exposed to solar UV radiation and ionizing radiation (IR) of solar energetic protons and galactic 

cosmic rays (Kminek and Bada, 2006: Dartnell et al., 2007b). The effects of radiation, pressure, 

desiccation etc. on organisms and amino acids is a strong argument for the most likely place to 

look for evidence of life being the subsurface of the planet (Dartnell et al., 2007a: Kminek and 

Bada, 2006). However, it is important that we understand the effects of these parameters on 

Life and the limits to which life can be exposed in order to gain a greater understanding of the 

possible habitability of Mars.   

 

Water in the form of ice is present on the surface and is stored at the poles as ground ice 

(Squyres, 1984: Feldman et al., 2002: Smith et al., 2009b). The presence of contemporary 

water as ice on Mars is important, but the existence of liquid water on Mars today would be 

more exciting for the search for life on Mars. Data from the Phoenix mission has led to the 

hypothesis that with the presence of deliquescent salts, liquid saline water could be present on 

Mars. Freeze-thaw cycles can lead to the formation of saline solutions with a freezing point 

below the summer ground temperatures recorded at the Phoenix lander site (Renno et al., 

2009) and the existence of briny, liquid water has also been suggested by the interpretation of 

darkened soil streaks on equator facing slopes (McEwen et al., 2011). Spectral evidence for 

liquid saline water has also been reported at the polar region (Renno and Mehta, 2011). The 

possibility that brine fluids are present on Mars means the study of organisms from salty, 

desiccating environments is very relevant.   

 

1.8.3.3. Environments on past Mars 

Even if there is no extant life on Mars, it is still possible that life may have existed early 

on in its history. The chronology of Mars is defined by a crater count timescale and a mineral 

alteration timescale; both are split into three geological periods (Figure 1. 8). These periods are 

generally characterised by different depositional environments, starting with a predominantly 

clay depositing environment during the Noachian/Phyllosian. This is followed by a sulphate 

dominated depositional environment in the early Hesperian/Theiikian and finally an anhydrous 
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ferric oxide dominating environment during the late Hesperian-Amazonian/Siderikian period, 

which extends until the present.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

Figure 1.11. Periods of Martian history divided by crater density timescale- Noachian, Hesperian 

and Amazonian and mineral alteration timescale-Phyllosian, Theiikian and Siderikian, both 

compared to the equivalent geological eras on the Earth. Martian periods are accompanied by 

the dominant depositional environments at that time. Adapted from (Bibring et al., 2006).  

 

Noachian Mars, its earliest geological period (Figure 1.8), is hypothesised to have been 

environmentally similar to the early Earth and more hospitable for life than modern Mars 

(Kempe, 1997: Westall, 2005: Carr, 2006). It is possible that evidence of life in the Noachian, if 

life were present, may be preserved and identified by surface missions. The possibility that Mars 

was more habitable in its past is supported by the strong evidence of past liquid water on its 

surface: with morphological features including outflow channel and basin like structures (Baker, 

1979: Baker, 2001) (Figure 1.9). In the past it is thought that water could have existed as 

standing bodies as lakes or as an ocean (Baker, 1979).  
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(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

Figure 1.12. (A) High resolution Mars Orbiter Camera image of a fluvial channel, south of 

Cerberus Rupes, Image is 4km across and (B) Small gullies in Hale Crater. Scale bar 200m. 

Taken from (Baker, 2001: Kottemann et al., 2005a) 

 

There are a large number of craters Noachian in age which may have contained standing 

bodies of water (Fassett and Head, 2008) and it is thought that both surface runoff and 

groundwater flow were important input factors to these ‘lakes’, such as that in the Eridania 

Basin (Fassett and Head, 2008) and the Jezero Crater palaeolake (Ehlmann et al., 2008a: 

Fassett and Head, 2005). These Noachian lakes are thought to then have disappeared through 

the Hesperian (3.7-3.0 Gya Figure 1.8) as the surface water would have gradually frozen and 

sublimed. This would have concentrated salts and other solutes, producing highly saline, brine 

pockets(Mancinelli et al., 2004: Mancinelli, 2005b). With a higher salt content the freezing point 

of the water would have been lowered, resulting in the water remaining liquid for longer on the 

surface and potentially providing a last refuge for life (Mancinelli et al., 2004: Mancinelli, 2005b: 

Grasby and Londry, 2007). If the dominant salts to form were halide then the most likely 

organisms to live in these environments would be halophilic (Mancinelli, 2005b).  

 

The presence of minerals which are the product of rock, ash and/or soil and water interactions 

provide more evidence for past water on Mars. These minerals can either be hydrated, or 

anhydrous, but require water to form. Hydrated minerals usually have a hydroxyl group (OH) in 



61 

Chapter 1- Introduction 

their structure or may adsorb water to their surfaces (Bishop, 2005). To remove the water from 

minerals where it is integral to their structure would result in a change to the composition of that 

mineral, whilst water adsorbed to the mineral’s surface is more readily removed without altering 

the mineral structure.  

 

Hydrated minerals have been identified remotely using visible-infrared spectrometers (such as 

the Compact Reconnaissance Imaging Spectrometer  for Mars or CRISM): water and OH 

produce indicative bands in the spectrum at 1.4 and 1.9 μm (Gendrin et al., 2005). Hydrated 

minerals were deposited through the Noachian to the Hesperian period although differences in 

the types of minerals are apparent. The oldest deposits are Mg, Fe and Al-rich phyllosilicate 

clays, identified as Noachian in aged in the Mwarth region (Loizeau et al., 2007: Wray et al., 

2008) and in the Nili Fossae region (Ehlmann et al., 2008c). Analcime (a zeolite mineral) has 

also been identified in the Nili Fossae region (Ehlmann et al., 2009). These minerals all require 

waters at an alkaline or neutral pH to form (Millot, 1970), which is in contrast the Hesperian-

aged deposits of sulphate minerals such as gypsum which were deposited later in the 

stratigraphic record, and which indicate a more acidic environment (Gendrin et al., 2005).   

 

Results from the CRISM instrument imply that the Hesperian period had a variety of aqueous 

environments, including those with a neutral to alkaline pH. This suggests that the Hesperian 

was not a period when the aqueous activity of the planet was solely acidic and sulphate-forming 

in nature (Ehlmann et al., 2008b). The depositional environments of the sorts of minerals 

identified, or hypothesised to occur on Mars are discussed in the subsequent sections.  

 

1.8.3.4. Hydrated minerals on Mars 

 

1.8.3.4.1. Phyllosilicates 

Phyllosilicates are sheet silicate minerals which are formed from parallel sheets of silica 

tetrahedral (Weaver, 1989) and contain water in their structure. Smectite clays are a group of 

phyllosilicates which contains the minerals nontronite (Ca.5 (Si7Al.8Fe.2) (Fe3.5Al.4Mg.1)O20 (OH)4) 

and montmorillonite ((Na, Ca)0.33 (Al, Mg)2 (Si4O10) (OH)2·nH2O) are aluminium-rich silicates and 

are the first weathering product of basic, igneous rocks(Weaver, 1989). On the Earth these 

clays form in the equatorial, temperate and in polar regions (Kloprogge et al., 1999: Poulet, 

2005). The formation of aluminium-silicate clays is controlled by factors such as the composition 

of the source bedrock and the topology of the area, as well as factors such as temperature and 

the availability of liquid water (Millot, 1970). Smectite clays form under neutral to alkaline 

conditions and degrade rapidly in the presence of a low pH (Bibring et al., 2006: Ehlmann et al., 

2008a: McKeown et al., 2009). The clay deposits on Mars could potentially preserve evidence 

of life, therefore making them exciting astrobiological targets (Ehlmann et al., 2008a).  

 

Spectra acquired by the CRISM instrument have indicated the presence of minerals with water 

in their structure, suggested by absorption features at 1900 nm and 1400 nm (Mustard, 2008). 
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These deposits are predominantly Fe/Mg rich, with some Al rich deposits and been identified as 

smectite clays, including Nontronite and montmorillonite. Phyllosilicate clay deposits have been 

identified globally (Figure 1.10), although they tend to be restricted to older terrains (Mustard, 

2008). These areas include; Eberswalde, Holden and Jezero Crater (Ehlmann, 2008), Mwarth 

Vallis, where magnesium rich clay and Na rich montmorillonite deposits form part of a large 

geological unit (Loizeau et al., 2007: Bishop et al., 2008), and Syrtis Major region, where 

deposit were confirmed as beds of clay, rather than a coating of material (Poulet, 2005: Bibring 

et al., 2006: McKeown et al., 2009). Deposits of iron-magnesium smectite bearing rocks have 

been identified in several lake basins and associated deltas, suggesting the presence of large 

scale aqueous reservoirs of alkaline waters, due to the non-acidic pH required for clay formation  

(Bibring et al., 2006).  

 

 

 

 

 

(Figure removed for copyright reasons) 

 

 

 

 

Figure 1.13. CRISM targeted images surveyed for clay minerals, these have been group by 

depositional environment; crustal clays (b), sedimentary clays (c) and clay in stratigraphy (d). 

Open symbols represent areas where no clays were identified.  Taken from (Ehlmann et al., 

2011b) 

 

Possible environments in which the phyllosilicates could have formed include subsurface 

hydrothermal activity and impact cratering, with subsurface water mixing with impacted minerals 

(Poulet, 2005: Bibring et al., 2006: Fairen et al., 2010: Ehlmann et al., 2011b). A review on the 

clay deposits suggested that they were formed through hydrothermal groundwater circulation, 

which would allow for a cool and dry Martian surface, with only transient surface water 

(Ehlmann et al., 2011b). These materials do not require a prolonged period of liquid water on 

the planet’s surface.  

 

1.8.3.4.2. Carbonates 

Carbonate minerals are important for astrobiology because they generally require water 

to form (Bishop, 2005). Evidence from Martian meteorites containing carbonates(McKay et al., 

1996), geochemical models for Mars predicting carbonate formation (Ehlmann et al, 2008b), 

and the identification of carbonate in the Martian dust (Bandfield, 2002)implied that it was only a 

matter of time before carbonates were identified in outcrops.  
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The CRISM instrument aboard MRO was the first to identify carbonate deposits on Mars, in an 

area within the Nili Fossae region (Ehlmann et al., 2008b). The spectra obtained for these 

carbonates best fit to the spectra for the magnesium carbonate magnesite (Ehlmann et al., 

2008b). These deposits are associated with Fe-Mg smectite-bearing formations and olivine 

units, which were deposited during the Noachian to early Hesperian (Ehlmann et al., 2008b). It 

is believed that these Martian carbonates were formed in either hydrothermal fluids or near 

surface waters which were neutral to alkaline (Ehlmann et al., 2008b). An alternative hypothesis 

is that olivine rich rocks were weathered at the surface at ambient temperatures, during fluid 

activity in the Nili Fossae region, or that ephemeral lakes rich in Mg
2+

 produced these carbonate 

deposits on the surface (Ehlmann et al., 2008b).   

 

Subsequently, the Spirit rover identified a concentration of magnesium and iron-rich carbonates 

in situ, in outcrops in the Columbia Hills of Gusev Crater (Morris, 2010), which are similar to the 

carbonates present in the meteorite ALH84001 (Chassefiere and Leblanc, 2011). These 

deposits are thought to have formed by hydrothermal fluids, at a near neutral pH(Squyres et al., 

2006). This is a contrast to the acidic ground waters believed to have existed in the Meridiani 

Planum area explored by the Opportunity rover (Squyres et al., 2006).  

 

Following this, the TEGA and MECA instruments aboard the Phoenix lander identified around 3-

5 wt% calcium carbonate in the soil (Boynton et al., 2009). This carbonate could have formed 

through the precipitation of calcium carbonate from saturated films of water in the subsurface, 

alternatively, they could have formed from hydrothermal aqueous alteration (volcanic or impact) 

(Boynton et al., 2009).  

 

1.8.3.4.3. Chloride minerals 

Chloride salts are a group of evaporite minerals and include the NaCl mineral halite. 

Evaporites are water soluble deposits which, on Earth, precipitate from a concentrated fluid due 

to evaporation and are described as either marine, or non-marine (Jackson and Bates, 1997: 

Warren, 2006). On Earth, chloride deposits form in saline lakes, in hydrothermal brines, as 

volcanic sublimates, or by the direct crystallization of salts onto sediment grains (efflorescence) 

(Osterloo et al., 2008). Water is necessary for the formation of evaporites and the composition 

of the minerals which form is dependent upon the composition of the water at the point when 

evaporation occurs (Osterloo et al., 2008: Warren, 2006). Terrestrial chlorides, such as the 

sodium chloride mineral halite, generally precipitate last in alkaline environments, following the 

deposition of carbonates, sulphates and silica (Osterloo et al., 2008). On Mars, loss of ground 

water to the atmosphere by evaporation/sublimation would lead to saline conditions, which 

could occur in many of the crater basins  (Forsythe and Zimbelman, 1995).   

 

Halite has been identified in the Nakhla meteorite in association with siderite and anhydrite 

(Bridges and Grady, 1999). Halite rinds and rock coatings have been identified at Meridiani 

Planum, which are believed to be the result of a fluid evaporating to dryness (Tosca et al., 
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2008). Chloride salt deposits of mid Noachian and Hesperian age have been identified in the 

southern highlands of Mars, by the Mars Odyssey orbiter, and are thought to have formed from 

brines (Osterloo et al., 2008).  

 

Halite is potentially a very important mineral in relation to astrobiology. Firstly its occurrence 

indicates that liquid water has been present in that locality, in addition it is a hygroscopic 

mineral, meaning that it has the ability to attract water molecules from the surrounding 

environment (Vitek et al., 2010). Some hygroscopic minerals attract water so readily that they 

dissolve in the water they attract and are termed deliquescent; halite is one of these minerals 

(Vitek et al., 2010). As well as providing a layer of liquid water around halite, fluid inclusions of 

liquid water occur within the mineral during its formation. It is within fluid inclusions that organic 

compounds have been preserved for long periods and contentious results show that bacterial 

spores have been extracted and revived (Vreeland et al., 2007: Vreeland et al., 2000: Mormile 

et al., 2003: Fish et al., 2002: Satterfield et al., 2005). Halite can provide protection for 

organisms through scattering of UV (Fendrihan et al., 2009) whilst being transparent enough for 

photosynthesis(Cockell and Raven, 2004) and studies have shown that organisms can still 

metabolise whilst contained within halite(Rothschild et al., 1994).   

 

1.8.3.4.4. Tectosilicates - Zeolites 

Zeolites are microporous and crystalline, aluminosilicate minerals, generally forming 

where volcanic rocks and ash layers react with alkaline ground waters (Eugster and Jones, 

1968: Ehlmann et al., 2009: Poulet, 2010). The microporous nature means that they can contain 

H2O molecules in the interlayers (Bish, 2003).  

 

Terrestrial analogue studies (in Antarctica) of possible Martian weathering processes have 

indicated that zeolites may predominate over clay minerals when the weathering is in a cold and 

dry environment (Fialips, 2005). Zeolites having been recognised in the dust of the Martian 

surface (Ruff, 2004a), as well as in deposits, identified as analcime, in the central peaks and 

walls of craters in Nili Fossae (Ehlmann et al., 2008a: Ehlmann et al., 2009). Those identified in 

impact craters are possibly related to impact hydrothermal fluids, but this does not rule out the 

potential of finding alteration products associated with alkaline, non-impact related fluids 

(Ehlmann et al., 2008c). OMEGA spectral data around the Phoenix landing site showed the 

presence of minerals with distinct hydration features which are consistent with zeolites, for 

example chabazite (Poulet, 2010). Identifying the extent of zeolites on Mars is problematic, this 

is due to difficulties in distinguishing between zeolites and polyhydrated sulphates minerals 

using the CRISM instrument (Wray et al., 2009).   

 

It is thought that the zeolites may contain significant amounts of H2O (Bish, 2003). The potential 

for saline brine ground water on Mars, along with the hydrolysis of volcanic glass which would 

lead to elevated pH levels, are perfect conditions for zeolite formation (Ruff, 2004a). These 

environmental conditions would be potentially habitable for life on Mars (Ruff, 2004a).   
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1.8.3.4.5. Other hydrated minerals on Mars 

Jarosite is a hydrated potassium sulphate which on Earth predominantly forms in acidic 

environments, it is rarely identified at a pH>4 (Dutrizac and Jambor, 2000: Elwood Madden et 

al., 2004). In contrast to these conditions, usually required for its formation, a small quantity of 

Jarosite has been identified in association with soda lake deposits in Oldovai Gorge, Tanzania 

(McHenry et al., 2009). This jarosite is found in association with zeolites, predominately 

phillipsite, Mg/Fe smectites which indicates a saline, high pH (pH>9) environment (McHenry et 

al., 2011). Jarosite has also been identified in a neutral, freshwater spring environment and in 

an acidic microenvironment in a highly buffered carbonate environment (Ashley et al., 2004: 

Leveille, 2007: Darmody et al., 2007).  

 

Iron and magnesium sulphate minerals such as gypsum and jarosite have been identified in 

areas including the Terra Meridiani (Squyres, 2004), Valles Marineris (Bibring et al., 2006), 

Meridiani Planum (Andrews Hanna et al., 2007) and around the northern polar cap in layered 

deposits (Bibring et al., 2005: Bibring et al., 2006). Evaporative sulphate deposits would have 

formed during the arid and acidic conditions which occurred in the later Noachian and 

Hesperian (Andrews Hanna et al., 2007). The Opportunity rover has identified jarosite in the 

Meridiani Planum landing site on the ground, although it has not been identified in this region by 

orbital instruments (Elwood Madden et al., 2004).   

 

Although there are in many areas where there is spatial separation between the phyllosilicates 

and the sulphates, this is not necessarily the case for all deposits (Poulet, 2005: Farrand et al., 

2009). These close associations between minerals forming in acidic and alkaline environments 

on Mars suggests a variation in pH on a local scale, with phyllosilicates possibly forming in the 

subsurface and sulphates on the surface (Baldridge et al., 2009a). This would signify that the 

presence of one mineral should not be used as an indicator of the pH of an area as a whole 

(Baldridge et al., 2009a). It is possible that palaeolake deposits, such as those at Columbus 

Crater, Terra Sirenum or Terra Meridiani(Wray et al., 2009: Poulet et al., 2008) could have 

complex depositional histories, similar to that identified at Oldovai(McHenry et al., 2011).  

 

1.9. Thesis summary 

 

1.9.1. Motivation for this work 

The study of analogue environments on Earth is an integral part of understanding the 

possibility for extraterrestrial life. Acidic environments have received the highest proportion of 

attention in Martian analogue studies thus far, due to the idea that Mars has been a solely acidic 

environment. However, the increasing amount of information on the geology of Mars suggests it 

is actually a geologically heterogeneous planet, with a complex depositional history. In addition, 

there is a possibility that alkaline/saline environments exist on Europa and Enceladus. For these 

reasons, the study of alkaline/saline aqueous environments needs to be a part of future 

analogue and astrobiological studies, with this thesis contributing to this area of research. It is 
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important to understand the limits of life from these environments; this includes understanding 

community structure of bacteria and archaea which live there and understanding the resistance 

of isolates to conditions which would be experienced on Mars. The need to identify deposits 

associated with a neutral-alkaline pH and high salinity on Mars means that it is necessary to test 

the resolution and capabilities of equipment. This testing must be done using minerals from 

alkaline/saline environments, in addition to those minerals which form in more acidic 

environments. This testing can ensure that both types of environmental condition can be 

identified by surface equipment, so that alkaline environments could be identified and studied 

on the surface of Mars. 

 

1.9.2. Summary of chapters 

 

Chapter 2, the materials and methods chapter describes the materials which were sampled 

from Lake Magadi, as well as outlining methods and protocols which are widely used in 

environmental microbiology and/or astrobiological research. 

 

Chapter 3 involves the design of a novel growth medium and subsequent isolation of strains 

from various samples from Lake Magadi. This is complemented by the culture independent 

DGGE analysis of several of the samples. Finally, three novel isolates from this study are 

chosen for more in depth description and analysis of their phylogenetic relationships.   

 

Chapter 4 details the characterisation of three novel strains from Lake Magadi which were 

isolated in Chapter 3. It focuses upon characterising their pH, temperature and NaCl 

concentration limits and optima, as well as determining their antibiotic resistance, enzyme 

production and ability to utilise different carbon sources.  

 

Chapter 5 examines the response of Lake Magadi isolates when exposed to desiccation and 

UV-C irradiation, using culture based techniques to assess the short term and longer term 

(where possible) effects upon the survival fraction of each isolate, isolated in Chapter 3, with 

several isolates also characterised in Chapter 4.  

 

Chapter 6 assess the effects of simulated Martian conditions on the novel isolate Planococccus 

sp. LMLD02, isolated in Chapter 3 and characterised in Chapters 4 and 5. It also focuses on the 

effects of simulated Martian conditions on a complex soil community, whose culturable 

community and diversity were assessed in Chapter 3. A variety of techniques are implemented 

to assess effects of simulated Martian conditions on the community including: measuring the 

effects upon the number of colony forming units calculated from the colonies present on 0.7%, 

6.8% and 15% NaCl media, assessing changes in metabolic activity through the use of Biolog
TM

 

Ecoplates and finally the identification of organisms capable of surviving Mars chamber 

exposure through the sequencing of isolates cultured after the Mars chamber incubation.  
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Chapter 7 tests the filter sets designed for the ExoMars, Pathfinder/Beagle 2, MSL and MER 

missions to Mars in terms of their ability to reproduce the spectra for a variety of minerals which 

form in alkaline/saline environments. This included sample collected from Lake Magadi, 

samples from the Geological Collections-UCL which are known to form at Lake Magadi but were 

not sampled and carbonate minerals which form from alkaline environments but with a different 

hydrochemistry. In addition, in order to demonstrate the sorts of biosignatures produced by the 

microbial communities present in alkaline/saline environments the filter sets were tested using 

spectra obtained from biological mats which were studied in Chapter 3. 
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Chapter 2 

Materials and Methods 
 

Astrobiology is an area of research which necessitates the use of a variety of different 

techniques. Its multidisciplinary nature requires the use of analytical methods drawn from the 

fields of biology, chemistry and geology. This chapter describes the sampling localities, 

laboratory methods and analytical techniques used throughout this thesis. 

 

2.1. Sampling environment 

The sampling locations were chosen on the basis of ease of access and in order to 

include samples from a variety of environmental conditions. African Rift valley contains 

around 30 active volcanoes. Ol Doinyo Lengai is a unique volcano, being the only active 

carbonatite volcano in the world and is 97.8 km to the southwest of Lake Magadi. Volcanism 

began in the southern part of the rift between 16 to 20 Ma. The region is arid (Chapter 1, 

Section 1.3), the average temperature and rainfall in the area are outlined in table 2.1. 

 

Table 2.1. Mean temperature and rainfall in the Lake Magadi area. Taken from 

World Meteorological Organization (WMO)  

 

Mean Temperature °C Mean Total Rainfall (mm) 

Daily minimum Daily maximum 

January 11.5 24.5 64.1 

February 11.6 25.6 56.5 

March 13.1 25.6 92.8 

April 14.0 24.1 219.4 

May 13.2 22.6 176.6 

June 11.0 21.5 35.0 

July 10.1 20.6 17.5 

August 10.2 21.4 23.5 

September 10.5 23.7 28.3 

October 12.5 24.7 55.3 

November 13.1 23.1 154.2 

December 12.6 23.4 101.0 

 

2.1.1. Biological sampling sites 

Samples were collected from seven sites around Lake Magadi in the May of 2009. 

Sites were located in the surrounding flood plain area, the hydrothermal springs and lagoons. 

Two sample sites were located to the south west of the lake and five sites were located 

around the lake, in areas of hydrothermal spring emergence (Figure 2.1.A). 
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(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

 

 

Figure 2.1 Map of Lake Magadi (A) Google Earth satellite image, marking sampling sites 

(Table 2.2), (i) Northern end of Little Magadi, (ii) Northern end of Lake Magadi, (iii) Western 

Lagoon, (iv) Southern end of Lake Magadi. (B) Map indicating  springs, lagoons and trona 

platform (Baker, 1958). 

 

The spring locations for sampling were chosen on using data presented by Baker (1958), 

which mapped the hydrothermal springs, and provided measurements of temperatures at 

each location (Figure 2.1.B). The data demonstrated a temperature gradient, with those the 

most northerly springs reaching temperatures of ~85 °C and those in the south ~40 °C 

(Baker, 1958).  

 

The sites were chosen to provide samples for biological analysis from a range of temperature 

environments and due to the potential for different water chemistries. On this basis, samples 

were collected from three broad localities: the lower temperature springs and lagoon samples 

to the south, <44 °C (Figure 2.1 and Figure 2.2.C-H), the springs to the north of Lake Magadi, 

~67 °C (Figure 2.1) and to the north of Little Magadi, >81 °C (Figure 2.1 and Figure 2.2.I-K).  

 

The sample localities and samples collected are listed in Table 2.1. The samples collected 

from the springs and lagoons have been the focus of the biological analyses described in 

Chapter 3, with the isolated strains from these samples being the focus of the work detailed in 

Chapters 4, 5 and 6. 
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The sampling areas 2, 3, 4 and 7, to the south of Lake Magadi (Figure 2.1.A) had no 

significant salt crusting or trona deposits and were easily accessible. The springs bubbled up 

into pools which then drained into the lagoon. The springs and pool waters were very clear.  

 

The main pool at site 13 (area 3) (Figure 2.2.C.ii) was surrounded by smaller ‘puddles’ which 

probably separated from larger pools as it evaporated. In some areas biomats were present 

on the ground, and were partially submerged in shallow water, these were dark green or pink 

in colour (Figure 2.2.D and Table 2.2). Other springs had a covering of yellow biomass of 

which the spring water flowed (Figure 2.2.E and G). Springs to the east (area 7) emerged into 

a sandy lagoon bed where the water could be seen bubbling up. The waters were again clear 

but some green material with bubbles was present on the bottom and the surface of the 

lagoon.  

 

Site 4 was the Western lagoon; there were no springs at this site (Figure 2.2). The waters 

were murkier than at the spring pools and lagoon bed sediment was unconsolidated and 

brown. There were no biomats present with the exception of a small, bright pink coloured 

material on the lagoon bank (Table 2.2).  

 

Site 5, to the North of Lake Magadi differs to all other sites by the presence of a generally thin 

<1cm white mineral deposits over the ground (Figure 2.2.I & J) and was difficult to access. 

The springs flowed as narrow streams towards the north of Lake Magadi. Biological samples 

were very dark green or dark red with no biomats comparable to the yellow and pink thick 

biomats seen at the south.  

 

Finally, area 6 to the north of Little Magadi was the highest temperature site, there was a 

strong smell of sulphur. This area also lacked the extensive yellow and pink/bright green 

biomats which we found at the south but unlike site 5, there was no extensive white 

precipitate on the soil surface (Figure 2.2.K). The springs, as at the north of Lake Magadi, 

immediately flowed south into Little Magadi as channels. Along the stream there were small 

pools where some biomass material was present. There were some slightly raised areas 

which had small 0.5 m diameter pools within the main stream, containing orange and red 

particulate biological material (Table 2.2). 

 

Of all the samples collected only a percentage of these samples could be analysed in this 

study (those in black in table 2.2). Samples were chosen based upon similarities between 

sample types between sample areas and simply based upon a desire to analyse a soil 

sample, water sample and biological sample, the latter being chosen, in part, due to the 

presence of bright pigmentation in the sample.  
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Figure 2.2. (A) Area 2, Site 11 (B) Sample 48 (GR1) (Table 2.3), (C) Area, 3 (i) Site 12 (ii) Site 13 (D) Sample 61 (E) Area 4, Site 18 (F) Area 3, Site 13 (G) Sample 

76  (H) Sample 133 (I) Area 5 (J) Area 5, Site 20 (K) Area 6, Site 25 (Table 2.1). 
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Table 2.2. Biological, sterile sampled samples collected from each site during May 2009 from various localities around Lake Magadi and its vicinity. N/R- not 
recorded. Those in black have been analysed in this study. 

Region Site GPS Temperature pH Sample Comment 

Area 1 10  N/R N/R 44 Salt encrustation from soil surface  

Area 3 12 02/00/157 
36/12/887 

45°C 10.0
1 

52a Water sample from smallest pool-biological sample  
 
   

 
 
 

 
 

 
 

52b 
 

Water sample from smallest pool-cation and anion samples  
       53 Red/pink and green covering of soft biological material covering rock surface 
      54 Sample of bedrock- fine grained, light brown 
      55 Thin layers of green biological material, particulate, rises and sinks to bottom of pool 
      56 Bright green material on surface of water, bubbly appearance 
      57 

 
Gravel from bottom of pool with layer of green material 

 13 02/00/150 
36/13/688 
 

39.5°C 9.97 58 Bright pink soft material associated with yellow soft material  

     59 Blocks from spring flow, encrusted with green material on the surface 
      60 Orange, soft material on surface of bedrock 
 
 

     61 Soft, green material, oval in shape and around 1.5 cm thick. Located in shallow water  
  14 02/00/127 

36/13/889 
 

44.4°C 9.96 63a Water sample- biological sample 

     63b 
 

Water sample- cation and anion sample 

     64 Encrusted block with dark green material, some patches have a pink colouration 
      65 Biological material sampled from the bottom of the pool. Soft and yellow/pink coloured 

   31.3°C 9.97 66 Pink/red material – ‘seaweed like’ in appearance in small pool 0.5m from sample 65 pool 
 Area 4 16 N/R N/R N/R 70 Samples from northern area of south western lagoon. Bright pink, wet material on mud 
flat surface 
 

  N/R 35.7°C 10.0
1 

71a Water sample-biological sample 
      71b Water sample- cation and anion sample 
      72.1 Brown/pink material, of a particulate nature. Floats on the surface of the water in the 
lagoon 
 

     72.2 Mud and water scoop sampled from bottom of lagoon (near edge) 
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Table 2.2 continued. 

Region Site GPS Temperature pH Sample Comment 

 17 N/R N/R N/R 73 Vesicular blocks brown and black from edge of the lagoon 
  18 02/00/067 

36/13/916 
44.6°C 9.97 74a Water sample- biological sample 

 

     74b Water sample- cation and anion sample 
      75 Pink material floating in current, under surface is green in colouration 

     76 Slightly soft, yellow material attached to bedrock surface 
      77 Black and pink material submerged in water, covering bedrock surface 
 Area 5 20 01/45/273 

36/18/267 
64.4°C 9.07 80a Water sample- for biological analysis 

 
      80b Water sample- cation and anion sample 
      81 Pink, soft material, particulate and breaks up when sampled 
      82 ‘Stringy’ material, dark green in colour 
      83 Dark green soft material on the floor of the spring 
  21 01/45/354 

06/18/289 
64.3°C 9.29 85a Water sample- biological sample 

 
      85b 

 
Water sample- cation and anion sample 
      86 Scoop sample of mud- pink and white fine grained material within it 

 22 01/45/367 
36/18/287 

66°C 9.38 87 
 

Pink and orange material scoop sampled near edge of pool 
 

     89 Dark red/orange material attached to dark green material which is at the surface of the 
water 
 

     90 Salt crust of a pinky/orange colouration on mud at edge of spring 
  23 01/45/363 

36/18/298 
57.1°C 9.31 91 Orangey/brown, bubbly looking material, very shallow water 

 
  24 01/45/220 

36/18/242 
 

63.1°C 9.31 94 Dark red material in a pool. Dark green floating at surface attached to red material below 

Area 6 25 01/43/143 
36/13/267 
 

59.1°C 9.49 95 Water sample at top of spring area 
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Table 2.2 continued 

Region Site GPS Temperature pH Sample Comment 

 26 01/43/147 
06/16/266 
 

82.7°C 9.48 102 Block with precipitate on surface 

     103a Water sample- biological sample 
      103b Water sample- cation and anion sample 
      104 Sediment sample 
      105 Vesicular block with precipitant on surface 
  27 N/R 82.4°C 9.51 106a Water sample- biological sample 
      106b 

 
Water sample- cation and anion sample 

     110 Grey material precipitate on blocks in flow 
      113 Scoop sample of sediment and water 
    N/R N/R 114 

 
Non submerged rock and white precipitate on surface 

   38°C N/R 107 Raised area of pooling, biological material 
    44°C 9.51 108 Red material in raised area  
      109 Orange particulate matter in same pool as sample 108, on surface 
      110 Grey material  
  28 N/R N/R N/R 115 Pinky, bubbly material on surface of water 
 Area 7 29 01/59/883 

36/15/442 
36.6°C 9.97 116a Water sample- biological sample 

 
      116b Water sample- cation-anion sample 
      117 Green material attached to wood at bottom of spring 
    36.6°C 9.97 133 Pinky/ white material in blocks on sediment surface 
  30 01/59/878 

36/15/444 
 

40.2°C 9.97 121a Water sample- biological sample 

     121b Water sample- cation and anion sample 
      123 Green material floating on water surface, bubbly appearance 
      124 Crumbly unconsolidated white material 
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Table 2.2 continued 

Region Site GPS Temperature pH Sample Comment 

 31 01/59/870 
36/15/450 
 

N/R N/R 125 Dark sediment sample 
 

   N/R N/R 126 Scoop sample of mud and white crust 
    40.3°C 9.98 127 Green material from bottom of spring, slimy nature 
   01/59/872 

36/15/451 
 

39.3°C 9.97 129 Bright green material from bottom of pool 

Area 8 32 N/R 32.9°C 9.78 LME-1 Soil sample from lake edge-0.5 m 
   N/R 32.9°C 9.78 LME-2 Soil sample from edge of lake- 3.5 m 

  N/R 32.9°C 9.78 LME-3 Whiteish, opaque/translucent geological sample with green colouration around edge of 
sample 
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2.1.2. Geological sampling sites 

In addition to the biological samples geological samples were collected from different 

sites around the lake. Samples of prominent rock outcrops were collected from site 2 (Figure 

2.1A), including sample 48-GR1 and sample SR1 from site 6 (Table 2.3). Samples of the 

trona platform were obtained, courtesy of from the Magadi Soda Company (Table 2.3). It was 

not possible to gain access to the trona platform by foot at either Little Magadi or Lake 

Magadi. The samples from Magadi Soda Company were broken up pieces of the trona 

platform which had been dropped on the way to the trona processing, therefore were 

untreated. These geological samples have been the focus of the alkaline mineral, 

multispectral instrument testing in Chapter 7. 

 

2.2. Sample collection 

2.2.1. Sediment water and biomat samples for culturing  

Sampling equipment was sterilised using 70% ethanol and flamed. Samples were 

collected in sterile, autoclaved containers, pre-sterilised falcon tubes and Whirlpak
TM

 sterile 

bags. Samples were stored in cool boxes on ice. The samples were then stored at 4°C upon 

arrival in the UK.  

 

2.2.2. Water samples for anion/cation analysis  

Water samples for compositional analysis were collected and filtered using a syringe 

and stored in 15 ml containers. 50% nitric acid solution was added to stabilise the cation 

samples. All samples were filtered through a 0.45 μm filter and stored in cool boxes with ice. 

Samples were collected for carbonate titration; the containers were filled to the very top to 

limit air contact with the sample and again stored in cool boxes. 

 

The temperature and pH was taken in situ at every site using a separate thermometer and pH 

meter. Conductivity and dissolved oxygen readings could not be taken as the equipment 

failed in the field. Water samples were analysed by the Wolfson Laboratory for Environmental 

Geochemistry using Horoboa JY Ultima 2C CP-AES for anion analysis and Dionex Ion 

Chromatograph for cation analysis 

 



77 

Chapter 2- Materials and Methods 

 

Table 2.3 Geological samples collected from each site during May 2009 from various localities around Lake Magadi and its vicinity. N/R- not recorded.  
Samples labelled MGS were obtained from the Lake Magadi Soda Company which dredges the Lake. Those in bold have been analysed in this study 

Region Site GPS Sample Comment 

Area 1 10 02/04/622 
36/04/222 

42 Broken up salt encrusted blocks, dark brown (fine grained) with black specks within 
 

   45 Broken open sediment nodule with zoning of dark areas within 
    46 Salt encrustation from sample 45, thinner layer than sample 43 or 44 
 
 

Area 2 11 02/01/086 
36/13/939 

GR1 (48) Chalky, light material green/yellow in colour, sampled from a dried up channel area. Fine 
grained 
    50 Dark green, fine grained, chert like material  
    51  Rock sample of white fine grained material, cracks between with grey fine grained matrix 
 Area 3 15 02/00/054 

36/13/821 
 

67 Dark black sediment, fine grained 

   68 Salt crust 1-2mm, light brown, fine grained sediment below.  

Area 5 20 01/45/273 
36/18/267 

93 
 

Sediment sample 

Collected on the way back from 
area 6 
 

- N/R SR1 Sample of light brown, and lightweight sediment/rock 
 Collected from MGS  

 
 N/R MGS 1 Slightly crumbly sample with transparent sharp pieces ~1cm in length & 2mm depth  

  N/R MGS 2 Black and green semi translucent sample 
 
 

  N/R MGS 3 Black semi translucent sample with cream/white layers within 
   N/R MGS 4 A white/grey coloured sample with patches of red on the surface 
   N/R MGS 5 Opaque/semi translucent greenish material with a covering of grey/white material.  
   N/R MGS 6 Dark brown material with thin layer of white powder 
   N/R MGS 7 Grey green material with layering present visible on surface 
   N/R MGS 8 Cream/beige conglomerate material with clasts of approximately 1 cm in diameter within 
a white grey fine grained matrix. One surface is black 
   N/R MGS 9 White opaque sample 
   N/R MGS 10 Cream beige sample with layer visible on surface 
   N/R MGS 11 White opaque sample 
   N/R MGS 12, 

13,15, 17 
 

Crystalline samples yellow/cream coloured and semi transparent 
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2.3. Analytical techniques in biology 

 

2.3.1. Isolation of strains 

 

2.3.1.1. Sterilization  

All reagents, culture media and lab ware to be sterilized were autoclaved at 121°C for 

20 minutes. 

 

2.3.1.2. Growth media 

 The application of each growth medium is described in the appropriate chapter but 

the composition of the widely used growth media is outline below. 

 

2.3.1.2.1. Tryptone Glucose Yeast (TGY) medium 

TGY agar contains 0.5% Bacto-tryptone, 0.3% yeast extract, 0.1% glucose, and 1.5% 

agar. TGY broth contains 1% Bacto-tryptone, 0.6% yeast extract and 0.2% glucose (Battista, 

1997). 

 

2.3.1.2.2. Nutrient broth 2 (NB2) medium 

NB2 medium contained 1.5% Sigma Nutrient Broth 2 (4.3 g l
-1

 casein peptone, 4.3 g l
-

1
 meat peptone, 6.4 g l

-1
 of NaCl) and 1% agar. NB2 broth contained just 1.5% Sigma Nutrient 

Broth 2. 

2.3.1.2.3. Culture media for Lake Magadi isolates  

Developed and described in Chapter 3, section 3.4.2. 

 

2.3.2. pH calibration  

pH of the basic AP+ medium was altered using Na2CO3/NaHCO3 buffer, the pH of the 

medium was measured using a Mettler Toledo Seven Easy pH meter and a probe with a 

range of pH 0-14. A pH of 9.6 was obtained for the growth medium and was calibrated at 37 

°C or 50 °C.    

 

2.3.3. Growth conditions 

AP+ plates were incubated at 37 °C for period between 1 day and 3 days, and at 50 

°C for two weeks. From each batch of agar, control plate was also incubated to ensure no 

contamination of the agar from other microorganisms. Pure cultures were obtained by sub 

culturing from 1 to 4 times onto fresh media. 

 

2.3.4. Isolation from soil and biomass samples 

Samples of soil (~100μl) were suspended in 900μl of sterile phosphate buffered 

saline and vortexed. Samples were diluted depending upon the organic content of the 

sample, 100-150 μl of the sample was plated onto solid media.  

  

2.3.5. Isolation from water samples 
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150 μl of water sample was plated directly onto solid media.  

 

2.3.6. Isolation from soil and biomass samples 

Isolates were streaked onto fresh media using either a flame sterilised loop or 

disposable inoculation loop. 

 

2.3.7. Storage of pure cultures 

Pure cultures from plates were suspended in a ≥35% glycerol solution and frozen at -

20 °C or -80 °C.  

 

2.4. DNA extraction  

DNA was extracted from samples using E.Z.N.A Soil DNA Kit (D5625) using 0.5g of 

sample. The soil DNA kit protocol was followed; for step one the samples were taped 

horizontally to a vortex and vortexed for five minutes to lyse the cells 

 

2.5. Polymerase chain reaction (PCR) 

 

2.5.1. Sequencing primers  

The primers BF1 and UN1492R (MWG Operon) were used for sequencing bacterial 

samples in the forward and reverse direction respectively. Arch 21F and UN1492R (MWG 

Operon) were used for sequencing archaea isolates. For DGGE analysis, the primers 

16S_341FGC and 16S_518R (MWG Operon) were used with the primers 16S_341F and 

16S_518R being used to sequence the bands extracted and cloned into E. coli described 

below in section 2.3.5.4. 

 

 

2.5.2. Colony PCR 

Table 2.3 Primer pairs used for PCR amplification for Bacteria and archaea 

Use Primer pair Sequence Target Reference 

Colony 
PCR 

BF1 
 

UN1492R 
 

TGAATAACGAGGGGCAATATAAC 
 

GGTACCTTGTTACGACTT 

Bacteria 

(DeLong, 
1992: 

Lehmann 
et al., 
2008) 

Colony 
PCR & 

extracted 
DNA PCR 

 

Arch 21F 
 

UN1492R 

TTCCGGTTGATCCYGCCGGA 
 

GGTACCTTGTTACGACTT 

Archaea 

 
(DeLong, 

1992) 

 
Extracted 
DNA PCR 

16S_341FGC 
 
 
 

16S_518R 

CGCCCGCCGCGCGCGGCGGGCG 
GGGCGGGGGCACGGGGGGCCTA 
CGGGAGGCAGCAG 

 
ATTACCGCGGCTGCTGG 

 
 

Bacteria 
 
 
 

 
(Muyzer, 

1993) 

Extracted 
DNA PCR 

16S_341F 
 

16S_518R 

CCTACGGGAGGCAGCAG 
 

ATTACCGCGGCTGCTGG 

Archaea
/ 

Bacteria 

 
(Muyzer, 

1993) 
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For amplification of individual colony DNA a single colony was picked from solid 

media using a sterile pipette tip and suspended in 450 μl of PBS (Sigma). This was used as a 

template. The total reaction volume of 50 μl was comprised of: 1μl template DNA, 0.5 μl 10x 

BSA (NEB), 1 μl of 100% DMSO (Sigma), 5 μl 10x polymerase buffer with MgCl2 (Sigma), 0.3 

μl BF1 forward primer for bacterial amplification and Arch21F for archaea amplification, 0.3 μl 

UN1492R reverse primer for both bacterial and archaea amplification (Table 2.4), 0.5 μl Taq 

DNA polymerase (Sigma), 0.05 μl Pfu DNA polymerase (Sigma) and 41.35 μl of molecular 

grade water (Sigma). The PCR reaction was run on either a PCR Sprint Thermohybaid or 

Techne TC-512 Thermal Cycler. PCR products were run on a 1% agarose gel. Hyperladder 1 

was used to estimate fragment size.  

 

Table 2.4 Touchdown PCR program to reduce the effects of non-specific binding 

Step Temperature Time Cycles 

Denaturation 
 

96 °C 5 minutes 1 

Annealing step 1-5 
 

94 °C 1 minute 1 cycle for each 
annealing 
temperature 

60.5 °C, 59.5 °C, 58.5 
°C, 57.5 °C, 56.5 °C 

30 seconds 

72 °C 
 
 
 

2 minute 

Annealing step 6 94 °C 1 minute 20 

 55.5 °C 30 seconds  

 72 °C 
 

2 minute  

Extension 
 

72 °C 10 minutes 1 

Holding 
temperature 
 

10 °C - - 

 

2.5.3. Extracted DNA PCR  

 For bacterial amplification, extracted DNA (Section 2.4.2) was used as a template. 

The amplification of archaea strains for DGGE analysis required the initial amplification of the 

extracted DNA (Chapter 2, section 2.3.2) using the Arch21F and UN1492R primers and PCR 

program 1, outlined in Table 2.3. The PCR product was then diluted 1:25 μl with molecular 

grade water. This was then used as template DNA for nested PCR using the reaction mix 

outlined below. 

 

The total reaction volume of 50 μl was comprised of 1μl template DNA, 0.5 μl BSA,5 μl 

Polymerase buffer, 0.5 μl 16S_341FGC forward primer, 0.5 μl 16S_518R reverse primer 

(Table 2.3), 0.5 μl Taq DNA polymerase, 0.05 μl Pfu DNA polymerase and 41.95 μl of 

molecular grade H2O (reagents sourced as above). The second round of nested archaea 

PCR amplification used PCR program 2 in table 2.5, which was also used for the PCR 

amplification of the bacterial DNA extracted.  
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Table 2.5 PCR programs for amplifying DNA extracted with E.Z.N.A kit 

1. PCR program for 1st round of nested PCR for the extracted archaea DNA (Arch21F 

forward primer and UN1492R reverse primer) 

 Step Temperature Time Cycles 

Denaturation 

 

96 °C 5 minutes 1 

Annealing step  

 

94 °C 1 minute 30 

58 °C 30 seconds 

72°C 

 

 

 

2 minute 

Extension 

 

72 °C 10 minutes 1 

Holding 

temperature 

 

10 °C - - 

2. PCR program for extracted bacterial DNA, and for 2nd round of nested PCR for the 

extracted archaea DNA (16S_341FGC forward primer and 16S_518R reverse primer) 

Step Temperature Time Cycles 

Denaturation 

 

96 °C 5 minutes 1 

Annealing step  

 

94 °C 1 minute 30 

57 °C 30 seconds 

72°C 

 

 

 

2 minute 

Extension 

 

72 °C 10 minutes 1 

Holding 

temperature 

 

10 °C - - 
 

2.5.4. DNA concentration quantification 

The concentration DNA following PCR amplification was ascertained using Nanodrop 

ND-100 Spectrophotometer.  

  

2.6. Agarose gel electrophoresis 

 1% agarose gel was used with 5μl ethidium bromide per 50ml Tris borate EDTA 

buffer (Sigma). 1 μl of loading buffer (0.4% (w/v) bromophenol blue, 0.4% (w/v) xylene cyanal, 

50% (v/v) glycerol) was added to 5 μl of DNA. Hyperladder 1 (Sigma) was used to estimate 

fragment size. The gel was run in a horizontal gel tank (BioRad Laboratories Ltd., Herts, UK) 

for 45 minutes at 110 V and imaged under UV light using GeneGenius Bio Imaging System. 

 

2.7. Denaturing gradient gel electrophoresis (DGGE) 

A 0% and 100% denaturant solution were made up (Table 2.6); the 100% solution 

was heated to 50 ˚C in order to dissolve the urea crystals. Both solutions were then degassed 

for 3 minutes under vacuum (Table 2.6). The gel was made up from a low, 30% denaturation 

solution and a high 70% denaturation solution, comprised of proportions of 0% and 100% 

denaturant solutions, 10% ammonium persulphate (APS) and N,N,N’,N’-Tetramethylethylene 

diamine (TEMED) (Table 2.6). A gradient mixer was used to mix the correct proportions of 

denaturant for an even gradient in the gel. The gradient mixer was placed onto a magnetic 

stirrer and a flea was placed into the downstream chamber (Figure 2.3.A). The 70% 

denaturant mix was added to the upstream chamber, the valve was then opened to allow a 
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small amount of denaturant into the next chamber. The 30% denaturant was then placed into 

the downstream chamber, the valves between the two chambers and that leading to the gel 

were opened and the denaturant was pump into the gel frames (Figure 2.3.A).  

 

The DNA samples were diluted to ensure each well contained a comparable concentration of 

DNA. Gels were run at 60 °C in a vertical, circulating tank (BioRad DCode Universal Mutation 

Detection System) (Figure 2.3.B) in 1 x Tris base, acetic acid and EDTA buffer (TAE) for 16 h 

at 63 V. To image the gels they were stain in 20 ml of 1 x SYBR Gold for 30 minutes, then de-

stained in dH2O for 10 minutes.  

 

 

Figure 2.3 DGGE gel set up. (A) Gel pouring equipment (B) Tank set up with gel 

 

 

Table 2.6 DGGE denaturant solutions  

Solution Volume Components Volume 

0% denaturant  

 

20 ml 40% Acrylamide (Sigma) 5 ml 

50x TAE (Sigma) 0.4 ml 

dH2O 14.6 ml 

 Degas  for 3 mins under vacuum 

100% denaturant 

 

20 ml 40% Acrylamide (Sigma) 5 ml 

50x TAE (Sigma) 0.4 ml 

Deionized formamide (Sigma) 8 ml 

Urea (Sigma) 8.4g 

dH2O 6.6 ml 

 Heat to 50 ºC until urea crystals dissolve 

 Degas  for 3 mins under vacuum 
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Solution Volume  Component Volume  

Low Denaturant solution 

(30%) 

16ml 0 % denaturant solution  11.2ml 

100 % denaturant solution 4.8ml 

10 % APS (Sigma) 150 μl 

10 % TEMED (Sigma) 8.5 μl 

High Denaturant solution 

(70 %) 

16ml 0 % denaturant solution 4.8ml 

100 % denaturant solution 11.2ml 

10 % APS (Sigma) 150 μl 

10 % TEMED (Sigma) 8.5 μl 

 

2.7.1. Cultured ladder design for DGGE analysis 

A ladder of known bacteria was compiled for comparison against the DGGE gel for 

each sample. An individual colony for 10 bacterial isolates and two archaea isolates were 

amplified in the method described for the PCR amplification of extracted DNA, section 2.4.3.3. 

A DGGE gel was run with each well containing a different strain and the position of the band 

for each isolate was noted on the ladder which was compiled of every strain.  

 

2.7.2. DGGE profile analysis using Phoretix 1D Pro program 

For each gel replicates of the homogenised samples which had been prepared 

separately after homogenisation were run for to assess intra-sample variability.  

 

The DGGE gel image was analysed using the Phoretix 1D Pro program. Initially, the lane 

boundaries were created and correction factors were applied to eliminate error due to smiling 

of gel lanes as the DNA does not migrate evenly. The gel bands were then detected by the 

software and then manually checked for accuracy. Each lane was compared to a reference 

lane containing all the DGGE bands, each sample lane then scores 1 when a band is present 

and 0 when a band is absent. A dendrogram of the samples was then produced using 

neighbour joining clustering analysis. 

   

2.7.3. Canonical components analysis of binary data 

Canonical components analysis (CCA) was conducted on the binary DGGE data 

matrix of presence and absence of bands at each location, obtained using Phoretix 1D Pro, 

using MVSP 3.1. 

 

2.7.4. DGGE band sequencing 

Bands were excised from the gel and frozen at -20 ºC until needed. Before use the 

gel was left at 4 °C for 12 hours to allow the DNA to diffuse into the gel. 1 μl of the DNA/gel 

mix was used as a template for amplification and amplified using the 16S_341F forward 

primer, the 16S_518R reverse primer (Table 2.3) and the PCR programs in table 2.5. The 

PCR products were prepared for sequencing using Qiagen PCR cleanup kit.   

2.7.5. DGGE band identification 
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Bands excised from gels were transformed into E. coli, the DNA insert was then 

digested and sequenced. 

 

2.7.5.1. Preparing chemically competent cells 

Escherichia coli Top10 cells were streaked onto NB2 agar plates (Section 2.3.1.2.2) 

and incubated overnight at 37 °C. A 5ml NB2 broth (Section 2.3.1.2.2) with 100 μl of 1M 

MgSO4 was inoculated with one colony and grown overnight at 37 °C at 200 rpm. 100ml of 

NB2 broth (Sigma) was pre-warmed in a 500ml flask and inoculated with 1 ml of the 5ml 

overnight culture, and incubate for 2 hours at 37 °C. The culture was transferred to two 

chilled, 50ml falcon tubes and incubated on ice for 10 minutes. The cultures were then 

centrifuge at 3300g for 5 minutes at room temperature. The supernatant was removed and 

the pellet was resuspended in 10 ml of ice cold 0.1M CaCl2, with 15% glycerol, which was 

incubated on ice for 30 minutes. The cells were centrifuged again, as before, and the pellet 

was resuspended in 1ml of ice cold 0.1M CaCl2 and 15% glycerol. The suspended cells were 

transferred to chilled Eppendorf tubes in 100 μl aliquots and stored at -80 °C until needed. 

 

2.7.5.2. Ligation  

The PCR products were ligated into pUC19 plasmid (NEB), pre-cut with Sma1 

restriction enzyme to provide blunt ends. A vector:insert ration of 1:1 was used and the 

reaction was comprised of: 1 μl ligase buffer (NEB), 0.5 μl T4 ligase (NEB), then appropriate 

proportions of vector and insert, to a total volume of 10 μl. Ligations were left over night at      

4 °C.  

 

2.7.5.3. Transformation 

5 μl of the ligation was added to 50 μl of competent E. coli Top10 cells and incubated 

on ice for 30 minutes. The cells were then heat shocked at 42 °C for 45 seconds and 

incubated on ice for 2 minutes. 250 μl of NB2 broth (Section 2.3.1.2.2) was added to the cells 

and this was incubated at 37 °C at 200 rpm for 1 hour and 30 minutes. Blue white bacterial 

screening selection was used to check for the presence of an insert. All the 250 μl culture was 

plated onto ampicillin (Sigma) (100 μg/ml), X-gal (Sigma) (80mg) and IPTG (Sigma) (0.5 mM) 

NB2 agar medium. This was incubated over night at 37 °C. 

 

Up to 15 white colonies (which should contain the inserted DNA) were picked off and used to 

inoculate 2ml of NB2 broth containing ampicillin (100 μg/ml). These cultures were incubated 

overnight at 37 °C. The overnight culture was then spun down at 4 °C for 5 minutes at 3300 g 

and the pellet frozen until needed. The plasmid was purified from the pellet using a Qiaprep 

Minprep kit. 
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2.7.5.4. Plasmid digestion 

The presence of the insert was ascertained by digesting the plasmid. The digestion 

was comprised of: 7.9 μl of plasmid DNA, 0.5 μl EcoR1, 0.5 μl Pst1, 1.0 μl of buffer 3, 0.1 μl 

BSA for a total volume of 10 μl. The reactions were incubated at 37 °C for 1 hour. 10 μl of 

digestion reaction was run on an agarose gel (section 2.3.4) using Hyperladder 1 to estimate 

fragment size.   

 

2.7.6. DNA sequencing  

 

2.7.6.1. Sequencing colony PCR products 

The colony PCR products were cleaned up and sequenced at NBAF - The Gene Pool 

- NERC Biomolecular sequencing facility. Sequencing was in one direction, using the BF1 

primer.   

 

2.7.6.2. Sequencing DGGE band clones  

The DGGE band inserts into E. coli clones were sequenced at the Wolfson Institute 

for Biomedical Research sequencing facility, using the M13-40 and M13Rev primers to 

sequence in both directions.  

 

2.7.6.3. Aligning and molecular phylogenetic analysis of sequences 

The DNA sequences were trimmed using BioEdit software (Hall, 1999). Sequences 

were then aligned and analysed using Molecular Evolutionary Genetic Analysis (MEGA 5.0) 

(Tamura et al., 2011). Alignment was conducted using the multiple sequence alignment 

computer program ClustalW, sequences were then trimmed to a uniform size and a molecular 

phylogeny analysis conducted using the Neighbour joining clustering method. Phylogeny test 

was conducted using interior branch test, 1000 replications. The archaea strain 

Methanocaldococcus jannaschii DSM 2661 was used as an out group for bacterial trees and 

Deinococcus radiodurans for archaea trees.  

 

2.7.6.4. Gram staining 

Gram staining was carried out according to the Gram Staining Kit (Bacterial Staining 

Kit according to Gram) protocol.  

 

2.7.6.5. Schaeffer-Fulton stain 

Carried out as described in Bartholomew, 1950 (Bartholomew, 1950).  

 

2.7.6.6. Microscopy  

Prepared slides were analysed under an optical microscope with 40x magnification 

plus 10x eyepiece magnification. 

 

2.7.6.7. Shannon diversity 

Shannon diversity index (H) was calculated using MVSP. 
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2.8. Geological techniques  

 

2.8.1. Water activity 

Water activity measured at 25 °C using a Novasina Aw Sprint TH 500. 

 

2.8.2. Raman Spectroscopy 

Samples were crushed and placed onto microscope slides, raman spectra were 

acquired using a Renishaw InVia Raman Spectrometer, with a Leica microscope attached. 

Excitation was achieved using a 514nm laser. A x50 microscope objective was used and the 

laser spot size was around 10 μm. 2-11 accumulations were used with a laser power from 1% 

- 50%, adjusted depending on the influence of fluorescence. Acquisition time was typically 10-

40 seconds. Spectra were compared to reference spectra using the Crystal Sleuth software 

(Laetsch and Downs, 2006). 

 

2.8.3. X-Ray Diffraction (XRD) 

XRD analysis was conducted by the University of Aberystwyth, the samples were 

sent to Aberystwyth where they were crushed to a uniform size prior to analysis. The 

equipment used was a Bruker D8 Advance and was fitted with a Vantec Super speed 

detector. The spectra were compared to the spectral library on the XRD. The spectra were 

then confirmed where possible using Crystal Sleuth software (Laetsch and Downs, 2006). 

 

2.8.4. Scanning Electron Microscopy/ Energy Dispersive Spectroscopy (SED/EDS) 

Sample size for analysis was between 7mm-15mm in size was used for analysis. 

Samples were mounted on an SEM/EDS stub and gold coated, or mounted and impregnated 

with resin and analysed as a polished thin section. The precise sample preparation is 

described in the appropriate chapter.  

 

2.9. Statistical tests 

 

2.9.1. Student t-Test 

In order to assess if the mean value of two data sets were statistically different from 

one another, a t-Test was conducted in Microsoft Excel. The assumptions of the specific t-

Test are described in the appropriate chapter. A p<0.05 was considered statistically 

significant. 

 

2.9.2. Analysis of variance (ANOVA) 

Where the number of data sets was greater than 2, Analysis of Variance (ANOVA) 

statistical test in conjunction with Tukey Post-hoc analysis was used to identify differences 

between the means of all the groups, assessing if the differences are significant and 

identifying precisely which groups differ from one another. This analysis was conducted using 

SPSS 17.0, Statistical Analysis Software. A p<0.05 was considered statistically significant.  
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Chapter 3 

The isolation and analysis of bacterial and archaeal 

communities from Lake Magadi 

 

3.1. Soda lake environments  

Soda Lakes such as those in the East African Rift Valley are the most stable alkaline 

naturally occurring environments on the Earth (Duckworth et al., 1996: Rees, 2004: Wani et 

al., 2006: Deshmukh et al., 2011) and often have high salinity (Lin et al., 2004: Warren, 2006). 

They generally form in closed basins which experience high evaporation rates (See Chapter 

1). The hydrothermal springs associated with some soda lakes, such as those at Lake 

Magadi, may also have an alkaline pH due to the interaction of groundwater with silicate 

minerals present in the surrounding geology (Jones et al., 1998). Despite the highly alkaline 

pH and in some instances high salinity, these environments are described as one of the most 

productive aquatic environments in the world (Jones et al., 1994: Jones et al., 1998: Lefèvre 

et al., 2011), with a high bacterial and archaeal diversity (Mwatha, 1993: Rees, 2004: 

Mwirichia et al., 2010a: Mwirichia et al., 2010b).  

 

3.2. Microbiology of soda lake environments  

Previous studies conducted on the bacterial and archaeal diversity of soda lakes 

(including Lake Magadi) have utilised both culture dependent methods, using a variety of 

different growth media and sequencing isolates, and culture independent methods including 

denaturing gradient gel electrophoresis (DGGE) and rDNA clone libraries  to study the 

diversity of  a soda lake and compare them to other soda lake environments (Jones et al., 

1994: Dubinin, 1995: Duckworth et al., 1996: Jones et al., 1998: Grant et al., 1999: Ma et al., 

2004b: Rees, 2004: Wani et al., 2006: Joshi et al., 2008: Mwirichia et al., 2010b: Mwirichia et 

al., 2010a: Deshmukh et al., 2011).  

 

The phylogenetic analysis of alkaliphiles has shown that representatives can be identified in 

every major group of bacteria and archaea (Rees, 2004: Grant, 2010), alkaliphiles from soda 

lake environments demonstrate a significant phylogenetic diversity (Wani et al., 2006). 

Halophiles are also a phylogenetically diverse group, a number of branches of the phylum 

Proteobacteria contain halophiles, many of which have close non halophilic relatives, as well 

having groups containing only halophilic bacteria (Oren, 2002b: Oren, 2008). Soda lakes with 

high pH and salinity (as well as high temperatures in some areas, and periods of desiccation) 

apply multiple stress factors to a community. Therefore, soda lakes only provide a habitable 

environment for those organisms able to withstand all the environmental stresses being 

applied (for example, salinity, pH and desiccation). These isolates are termed 

polyextremophiles (Bowers et al., 2004, Wiegel, 2010: Bowers and Wigel, 2011), 
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Deniococcus radiodurans, the radiation, oxidation and desiccation resistant strain has been 

described as one such polyextremophilic bacterium (Richmond et al., 1999a). 

 

 In spite of this overall diversity of alkaliphiles and halophiles, and the high diversity of soda 

lake environments identified through culture independent techniques,  the list of isolated 

genera identified from soda lake environments remains fairly limited (Jones et al., 1998: Wani 

et al., 2006). Reflecting both the limitations of culture based studies, but also the potential for 

the isolation of novel (poly-extremophilic) strains with the use of different growth conditions. 

 

The dominant genera identified in soda lakes (identified through either culture dependent or 

culture independent techniques) include Bacillus and Alkalibacillus as well as members of the 

phylum Proteobacteria, including the genera Halomonas, Vibrio, Pseudomonas, Dietzia, 

Micrococcus and Idiomarina (Rees, 2004: Wani et al., 2006: Mwirichia et al., 2010b: 

Deshmukh et al., 2011). In addition to studies focusing on the bacterial populations of soda 

environments, analyses of archaeal communities in soda lakes has identified a number of 

haloalkaliphilic isolates assigned to the genera Natronococcus, Natrialba, Natronobacterium 

and Natronolimnobius (Grant et al., 1999: Xin et al., 2001: Xu, 2001: Itoh et al., 2005: 

Mwirichia et al., 2010a). Interestingly the diversity of archaea in soda lake environments is 

generally lower than for the bacterial community (Wani et al., 2006).  

 

3.3. The relevance of soda lake environments to astrobiology 

In the context of astrobiology and considering the habitability of Mars in terms of 

indigenous life and the potential of contamination, organisms which live in environments 

where several detrimental factors exist (i.e. desiccation, UV, high pH and high salinity) may 

have survival characteristics which are similar to those required to survive on Mars. In 

addition, soda lake microbiology has been described as being potentially being inhabited by 

an ancient prokaryotic community and a “refuge for relict communities” (Jones et al., 1998: 

Zavarzin, 2000). If it were the case that soda lake communities harbour ancient lineages of 

prokaryotes, this could be an important point when considering the search for life beyond the 

Earth. Remembering that is through the characterisation and study of extreme terrestrial 

environments, that we can gain a better understanding of where to look for past or present 

extraterrestrial life (DasSarma, 2006).    

 

The purpose of this chapter is to attempt to isolate novel strains of bacteria and archaea 

capable of growing at high salinity, temperature and pH. It is intended that through the 

development of a new growth medium supplemented with varying salt concentrations, 

alkaliphilic/alkalitolerant strains which can tolerate both high and low salt concentrations will 

be isolated, as well as those isolates which are only able to grow in the presence of extreme 

environmental conditions. Ultimately, isolates cultured in this chapter will be the focus of 

further characterisation and survival studies in subsequent chapters.  
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3.4. Aims of this chapter 

1. To design a series of growth medium based on the water chemistry of Lake Magadi 

2. To culture strains of archaea and bacteria from Lake Magadi using different 

temperatures 

3. To culture strains of archaea and bacteria from Lake Magadi using varying salt 

concentrations 

4. Assess the uncultured bacterial and archaeal diversity of different samples using 

DGGE analysis  

5. Select three isolates for further characterisation 

 

3.5. Materials and methods 

 

3.5.1. Samples from Lake Magadi 

  Twelve samples were selected for water analysis and twenty five samples, including 

twenty three samples from the 2009 field trip and two samples from 2010 field trip (Chapter 2, 

Table 2.2 and Table 2.3) were chosen for biological analysis. 

 

The samples have been divided by their geographic location into samples from northern end 

Little Magadi, northern end Lake Magadi, southern end Lake Magadi and Western Lagoon, 

which contains samples collected from a lagoon along the western side of Lake Magadi, 

rather than from a spring (Chapter 2, section 2.1.1.1). For each division samples were 

selected so that one water and one sediment sample was analysed per geographic location. 

In addition, a selection of samples which included; biomass and possible mineral samples 

were chosen from each division (Table 3.2).  
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 Table 3.1. Samples selected for biological analysis, for each of the four divisions, outlining 

sampling locality, pH and temperature measurements. 

Area Site Temperature pH Sample Description 

Division 1: Northern end  Little Magadi 

6 25 57.3 °C 9.31 95 Water sample 

99 Water sample 

 82.7 °C 9.48 103 Water sample 

27 

28 

82.4 °C 9.51 106 Water sample 

44 °C 9.51 108 Red material in raised area  

44 °C 9.51 109 Orange particulate material 

82.4 °C 9.51 110 Grey material  

82.4 °C 9.51 113 Scoop sample of sediment and water 

- - 114 Rock with white precipitate 

82.4 °C 9.51 115 Pinky, bubbly material on surface of water 

Division 2: Northern end Lake Magadi 

5 20 

21 

24 

64.4 °C 

 

9.07 80 Water sample 

 81 Pink, soft, particulate material 

82 ‘Stringy’ material, dark green in colour 

 83 Dark green soft material on spring bed 

 64.3 °C 9.29 

 

85 Water sample 

 86 Scoop sample of sediment- pink & white 

fine grained material  

63.1 °C 9.31 94 Dark green floating at surface attached to 

red material below 

Division 3: Western Lagoon 

4 16 

 

N/R N.R 70 Bright pink, wet material on mud flat 

surface 

 

35.7 °C 10.01 

 

71 Water sample 

72.2 Sediment and water scoop sampled from 

lagoon bed Division 4: Southern end Lake Magadi 

8 

 

- 32.9 °C 9.78 1 Sediment sample from lake edge-0.5 m 

 32.9 °C 9.78 2 Sediment sample from edge of lake- 3.5 m 

3 13 

14 

45.1 °C 10.01 52 Water sample 

39.5 °C 9.97 58 Bright pink soft material associated with 

yellow soft material  60 Orange, soft material on surface of bedrock 

 

 

61 Soft, green material, oval in shape and 

around 1.5 cm thick. 

 

44.4 °C 9.96 63 Water sample 

4 17 44.6 °C 9.97 74 Water sample 

9.97 76 Soft, yellow material attached to bedrock 

surface 

 

116 Water sample 

7 29 36.6 °C 9.97 133 Pinky/ white material in blocks on sediment 

surface 

 

121 Water sample 

30 

31 

 

40.2 °C 9.97 123 Green material floating on water surface, 

bubbly appearance 

 

124 Crumbly unconsolidated white material 

 
125 Dark sediment sample 

   

3.6. Results 
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3.6.1. Water analysis of samples from Lake Magadi 

Temperature measurements showed a temperature gradient from north to south of 

Lake Magadi, with the springs at the northern end of the lake (sites 5 and 6) measuring 

between 82.7 °C and 57.3 °C, and those at the south (sites 3, 4 and 7) between 35.7 °C and 

45 °C (see Table 3.1). The water activity measured varied between 0.977 aw and 0.984 aw, a 

greater water activity level than the average water activity of sea water (0.97 aw (McGenity, 

Pers. Comm.)). The lowest aw was recorded for sample 71 from the Western Lagoon (Table 

3.2). 

 

Cation analysis of the water samples showed that the levels of calcium, iron and magnesium 

in the system were below the detection limit in all samples. Sodium levels were very high 

>3662 ppm and potassium levels were >64.10 ppm compared to sodium and potassium 

levels of 7.0 ppm and 2.3 ppm recorded for the Ewaso Ngiro river. 

 

Anion analysis showed that phosphorus was only present in the springs in the south, and the 

lagoon (phosphate content was below the detection limit in all those samples from the north of 

the lake) where levels were between 0.56 ppm and 0.94 ppm, compared to 0.08 ppm for 

Ewaso Ngiro. Chlorine levels were high in all samples >5333.90 ppm compared to only 4.0 

ppm in Ewaso Ngiro. Levels of silicon, fluorine and SO4 were all much larger than levels 

recorded for the Ewaso Ngiro River.  

 

Table 3.2. Water chemistry analysis of samples from the springs and lagoon around Lake 
Magadi. * Signifies Lagoon sample. N/R measurement not taken. Ewaso Ngiro data taken 
from (Warren, 2006). 

Site and 

sample 

number 

pH 
Temp. 

( °C) 
aw 

Ca 

(ppm) 

Fe 

(ppm) 

K  

(ppm) 

Mg 

(ppm) 

Na  

(ppm) 

3 52 10.1 45.1°C N/R -0.82 -0.07 71.20 -0.52 4521.68 

3 63 9.96 44°C N/R -0.81 -0.07 79.82 -0.52 5017.83 

4 71* 10.1 35.7°C 0.977 -0.78 -0.06 146.28 -0.52 7184.18 

4 74 9.97 44.6°C 0.983 -0.83 -0.07 75.22 -0.52 4659.67 

7 116 9.97 36.6°C N/R -0.83 -0.07 69.32 -0.52 4722.56 

7 121 9.97 40.2°C N/R -0.82 -0.07 64.10 -0.52 4439.13 

5 80 9.07 64.4°C N/R -0.82 -0.07 83.10 -0.52 3838.80 

5 85 9.29 64.3°C 0.983 -0.81 -0.07 96.73 -0.52 4244.31 

6 99 9.31 57.3°C N/R -0.83 -0.07 95.98 -0.52 3977.89 

6 95 9.31 57.3°C 0.984 -0.82 -0.07 92.36 -0.52 4262.13 

6 103 9.48 82.7°C N/R -0.83 -0.07 85.00 -0.52 3662.65 

6 106 9.48 82.7°C N/R -0.83 -0.07 130.54 -0.52 4856.61 

Ewaso 

Ngiro 
7 N/R N/R 6.5 N/R 2.3 3.7 7.0 
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Continued from Table 3.2 Water chemistry analysis of samples from the springs and lagoon 

around Lake Magadi. * Signifies Lagoon sample. N/R measurement not taken. Ewaso Ngiro 

data taken from (Warren, 2006). 

Site and 

sample 

number 

P 

(ppm) 

S 

 

(ppm) 

Si 

(ppm) 

Sr 

(ppm) 

F- 

(ppm) 

Cl- 

(ppm) 

NaNO3 

(ppm) 

SO4 

(ppm) 

3 52 0.68 25.82 7.29 0.17 121.12 7752.36 1118.48 165.12 

3 63 0.71 27.52 8.14 0.14 202.90 7277.37 1342.11 517.00 

4 71* 0.94 41.52 13.50 0.17 179.78 11344.51 1469.73 322.31 

4 74 0.85 25.75 7.38 0.15 90.23 6500.77 708.03 161.08 

7 116 0.62 23.69 4.08 0.16 163.76 7257.23 1205.09 165.82 

7 121 0.56 21.40 4.03 0.17 124.69 6938.17 1035.77 158.62 

5 80 -0.03 18.80 10.17 0.18 120.62 5689.12 1140.91 130.85 

5 85 -0.03 17.28 9.87 0.20 125.37 5615.67 966.51 148.25 

6 99 -0.02 19.48 9.70 0.18 128.33 5333.90 1035.14 114.79 

6 95 -0.01 16.98 9.53 0.18 133.04 6380.93 1269.86 131.09 

6 103 -0.03 17.97 8.94 0.18 136.36 5680.05 1012.35 127.26 

6 106 -0.01 24.04 12.15 0.18 180.99 6077.57 1039.45 N/R 

Ewaso 

Ngiro  
0.08 N/R 20 N/R 0.2 4.0 N/R 2.4 

 

Sample 71 from the lagoon at site 4 has the highest concentration of K, Na, S, Si, Cl and 

NaNO3. The chlorine content is 46% greater in the lagoon sample than in any of the other 

samples from around the lake, other studies also show an increased chlorine content in the 

lagoons compared to the springs (Warren, 2006). This sample also has the highest 

concentration of phosphorus, one of the highest pH’s measured. 

 

3.6.2. Development of alkaline growth medium 

Using the water analysis data from section 3.4.1 the AP+ growth medium was made 

up from 7 components, which were autoclaved separately (Table 3.3).  

 

Table 3.3 Working concentration of media components in each AP+ growth medium. Those 

components in a Sol. (solution) group were autoclaved together. 

Sol. Growth medium AP+ 0.7% AP+ 6.8% AP+ 15% 

1 

NaCl working concentration 0.12 M  0.93 M 2.0 M  

Oxoid peptone 1g/100ml 1g/100ml 1g/100ml 

Agar 1g/100ml 1g/100ml 1g/100ml 

2 
Solution A K2SO4 5.4 mM 5.4 mM 5.4 mM 

NaF 16.8 mM 16.8 mM 16.8 mM 

3 
Solution B NaNO3 20 mM 20 mM 20 mM 

NaPO4 0.02mM 0.02mM 0.02mM 
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Table 3.3. Continued.   

Sol. Growth medium AP+ 0.7% AP+ 6.8% AP+ 15% 

4 Na2CO3 54 mM 54 mM 54 mM 

5 NaHCO3 46 mM 46 mM 46 mM 

6 MgSO4 16 mM 16 mM 16 mM 

7 Trace element mix (Table 3.3) 0.1ml/100ml 0.1ml/100ml 0.1ml/100ml 

 

The peptone, agar and NaCl were dissolved in 352ml of distilled water and autoclaved 

together. A 100x stock solution of K2SO4 and NaF (solution A) and a stock of NaNO3
-
 and 

NaPO4 (solution B) were autoclaved separately and added to the molten agar. The medium 

was buffered to desired pH using Na2CO3 and NaHCO3, which
 
were also autoclaved 

separately and added to the molten agar. Finally MgSO4 and the trace element mix (Table 

3.4) were added to the molten agar.  

 

Table 3.4 Trace element mix components 

Stock concentration  Compound 

10 mM FeCl3.6H2O 

0.1 mM ZnCl2.4H2O 

 0.08 mM CoCl.6H2O 

 0.025 mM NaMoO4.2H2O 

 0.07 mM CaCl2.2H2O 

 4  mM CuCl2.2H2O 

 0.08 mM H3BO3 

  Concentrated HCl 

  

3.6.3. Culturable bacterial diversity of samples from Lake Magadi 

Growth was achieved on solid media at 37 ºC, details of isolation, restreaking and 

storage are given in Chapter 2 (section 2.3). Attempts were made to culture on solid media at 

50 °C, however no growth was achieved. A selection of isolates and their closest database 

match and closest cultured isolate match are given in Table 3.3, the full list of sequenced 

isolates are given in Appendices A-D.  

 

3.6.3.1. Culture based study of Division 1: Northern Little Magadi 

 

3.6.3.1.1. Sample 106 

 Water sample 106 had the lowest cultured colony density with only four colonies 

being isolated. Although these strains match to Caldalkalibacillus uzonensis and this strain 

was returned as one of the nearest neighbour by the Greengenes database (Table 3.5), 

theses strains are not closely related according to the neighbour-joining phylogenetic tree 

(Figure 3.1- purple arrow).     
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3.6.3.1.2. Sample 108 

 The isolates from biological sample 108 were predominantly related to strains of 

Halomonas campisalis (bauxite deposits) and H. campisalis (Lonar Lake, India) (Figure 3.1 

and Table 3.5). In addition, strains related to other species of Halomonas including H. 

meridiana (Sambhar salt lake India), H. pantelleriensis (Pantelleria island) and H. variabilis 

(glyphosate-polluted soil) were also isolated (Figure 3.1).  

Isolates related to organisms of the Gamma Proteobacteria were isolated, with varying 

degrees of similarity to the closest species database matches of Idiomarina baltica and 

Idiomarina seosinensis (81% and 92% respectively) (Table 3.5). 

 

Isolates related to members of the phylum Firmicute were isolated from this sample, being 

most closely related to strains of the genus Bacillus, related to B. pseudofirmus, or B. 

okhensis, Alkalibacterium (fermenting, salted food, mud volcanoes and a soda lakes) related 

to A. psychrotolerans  or A. pelagium (Yumoto et al., 2004: Yumoto et al., 2008), or 

Planococcus, most closely related to  P. maritimus (isolated from Thondi, India) (Table 3.5).  

 

3.6.3.1.3. Sample 109 

 Several isolates related to Halomonas campisalis (95-99% similarity) were isolated 

from the orangey biological sample 109. Along with isolates related to species of 

Alkalibacterium (98%-99% similarity), A. pelagium and A. psychrotolerans (92%-100% 

similarity). Two isolates was most closely related to Idiomarina from a solar saltern.  

 

Strains related to P. maritimus (from the Andaman Sea) were also isolated from this sample, 

although the similarity was lower for these isolates than for the 6.8%_109GA isolate (76%).  

 

3.6.3.1.4. Sample 110 

 Once again isolates were most closely related to database strains of Halomonas 

campisalis and other species of Halomonas including H. pantelleriensis (mud volcano), H. 

nitritophilus (mud volcano) and H. venusta (Sambhar Salt Lake) (Table 3.5). Seven isolates 

were most closely related to species of Idiomarina, including I. seosinensis (hypersaline 

saltern and deep sea water column), I. fontislapidosi (hypersaline habitats in Spain) and 

Idiomarina salinarum (Pseudoidiomarina salinarum, from a marine solar saltern). Sample 110 

was a grey rock covering material. 

 

Six isolates were most closely related to database strains of the phylum Firmicute. Isolates 

related to strains of Alkalibacterium were also cultured from this sample, again related to 

strains of A. psychrophilus and A. pelagium. Two isolates were most closely related to 

species of the genus Bacillus, B. aurantiacus (Hungarian soda lake) and B. agardhaerens 

(sea shore). 

 

3.6.3.1.5. Sample 113 
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 Five of the isolates were isolated from the water and sediment sample 113 and were 

most closely related to Halomonas (95-99% similarity), including H. nitrophilus (mud volcano) 

and H. campisalis, (alkaline saline lake-Soap Lake, bauxite). One strain most closely related 

to Idiomarina zobellii was isolated, with 91% similarity (Table 3.5).  

 

Figure 3.1. Phylogenetic tree for the cultured isolates (pink) from samples 108, 109, 110, 113, 

114, and 115 and near neighbour and nearest neighbour matches (black) using Greengenes 

alignment software (DeSantis et al., 2006). M. jannaschii DSM 2661 was used as an out 

group. Interior branch values, 1000 replications. 
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Seven isolates were most closely related to strains of the phylum Firmicute, one strain 

isolated on 15% NaCl medium was most closely related to Bacillus agardhaerens (sea shore). 

In addition, an isolate was most closely related to Salsuginibacillus halophilus (Inner 

Mongolian soda lake) and 94% similar to a strain of the genera Piscibacillus halophilus 

(hypersaline Iranian lake). Finally, again a significant proportion, four isolates were most 

closely related to Alkalibacterium isolates, either A. psychrotolerans or A. pelagium, one 

isolate, 6.8%_113BC was only 88% similar to the database sequences (Figure 3.1).    

 

3.6.3.1.6. Sample 114 

 Four isolates were successfully sequence from this rock and precipitate sample, two 

strains related to Alkalibacterium (Table 3.5) and A. pelagium and an isolate related to 

Bacillus pseudofirmus (Figure 3.1). 6.8%_114A was related to a strain of Rhodobacter 

(hypersaline Ekho Lake). 

 

3.6.3.1.7. Sample 115 

  Two isolates were most closely related to H. campisalis with 98-99% similarity were 

isolated from this pink biological material. Five isolates were most closely related to 

Alkalibacterium (Table 3.5) and four isolates of Bacillus, B. arseniciselenatis (soda lake 

Khadyn) and B. vedderi (bauxite waste). B. arseniciselenatis is an arsenate respiring 

bacterium.   

3.6.3.2. Culture based study of Division 2: Northern Lake Magadi 

 

3.6.3.2.1. Sample 81 

Fifteen isolates were most closely related to H. campisalis and were between 92% 

and 100% similarity, in addition, one strain, isolated on 15% NaCl was most closely related to 

H. nitrophilus (Table 3.5).  

 

Three isolates were most closely related to A. psychrotolerans and one was most closely 

related to A. pelagium (98%-99%). Three strains isolated on 6.8% medium were most closely 

related to species of Bacillus, with 99% similarity to B. polygoni (indigo balls) and B. clarkii 

and 85% similarity to B. cohnii (Figure 3.2).  

 

3.6.3.2.2. Sample 82 

Most of the strains isolated and sequenced from this sample (eleven isolates) were 

most closely related again to H. campisalis (97%-100% similarity). In addition, strains related 

to other species of Halomonas were also isolated, including H. kenyensis (mixed sediments, 

soda lakes Kenya) (Table 3.5). One strain isolated on 6.8% medium was 92% related to 

Idiomarina salinarum. 

 

Four strains were most closely related to isolates of the phylum Firmicute, two were related to 

A. psychrotolerans and three to the genus Bacillus (Figure 3.2). The Bacillus strains were 



97 

Chapter 3- The isolation and analysis of bacterial and archaeal communites from Lake Magadi 

 

 

related to B. vedderi (97%), B. hemicellulosilyticus (96% similarity) and B. pseudofirmus (97% 

similarity).   

 

3.6.3.2.3. Sample 83 

Isolates related to Halomonas campisalis and A. psychrotolerans and A. pelagium 

were cultured. One strain if Idiomarina salinarum was isolated with 92% similarity to the 

database strain. Three isolates were most closely related to Bacillus, being >97% similar to 

the species B. alkalinitrilicus (soda solonchak soil) or B. pseudofirmus (Figure 3.2). Isolate 

6.8_83C was most closely related to Halolactibacillus xiariensis (Inner Mongolian soda lake) 

(Table 3.5). 

 

3.6.3.2.4. Sample 85 

Only isolates related to strains of Firmicute were cultured and sequenced from this 

water sample. Two strains (6.8%_85D and 6.8%_85DB) were most closely related to B. 

pseudofirmus and isolate 0.7%_85A to B. alkalinitrilicus (Figure 3.2) (anodic solution of 

microbial fuel cell), along with an isolate related to a strain isolated from Lonar Lake and 

finally, a strain related to Halolactibacillus xiariensis (Inner Mongolian soda lake) (Table 3.5). 

 

3.6.3.2.5. Sample 86 

Several strains were similar to strains of H. campisalis to varying degrees, 95%-99% 

similarity were isolated from the water and sediment sample. Isolates related to A. 

psychrotolerans were also cultured from this sample and on strain was 92% similar to 

Idiomarina seosinensis. Strains similar to Bacillus strains were also isolated from this sample, 

including B. alkalinitrilicus,  B. vedderi and B. cohnii (western Kunlun mountains) (Figure 3.2 

and Table 3.5). 

 

3.6.3.2.6. Sample 94 

  This sample was dark green biological material. Strains related to H. campisalis were 

isolated with 97%-99% similarity; in addition, an isolate related to H. pantelleriensis was also 

cultured (94% similarity). Strains related to Idiomarina seosinensis and Idiomarina salinarum 

were sequenced with isolates having a 92%-93% similarity to the database strains.  

 

Seven isolates were cultured which were most similar to Bacillus strains, these were most 

similar to the species: B. okhensis, B. vedderi, B. alkalinitrilicus and B. locisalis (soda lakes 

Kenya and Tanzania) (Table 3.5). Finally, a single isolate most closely related to Dietzia, an 

Actinobacterium, was isolated on 0.7% NaCl (Figure 3.2 and Table 3.5).  
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Figure 3.2 Phylogenetic tree for the cultured isolates (pink) from samples 81, 82, 83, 85, 86 

and 94 and near neighbour and nearest neighbour matches (black) using Greengenes 

alignment software (DeSantis et al., 2006).  M. jannaschii DSM 2661 was used as an out 

group. Interior branch values, 1000 replications. 
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3.6.3.3. Culture based study of Division 3: Western Lagoon 

 

3.6.3.3.1. Sample 70 

This sample was a bright pink material from the lagoon beach. The common isolates 

of H. campisalis, A. psychrotolerans and I. seosinensis were isolated from this sample (Figure 

3.3). In addition, one strain related to Dietzia was cultured on 0.7% medium, with 95% 

similarity (Table 3.5).  

 

3.6.3.3.2. Sample 72.2 

Again, isolates related to H. campisalis and H. pantelleriensis strains were isolated 

and sequenced which range in similarity between 93% and 99% similarity. 0.7%_72.2E was 

most closely related to Pseudoidiomarina sp. (Table 3.5). A strain related to Alkalibacterium 

was also isolated from this sediment and water sample (Figure 3.3). One strain was isolated 

from this sample, which was most closely related to Caldalkalibacillus uzonensis (92% 

similarity).  

 

Figure 3.3. Phylogenetic tree for the cultured isolates (pink) from samples 70 and 72.2 and 

near neighbour and nearest neighbour matches (black) using Greengenes alignment software 

(DeSantis et al., 2006).  M. jannaschii DSM 2661 was used as an out group. Interior branch 

values, 1000 replications. 

 

3.6.3.4. Culture based study of Division 4: Southern Lake Magadi 

 

3.6.3.4.1. Sample 1 

 All isolates were most closely related to strains of the phyla Proteobacteria or 

Firmicute. The isolates related to Bacillus strains were slightly more varied in terms of their 
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closest species match, including B. pseudofirmus, B. hemicellulosilyticus, B. clarkii, B. 

polygoni, B. vedderi, B. agardhaerens and Bacillus locisalis (Kenyan soda lake) (Figure 3.4).  

 

Three genera dominate (as with the previous samples) these being Halmonas, Bacillus, and 

to a lesser extent Idiomarina (Pseudoidiomarina).  The closest Halomonas database matches 

strains were predominately H. campisalis with a single isolate (0.7%_1-4B)  sequenced most 

closely relate to H. kenyensis (Kenyan lakes). Two isolates, on 0.7% NaCl and another on 

15% NaCl were most closely related to Alkalispirillium mobile, a moderately halophilic, 

alkaliphilic bacterium (Rijkenberg et al., 2001) (Table 3.5). 

  

3.6.3.4.2. Sample 2 

 As with sample 1, no isolates of Alkalibacterium were isolated from this soil sample 

from the edge of the lake. Nine isolates were most closely related to species of Bacillus, B. 

alkalinitrilicus, B. arseniciselenatis, B. vedderi, B. selenitireducens were isolated as well as B. 

poygoni and B. vedderi. Similarity was as low as 93% for some isolates (6.8%_2-3B). 

 

Again H. campisalis was a dominant isolate with five isolates most closely related to the 

species. Finally isolate 0.7%_2-3C was most closely related to I. seosinensis was also 

identified (93% similarity) and isolate 0.7%_2-3K) has a similarity of only 94% to an 

Idiomarina (Pseudoidiomarina) sp. isolate (Figure 3.5). 

 

3.6.3.4.3. Sample 58 

 This was a sample of bright pink and yellow biomat. Strains related to     B. vedderi, 

B. cohnii and B. clarkii (Figure 3.4) were also isolated with a 94%-99% similarity. Isolates 

related to H. campisalis were again cultured, varying in similarity between 91% and 99%. In 

addition, two other strains cultured on 6.8% NaCl medium were related to H. pantelleriensis 

and H. taeheungii (mud volcano) (Figure 3.4). Finally, three isolates related to 

Pseudoidiomarina (Idiomarina) sp. with between 93% and 95% similarity were isolated 

(Figure 3.5 and Table 3.5). 

 

3.6.3.4.4. Sample 60 

 The first isolate related to Piscibacillus was isolated from this sample, with 95% 

similarity to the isolate from a hypersaline Iranian lake (Figure 3.4 and Table 3.3). The 

majority of isolates sequenced successfully were again related to                       A. 

psychrotolerans and H. campisalis, with strains relating to the latter by between 95% and 

99%. Strains related to H. pantelleriensis were again isolated with 94% similarity to the 

database strain (Figure 3.5). This sample was an orange biomat. 
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Figure 3.4. Phylogenetic tree for the cultured isolates (pink) from samples 1, 2, 58, 60, 61, 63, 

74, 76, 123, 124, 125, and 133 of the phyla Firmicute and Actinomycete and near neighbour 

and nearest neighbour matches (black) using Greengenes alignment software (DeSantis et 

al., 2006).  M. jannaschii DSM 2661 was used as an out group. Interior branch values, 1000 

replications.  
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3.6.3.4.5. Sample 61 

 Strains from this biomat sample were again predominantly related to      H. campisalis 

and A. psychrotolerans with a similarity of >99%. Isolates 6.8%_61PB and 15%_61B were 

related to other strains of Halomonas, with 94% and 98% similarity to H. pantelleriensis 

respectively. Isolates related to Pseudoidiomarina were also identified with a similarity of 94% 

(Figure 3.5).  

 

Isolates related to the genus Bacillus were most closely related to a broader range of species 

including, B. akibai, B. vedderi, B. hemicellulosilyticus and B. selenitireducens. Isolate 

0.7%_61E was most closely related to an Actinomycetales bacterium, 98% similarity, 

although this strain has not been full described. 98% similarity was identified between isolate 

6.8%_61GA and a Halolactibacillus alkaliphilus, a strain from an Inner Mongolian soda lake. 

Finally, two isolates on 0.7% and 6.8% NaCl were most closely related to Salinicoccus 

alkaliphilus (99% similarity), the database strain was also isolated from an Iranian hypersaline 

Lake (Figure 3.4 and Table 3.5).  

 

3.6.3.4.6. Sample 63 

 Strains related to H. campisalis were again isolated (97%-99% similarity), the 

database strains included an isolate from bauxite mining and from mud volcano from this 

water sample. Bacillus isolates related to B. okhensis and B. akibai were isolated (99% 

similarity). 0.7%_63AB was most closely related to Alkalimonas amylolytica (Lake 

Chahannor)(Ma et al., 2004a). Finally, isolate 6.8%_63AC was most similar to Aquiflexum sp. 

from deep sea sediment from Lonar Lake (Figure 3.5). Isolate 0.7%_63D was most closely 

related to Alkalimonas delamerensis, isolated from soda lake environment Kenya/China 

(Table 3.3). 

 

3.6.3.4.7. Sample 74 

 Isolates related to Bacillus were cultured, most closely related to the species B. 

saliphilus (99% similarity, mineral pool) and B. hemicellulosilyticus (94% similarity) were 

isolated from this water sample. Isolates from this water sample included A. psychrotolerans 

which varied in similarity between 87% and 99%. Another isolate related to Aquiflexum sp. 

was isolated (99% similarity). Pseudoidiomarina (Idiomarina) sp. isolates were also cultured 

(Figure 3.5).  
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Figure 3.5. Phylogenetic tree for the cultured isolates (pink) from samples 1, 2, 58, 60, 61, 63, 

123, 124, 125, and 133 of the phyla Proteobacteria  and Bacteroidetes and near neighbour 

and nearest neighbour matches (black) using Greengenes alignment software (DeSantis et 
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al., 2006).  M. jannaschii DSM 2661 was used as an out group. Interior branch values, 1000 

replications. 

 

3.6.3.4.8. Sample 76 

 Nine strain isolated and sequenced from this biomat sample which were related to 

Halomonas were most closely related to H. campisalis and H. pantelleriensis with strain 

0.7%_76GC 99% similar to an unidentified species of Halomonas isolated from soda lake 

mud (Table 3.5). Three isolates cultured on 6.8% medium were related to A. psychrotolerans 

(Figure 3.5). In addition, four isolates on the 0.7% and 6.8% growth media were isolates and 

were most closely related to Halolactibacillus alkaliphilus. Isolate 0.7%_76PE demonstrated 

an 83% similarity, whilst those isolated on 6.8% medium were 99% similar to the database 

strain (Inner Mongolian soda lake- type strain).  

3.6.3.4.9. Sample 123 

 Several isolates on 6.8% NaCl medium were most closely related to Bacillus 

saliphilus varying in similarity between 97% and 99%. Other Bacillus strains include 

0.7%_123A- B. pseudofirmus, 6.8%_123AB- B. macyae (93% similarity) and 15%_123D 

(Table 3.5). Isolates related to H. campisalis and A. psychrotolerans were again cultured 

(Table 3.5). This sample was green material floating on the surface of the lagoon/spring. 

3.6.3.4.10. Sample 124 

 This sample was a crumble white, unconsolidated material from the edge of the lake. 

Isolates related to H. campisalis (97%-99% similarity) were cultured, along with several 

isolates of H. desiderata (98%-99% similarity), H. pantelleriensis (94% similarity) and H. 

nitriophilus (96% similarity). Isolate 0.7%_124PED was most closely related to 

Alkalibacterium pelagium (marine), with 99% similarity. Six isolates were most closely related 

to species of Bacillus, related to B. saliphilus (99% similarity), B. akibai (94% similarity), B. 

vedderi (97% similarity), B. selenitireducens (98% similarity) and B. alkalinitrilicus (94% 

similarity) (soda solonchak soil) (Table 3.5).  

Three isolates were most closely related to Idiomarina seosinensis demonstrating between 

91% and 94% similarity. Isolate 0.7%_124C was most closely related to Micrococcus luteus 

(99%), 0.7%_124PENA to Salsuginibacillus halophilus (99%, Inner Mongolian lake) and 

finally, 0.7%_124D was most closely related to Rhodobaca borgoriensis (99% similarity).  

3.6.3.4.11. Sample 125 

 This was a sample of soil, the isolates sequenced were all either 99% related to H. 

campisalis, H. desiderata or A. psychrotolerans. Isolate 0.7%_125C was most closely related 

to I. seosinensis (93% similarity) but 99% similar to an uncultured clone from Lake Texcoco.  
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Table 3.5. Selected blast search results for different genera, species or percent similarity (%) for isolates. Full list see of isolates see Appendices A-D 

Isolate name 
Sequence 
length 

Closest database match %  Closest database strain match %  

6.8%_106A 784 - - Caldalkalibacillus uzonensis JW/WZ-YB58 (NR_043653.1) 93 

0.7%_108A 761 Halmonas sp. 4AB3 (HM587243.1) 88 Halmonas campisalis strain HB10.1 (GU228480.1) 88 

0.7%_108C 759 Gamma proteobacterium E-113  (FJ764789.1) 86 Idiomarina baltica strain YCSD64 (GQ169047.1) 81 

0.7%_108E 755 Gamma proteobacterium E-034 (FJ764787.1) 99 Idiomarina seosinensis strain 2PR51-17 (EU440983.1) 92 

15%_108DB 765 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 

15%_108DC 764 Bacillus sp. T41 (AB111934.1) 98 Bacillus okhensis strain Kh10-101 (NR_043484.1) 99 

6.8%_108B2.A 766 Uncultured Bacillus sp. clone (EU676874.1) 99 Bacillus pseudofirmus strain NT10I3.2AB (GQ365198.1) 99 

6.8%_108C 752 Halomonadaceae bacterium GFAJ-1 (HQ449183.1) 95 Halomonas meridiana strain SL145 (JN645873.1) 95 

6.8%_108DA 765 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 

6.8%_108E 749 Halmonas sp. N1(2011)  (JF937425.1) 98 Halmonas variabilis strain HTG7 (AY204638.1) 97 

6.8%_108GA 719 Planococcus sp. MTCC 8491 (JF775504.1) 98 Planococcus maritimus strain SS-06 (EU624446.1) 98 

0.7%_109A 721 Yaniella sp. G5  (FJ871122.1) 99 Actinomycetales bacterium SSCS15 (AB211026.1) 97 

15%_109D 740 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1(NR_041574.1) 99 

0.7%_110AA 772 Unidentified Hailaer soda lake bacterium T10 
(AF275707.1) 

99 Bacillus aurantiacus, strain K1-10 (AJ605772.2) 96 

0.7%_110B 778 Bacillus sp. AMnr1 (FJ788526.1) 97 Bacillus arseniciselenatis, type DSM 15340T (AJ865469.1) 97 

0.7%_110FA 743 Halmonas sp. 10022 EU432574.1 84 Halmonas nitritophilus strain 5-5-12 (GU113002.1) 84 

0.7%_110FC 769 Gamma proteobacterium E-410 (FJ764791.1) 97 Idiomarina fontislapidosi strain F23  (NR_029115.1) 92 

15%_110A 709 Halmonas sp. 15-7 (HM598402.1) 95 Halmonas pantelleriensis strain (GQ505338.1) 95 

6.8%_110AB 761 Halmonas sp. E-069 (FJ764763.1) 98 Halmonas venusta strain NBSL25 (FJ973522.1) 98 
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Table 3.3 continued from previous page 

Isolate name 
Sequence 
length 

Closest database match %  Closest database strain match %  

6.8%_110B 768 Uncultured bacterium clone 101-159 (EF157253.1) 96 Halmonas pantelleriensis strain 4-5-9 (GQ505338.1) 96 

6.8%_110CB 767 Gamma proteobacterium E-410 (FJ764791.1) 86 Pseudidiomarina salinarum strain ISL-52 (NR_044246.1) 81 

0.7%_113B 755 Halmonas sp. AMP-12 (HM104378.1) 95 Halmonas nitritophilus strain 5-5-12 (GU113002.1) 95 

15%_113A 773 Bacillaceae bacterium halo-2 (EU581836.1) 99 Bacillus agaradhaerens strain Mi10-62 (GQ121032.1) 93 

15%_113BA 747 Halmonas sp. AGD 3 (EU447166.1) 98 Halmonas campisalis strain 4A (NR_028702.1) 97 

15%_113D 777 Bacterial sp. Lake Natron isolate 105NT4 
(X92166.1) 

98 Salsuginibacillus halophilus strain halo-1 (EU581835.1) 98 

15%_113E 741 Gamma proteobacterium E-410  (FJ764791.1) 94 Idiomarina zobellii strain M8B (GU397405.1) 91 

6.8%_113DB 742 
Uncultured bacterium clone Luq_GN490_030 
(HQ445815.1) 

99 Halmonas sp. W1025 (AM941396.2) 99 

6.8%_113G 772 Piscibacillus sp. 401C1-1 (HM222702.1) 94 Piscibacillus halophilus HS224 (FM864227.1) 94 

15%_114B 810 
Unidentified Hailaer soda lake bacterium F24 
(AF275702.1) 

99 Alkalibacterium sp. 10011 (EU432578.1) 98 

6.8%_114A 740 
Uncultured alpha proteobacterium clone WN-HSB-
198 (DQ432305.1) 

98 Rhodobacter sp. EL-50 strain EL-50 (NR_042212.1) 97 

15%_115A 801 
Unidentified Hailaer soda lake bacterium F24 
(AF275702.1) 

99 Alkalibacterium sp. 10011  (EU432578.1) 98 

15%_115AB 786 Bacillus sp. ANL-isoa2 (EF422410.1) 97 
Bacillus arseniciselenatis type strain DSM 15340T 
(AJ865469.1) 

93 

15%_115E 804 Bacillus cellulosilyticus DSM 2522 (CP002394.1) 94 Bacillus vedderi strain JaH NR_026526.1) 94 

6.8%_81PC 778 Halmonas sp. 4AB3 (HM587243.1) 92 Halmonas campisalis strain HB10.1 (GU228480.1) 92 

6.8%_81F 801 Bacillus sp. ISO_02_Chiprana (EU676882.1) 99 Bacillus clarkii strain DSM 8720 (NR_026141.1) 99 

6.8%_81B 797 Bacillus sp. B-3(2011)  (N128828.1) 85 Bacillus cohnii strain D7055 (FJ161352.1) 85 
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Table 3.3 continued from previous page 

Isolate name 
Sequence 
length 

Closest database match %  Closest database strain match %  

6.8%_81A 800 Bacillus sp. ISO_02_Chiprana (EU676882.1) 99 Bacillus polygoni strain YN-1 (NR_041571.1) 99 

15%_81GB 785 Halmonas sp. HI.br (GU228482.1) 99 Halmonas nitritophilus strain 5-5-12 (GU113002.1) 99 

6.8%_82C 777 Bacterial sp. (Lake Bogoria isolate WB4) (X92145.1) 98 Halmonas kenyensis strain AIR-2 (NR_043299.1) 98 

6.8%_82A 770 Uncultured bacterium clone MB-A2-149 (AY093468.1) 96 Pseudidiomarina salinarum strain ISL-52 (NR_044246.1) 92 

15%_82A 767 Bacillus sp. GSP69 (AY553128.1) 96 Bacillus hemicellulosilyticus strain C-11 (NR_040848.1) 96 

6.8%_83C  755 Halolactibacillus miurensis NRIC 0637 (AB362701.1) 94 Halolactibacillus xiariensis strain H-5 16S (NR_044282.1) 96 

0.7%_85A  833 Bacillus sp. ISO_06_Kulunda (EU676884.1) 99 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1) 97 

0.7%_86F 797 Bacillus sp. B-3 (2011) (JN128828.1) 92 Bacillus cohnii strain D7055  (FJ161352.1) 92 

0.7%_86E 787 Halmonas sp. HB.br  (GU228481.1) 97 Halmonas campisalis strain 4-5-8 (GU112958.1) 97 

0.7%_94D 809 Bacillaceae bacterium halo-2 (EU581836.1) 99 Bacillus locisalis CG2 (FR714931.1) 98 

0.7%_94BB 777 Uncultured bacterium clone ncd2591f06c1 (JF227185.1) 99 Dietzia cinnamea strain :IMMIB RIV-399 (NR_042390.1) 99 

0.7%_94B 804 Uncultured bacterium clone ncd2190g02c1 (JF190672.1) 99 Bacillus okhensis strain Kh10-101 (NR_043484.1) 100 

0.7%_70D 842 Uncultured bacterium clone 46-SI5 (HQ116731.1) 95 Dietzia maris strain: SSCS4 (AB211032.1) 95 

0.7%_72.2B 831 Gamma proteobacterium E-034 (FJ764787.1) 99 Pseudidiomarina sp. (AK5 strain FN995239.1) 93 

6.8%_1-4L 816 Alkalispirillum sp. ACO1 (FJ976677.1) 99 Alkalispirillum mobile strain DSM 12769 (NR_024961.1)    99 

6.8%_1-4K 809 Bacillus sp. ISO_02_Chiprana (EU676882.1) 97 Bacillus clarkii strain DSM 8720 (NR_026141.1) 97 

6.8%_1-4J 840 Bacillus sp. ISO_02_Chiprana (EU676882.1) 96 Bacillus polygoni strain YN-1 (NR_041571.1) 96 

6.8%_1-4A 839 Bacillaceae bacterium halo-2 (EU581836.1) 95 Bacillus sp. CG2 16S rRNA gene, strain CG2 (FR714931.1) 94 
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Table 3.3 continued from previous page 

Isolate name 
Sequence 
length 

Closest database match %  Closest database strain match %  

0.7%_1-4A 819 Bacillus selenitireducens MLS10 (CP001791.1) 99 Bacillus selenitireducens strain M1S4-7 (GU112950.1) 97 

15%_1-3M 838 Uncultured bacterium clone nbw287f02c1 (GQ086265.1) 95 Bacillus agaradhaerens strain Mi10-62 (GQ121032.1) 95 

15%_1-3H 811 Bacillus sp. X10-7 (HM598405.1) 99 Bacillus saliphilus strain 6AG (NR_025554.1) 96 

15%_1-3A 808 Bacillaceae bacterium halo-2 (EU581836.1) 99 Bacterial sp. (Lake Elementaita isolate WE1) (X92164.1) 99 

0.7%_58B 839 Pseudidiomarina sp. QA8 )GQ202579.1 99 Pseudidiomarina sp. (AK5 FN995239.1) 95 

6.8%_58B 829 Halomonadaceae bacterium GFAJ-1 (HQ449183.1) 89 Halmonas taeheungii strain M112P1-7 (GU112966.1) 89 

6.8%_60C 839 Piscibacillus sp. W9B(2010) (HQ433445.2) 95 Piscibacillus sp. strain HS224 (FM864227.1) 95 

0.7%_61F 780 - - Salinicoccus alkaliphilus strain X2B (GU397409.2 99 

0.7%_61E 768 Yaniella sp. G5 (FJ871122.1) 99 Actinomycetales bacterium SSCS15 (AB211026.1) 98 

0.7%_61C 786 Bacillus sp. NBRC 101221 (AB681407.1) 99 Bacillus alibai strain 1139 (NR_028620.1) 99 

6.8%_61GA 792 - - Halolactibacillus alkaliphilus NBRC 103919  (AB682143.1) 98 

6.8%_61C 767 Halomonadaceae bacterium GFAJ-1 (HQ449183.1) 99 Halmonas sp. strain ECS-str.1 (HE586889.1) 98 

0.7%_63D 837 Bacterial sp. (Lake Elementaita isolate 2E1) (X92131.1) 98 Alkalimonas delamerensis strain :1E1  (NR_044879.1) 98 

6.8%_63AC 842 Aquiflexum sp. DL6 (JF812063.1) 96 Fontibacter sp. AK8, strain (FR687204.1) 95 

6.8%_63A 810 Halmonas sp. HB.br 16S (GU228481.1) 99 Halmonas sp. IB-G4 (AM490139.1) 99 

0.7%_76GC 817 Halmonas sp. HB.br 16S (GU228481.1) 99 Halmonas sp. IB-G4 (AM490139.1) 99 

6.8%_123AB 841 Bacillus sp. JAEA (AB437410.1) 93 Bacillus macyae strain JMM-4 (NR_025650.1) 93 

0.7%_124PENA 830 Salsuginibacillus halophilus gene (AB682229.1) 99 Salsuginibacillus halophilus strain halo-1 (EU581835.1) 99 
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Table 3.3 continued from previous page 

Isolate name 
Sequence 
length 

Closest database match %  Closest database strain match %  

0.7%_124D 841 Uncultured bacterium clone x287 (GU083689.1) 99 Rhodobaca bogoriensis strain LBB1 (NR_025089.1) 99 

0.7%_124GD 839 
Uncultured Halmonas sp. clone Plot22-2H06 
(EU665122.1) 

85 Halmonas desiderata strain FB2 (NR_026274.1) 85 

0.7%_124D 841 Uncultured bacterium clone x287 (GU083689.1) 99 Rhodobaca bogoriensis strain LBB1 (NR_025089.1) 99 

0.7%_124C 818 Micrococcus sp. OS5 clone F12 GU003860.1 99 Micrococcus luteus strain PCSB6 (HM449702.1) 99 

0.7%_133D 808 
Uncultured low G+C Gram-positive bacterium clone 
WN-HSB-264 (DQ432299.1) 

97 Amphibacillus fermentum strain Z-7984 (NR_025193.1) 96 

0.7%_133D 797 Alkalibacterium sp. 10011  (EU432578.1) 98 Alkalibacterium psychrotolerans strain IDR2-2 (NR_024830.1) 97 

0.7%_133A 840 - - Desmospora activa strain : IMMIB L-1269 (NR_042692.1) 96 



110 

Chapter 3- The isolation and analysis of bacterial and archaeal communites from Lake Magadi 

 

 

3.6.3.4.12. Sample 133 

The pink/peach consolidated sample (magadiite- see chapter 7) yielded strains again 

related to H. campisalis, A. psychrotolerans and I. seosinensis. 0.7%_133E was most closely 

related to Alkalibacterium pelagium and 0.7%_133D and 15%_133D were both most closest 

related to Amphibacillus fermentum, with 96%-97% similarity. Isolate 0.7%_133A was 96% 

similar to an isolate of Desmonspora active (Table 3.5). 

 

3.6.4. Culturable archaeal diversity of samples from Lake Magadi 

Touchdown PCR was used to amplify the 16s rDNA of the microbial isolates due to 

the continuous issue of non-specific binding. A selection of isolates and their closest database 

match and closest cultured isolate match are given in Table 3.6. Only five isolates were 

sequenced using the archaeal primers so these will be discussed collectively rather than by 

area. All sequenced archaea isolates are given in this chapter. 

 

Four of the isolates were most closely related to strain Natronococcus occultus, with 98%-

99% similarity (East African soda lakes), one isolate from sample 15%_70A was most closely 

related to strain Natrialba magadii (Lake Magadi), this sequence did have a low query 

coverage (89%), compared to the other strains compared through BLAST. Subsequent 

attempts to amplify and sequence this strain again failed. All isolates were bright pink in 

colour.  

 

 

Table 3.6 Archaeal isolates cultured and sequenced from all samples  

Isolate 
Sequence 

length 
Closest database strain match % 

15%_71A 842 Natronococcus occultus strain: JCM 8859 (AB477981.1) 99 

15%_115A 841 Natronococcus occultus strain: JCM 8859 (AB477981.1) 98 

15%_72.2C 789 Natronococcus occultus strain: JCM 8859 (AB477981.1) 98 

15%_125A 800 Natronococcus occultus strain: JCM 8859 (AB477981.1) 99 

15%_70A 602 Natrialba magadii ATCC 43099 (CP001932.1) 99 
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Figure 3.6 Phylogenetic tree of archaeal isolates (pink) and near neighbour and nearest 

neighbour matches (black) using Greengenes alignment software (DeSantis et al., 2006). 

Deinococcus sp. was used as an out group. Interior branch values, 1000 replications 

 

3.6.5. Denaturing gradient gel electrophoresis analysis  

DGGE analysis enables the assessment of the uncultured diversity of a sample, and 

look at similarities in community structure between different types of samples. The DGGE 

protocol is outlined in Chapter 2, section 2.2.2.6). The raw binary DGGE data is present in 

Appendix E. 

 

3.6.5.1. DGGE ladder 

A DGGE ladder was made by combining eleven isolates, nine isolates of bacteria and 

two isolates of archaea. The DGGE ladder was compiled by running 1 lane for each of the 

isolates, plus a lane which contained the combined DNA of the isolates. The presence of 

unassigned bands in the ladder is due to two reasons, firstly, the inclusion of Mars chamber 

isolates related to analyses in Chapter 5 (Section 6.3.3.5) and secondly due to multiple copies 

of 15S rRNA gene sequences in the same strain (Kang et al., 2010).   

 

Strains included in the ladder were isolated in section 3.4.3 of this chapter, bacterial isolates 

include: 6.8%_114B, 6.8%_108GA, 15%_110A, 6.8%_76GB, 6.8%_106A, 6.8%_86C, 

0.7%_58C, 0.7%_61F and 0.7%_110A, plus two archaea strains: 15%_72.2C and 15%_70A. 

In addition, one isolate from Chapter 6, isolated from the Mars chamber experiments was 

most closely related to Halomonas campisalis, this isolate was also included (Table 3.7).  

 

The ladder profile of known isolates shows that in the instances of bands C and E, the 

resolution of the DGGE was not sufficient to distinguish between the 16 sRNA gene 

sequences of the different isolates. 
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Table 3.7 Ladder key, DGGE ladder with bands assigned, blue arrows indicate bacterial bands, red arrows, archaea bands. Names assigned were the closest 

match from the NCBI database. In addition to the isolates from this chapter, one strain isolated from the Mars chamber in Chapter 6, which was most closely 

related to H. campisalis has been included (Band C- dark grey). 

 Key Closets uncultured database match % Isolate Closest strain match % 

 

A Bacillus sp. E-127 FJ76477.1 98 6.8%_114B Bacillus pseudofirmus MC02 JN566125.1 96 

B Planococcus sp. JSM 076050. FJ477406.1 98 6.8%_108GA Planococcus maritimus strain AMP-10. HM104376.1 98 

C 
Halomonas sp. 15-7 

Halomonas sp. 4AB3 HM587243.1 

94 

94 

 

 

15%_110A 

(6.8%_B3-1F) 

 

Halomonas pantelleriensis 4-5-9. GQ505338.1 

Halomonas campisalis  strain HB10.1 GU228480.1 

94 

99 

 
D Gammaproteobacterium E-410. FJ764791 99 6.8%_76GB Idiomarina seosinensis CL-SP19. NR_025826.1 93 

E 

Bacillus sp. 9-3AIA FN397519.1. 

Gamma proteobacterium E-034. FJ764787.1 

Bacillus sp. DV9-38 GQ407183.1 

 

92 

99 

98 

 

6.8%_106A 

6.8%_86C 

0.7%_58C 

 

Caldalkalibacillus uzonensis NR_043653.1 

Idiomarina seosinensis 2PR51-17. EU440983.1 

Bacillus cohnii T-46 H202864.1 

93 

92 

98 

 F - - 0.7%_61F Salinicoccus alkaliphilus X2B. GU397409.2 99 

G Hailaer soda lake bacterium T10 AF275707.1 99 0.7%_110A Bacillus aurantiacus K1-10 AJ605772.2 97 

H Natronococcus occultus SP4. AB477981.1 99 15%_72.2C Natronococcus occultus JCM 8859. NR_028255.1 99 

I Natrialba magadii ATCC 43099 CP001932.1 99 15%_70A 
Natrialba wudunaoensis strain Sua-E42 

EU672838.1 
99 
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3.6.5.2. DGGE profiling  

Ten samples were chosen for analysis and are outlined in the Table 3.8, along with 

the environmental conditions associated with each sample (samples are described in detail in 

Section 3.3.1, Table 3.1). Samples 1A and 2A have a pH and temperature value associated, 

however a water analysis was not conducted on the waters associated with these samples. 

The samples include both biological material and soil samples which were also the focus of 

the culture based study, section 3.4.3. The samples 1A and 2A provide a comparison 

between samples from very close localities but which possibly different in soil conditions due 

to their different proximities to the lagoon edge.  

     

Table 3.8 Conditions associated with samples used in DGGE analysis.  

Area codes relate to: 1-North Little Magadi, 2-North Lake Magadi, 3-Western Lagoon and 4-

South Lake Magadi. Bio.= Biological samples, N/R denotes not recorded 
Sample  1A 2A 58 72.2 76 133 113 86 125 94 

Area 4 4  4 3 4 4 1 2 4 2 

Sample 
type 

Soil Soil Bio. Soil Bio. Mineral Soil Soil Soil Bio. 

Temp. 
(°C) 

32.9 32.9 39.5 35.7 44.6 36.6 82.4 64.3 40.3 57.3 

pH 9.78 9.78 10.10 10.10 9.97 9.97 9.51 9.29 9.98 9.31 

Ca 

(ppm) 

N/R N/R -0.82 -0.78 -0.83 -0.83 -0.83 -0.81 -0.82 -0.81 

Fe (ppm) N/R N/R -0.07 -0.06 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 

K (ppm) N/R N/R 71.2 146.3 75.2 69.3 130.5 96.7 64.1 96.7 

Mg 

(ppm) 

N/R N/R -0.52 -0.52 -0.52 -0.52 -0.52 -0.52 -0.52 -0.52 

Na 

(ppm) 

N/R N/R 4521.

7 

7184.2 4659.7 4722.6 4857 4244 4439

13 

4244 

P (ppm) N/R N/R 0.68 0.94 0.85 0.62 -0.01 -0.03 0.56 -0.03 

S (ppm) N/R N/R 25.82 41.52 25.75 23.69 24.04 17.28 21.4 17.28 

Si (ppm) N/R N/R 7.29 13.5 7.38 4.08 12.15 9.87 4.03 9.87 

Sr (ppm) N/R N/R 0.17 0.17 0.15 0.16 0.18 0.2 0.17 0.2 

F-(ppm) N/R N/R 121.1 1 90.23 163.76 181 125.37 124.6

9 

125.4 

Cl- 

(ppm) 

N/R N/R 7752

4 

11345 6500.8 7257.2 6078 5615.7 6938.

2 

5615.7 

NaNO3 

ppm) 

N/R N/R 1119

5 

1470 708.03 1205.1 1040 966.51 1035.

8 

966.51 

SO4(ppm) N/R N/R 165.1 322.31 161.08 165.82 N/R 148.25 158.6

2 

148.25 

 

3.6.5.3. Bacterial DGGE profile  

The DGGE gel for the bacterial community of the ten samples (in triplicate- See 

Chapter 2, Section 2.3.5.2) is shown in Figure 3.7. The intensity of band provides an 

indication of the proportion of that species/ group of species, relative to others in the sample. 

The ‘smiling’ effect of the gel was corrected for during analysis (see Chapter 2, section 

2.3.5.2). The dashed lines highlight bands which have migrated to the same point as a ladder 

band (Figure 3.7.A). Bands were then chosen to be excised from the gel and sequenced 

(Figure 3.7.B) 
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Figure 3.7. DGGE gel of DNA amplified using bacterial primers. Each sample was run in 

triplicate (Chapter 2. Section 2.3.5.2) (A) the band in each lane which corresponds to a ladder 

band (Table 3.5) is highlighted. Orange dash line and  denotes bands in corresponding 

location to the band for 6.8%_114B (Table 3.5 A). Dark green dash line and  denotes bands 

in corresponding location to the band for 6.8%_108GA (Table 3.5 B). Dark blue dash line and 

 denotes bands in corresponding location to the band for 15%_110A (Table 3.5 C). Pink 

dash line and  denotes bands in corresponding location to the band for 6.8%_76GB (Table 

3.5 D). Bright blue dash line and  denotes bands in corresponding location to the band for 

6.8%_106A, 6.8%_86C and LS_58C (Table 3.5E). Yellow dash line and  denotes bands in 

corresponding location to the band for LS_61F (Table 3.5 F). Bright blue dash line and  

denotes bands in corresponding location to the band for 0.7%_110A (Table 3.5 G). L. denotes 

ladder lane. (B) Indicates bands which were chosen to be excised and sequenced.  

 

All samples demonstrated a Shannon index of diversity (H) >3.13, which indicates all samples 

has a high diversity (Getachew et al., 2012) (Table 3.9).The high diversity of the samples 

indicates that number of different species and genera identified from samples when using 
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culture based technique under represents the diversity of the bacterial community, as would 

be expected. Despite the harsh conditions experienced at Lake Magadi including high pH, 

temperature and desiccation, the environment is still has a diverse community. The index 

value was then compared using analysis of variance statistical test which showed that there 

was no significant difference between the diversity of the samples analysed, suggesting that 

all samples were equally diverse despite the difference in sample type.  

 

Table 3.9 Shannon diversity score for each sample, calculated using MVSP. A value of 
~1.5 indicates low diversity and a score of ~3.5 suggests a high diversity. 

Sample Average Shannon diversity index value (H) 

1A 3.46 

2A 3.30 

58 3.44 

72.2 3.42 

76 3.42 

133 3.23 

113 3.13 

86 3.28 

125 3.49 

94 3.42 

 

3.6.5.3.1. Association of bands in bacteria DGGE profile with isolates 

Comparing the bands of the cultured ladder to the bands of the other lanes it is 

possible to pick out occurrence of particular bands across the samples. The band which 

includes 6.8%_114B, related B. pseudofirmus (Figure 3.7, orange line) was identified as 

present in S21, S94, S133, S86 and S76, with the band occurring most strongly in the latter 

two samples. This band is one of the most intense bands in sample S76. 

 

The band corresponding to isolate 6.8%_108GA, most closely related to P. maritimus (Figure 

3.7, dark green line) was only isolated from samples 108 and 109, but a band at the same 

position is present in samples 1A, 2A, 58, 72.2, 133, 113 and S125 it is strongest in sample 

72.2 and relatively faint in the other samples. The band containing strain 15%_110A, related 

to H. pantelleriensis (Figure 3.7, dark blue line) was identified in samples 1A, 2A, 58, 72.2, 76, 

113, 125 and 94. This band is absent in the lanes of sample 113 or 86. 

 

A band which corresponds to a band for the isolate 6.8%_76GB, 93% similar to a strain of 

Idiomarina seosinensis (Figure 3.7, pink line) was identified in the profile of all samples except 

2A, 125 and 94. Another strain related to Idiomarina soesinensis, isolate  6.8%_86C, was 

included in the ladder had a 92% similarity, this strain migrated further down the gel, 

indicating that relatively large separation does occur between strains which are most closely 
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related to a species of the same genus. This band into which the second Idiomarina species 

contributed also contained three other strains, but is only recorded as present in 1A, 72.2, 76, 

133, 125 and 94. In sample 72.2 this is one of the most intense bands of this sample.  

 

The band outlined by turquoise oval corresponds to the band for three of the cultured strains, 

isolate 6.8%_106A, related to C. uzonensis, isolate 0.7%_58C, related to B. cohnii and strain 

6.8%_86C, related to Idiomarina seosinensis. The band can be identified in the triplicates of 

samples; 1A, 72.2, 76, 133, 125 and 94 (Figure 3.7, bright blue line).  

 

The band which corresponds to the band for isolate 0.7%_61F, related to Salinicoccus 

alkaliphilus (Figure 3.7, yellow line), was present in samples 2A, 58, 72.2, 133 and 94. The 

corresponding band is also quite intense in sample 72.2 and 2A. A band corresponding to the 

ladder band for isolate 0.7%_110A, related to B. aurantiacus (Figure 3.8, red line) can be 

traced in samples 72.2 and 125 as well, but also in samples 58, 76 and 113.  

 

3.6.5.3.2. Sequencing of bacterial DGGE bands 

The sequencing of DGGE bands was conducted, through the cloning of DNA 

fragment into E. coli (described in Chapter 2, section 2.2.2.6.1), the sequencing of up to 5 

clones per DNA band excised (Figure 3.7.B). The successful sequencing in both directions of 

4 clones from 4 different bands of the bacterial DGGE was achieved. For the other excised 

bands cloning was unsuccessful, the amplified DNA from the gel failed to be cloned into the 

plasmid in the isolates picked and tested. The closest matches to these sequences are 

outline in Table 3.10. The strains were all most closely related to clones and strains from 

saline environments or saline alkaline environments.  

 

Table 310 The closest uncultured clone and isolated strain matches for clones from 

bacterial DGGE gel 

Band Closest uncultured  % Nearest strain match % 

b.A5 
Uncultured bacterium clone 
ARDBACSS23. (EU869383.1) 

94 
Selenihalanaerobacter shriftii strain 
DSSE-1. (NR_028804.1) 

93 

b.B.1 
Halanaerobiaceae clone 
SLAb1-1. (EU855125.1) 

98 
Halarsenatibacter silvermanii strain 
SLAS-1. (AY965613.1) 

98 

b.D.1 
Unidentified Hailaer soda lake 
bacterium F24 (AF275702.1) 99 

Alkalibacterium psychrotolerans 
strain: JCM 12281 (AB294176.1) 99 

b.E.5 
Uncultured bacterium clone 
MG18-H2-MF (HQ413944.1) 

100 
Arsukibacterium ikkense strain K1-118 
(FR746050.1) 

97 

 

Clone b.A5 was most closely related to clones from salt lake brine from Inner Mongolia, a 

hypersaline microbial mat clone from Mexico and a clone from saline soil, Sidi Ameur Salt 
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Lake in the Algerian Sahara. It is more closely related to these than it is to its closet database 

strain of Selenihalanaerobacter shriftii, an anaerobe from Dead Sea sediments which respires 

selenate. The similarity of the clone b.A5 to its nearest database match is only 93-94%, 

suggesting that this could be a novel species or genus.  

 

Clone b.B1 was most closely related to a Halanaerobiaceae clone from Searles Lake, which 

is a salt saturated lake. This clone grouped with Halarsenatibacter silvermanii, an arsenate 

respire which was also identified from Searles Lake, USA and a clone from the sediments of 

the hypersaline lake, Lake Fazda, Egypt. 

 

Clone b.D1 was most closely related to Alkalibacterium psychrotolerans JCM 12281 when run 

through the blast search, but the phylogenetic analysis places this strain basally to all the 

strains analysed. This database isolate differs to the closest database match of any of the 

strains isolated in section 3.4.3, of this Chapter.   

 

 

Figure 3.8 Phylogenetic tree of bacterial clones (pink) and near neighbour and nearest 

neighbour matches (black) using Greengenes alignment software (DeSantis et al., 2006). 

Interior branch values, 1000 replications. 

 

Finally Clone b.E5 was most closely related to Arsukibacterium ikkense strain K1-118, a 

Proteobacteria from shallow soda ponds, with the Idiomarina sp. CF12-14 from the South 

China Sea, and two clones from the biological treatment of refinery spent caustics under halo-

alkaline conditions. 
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3.6.5.3.3. Differences in community composition of bacteria in samples, detected by 

hierarchical cluster analysis  

Neighbour joining cluster analysis of DGGE profile of different samples and replicates 

provides an indication of the relationship between sample replicates and between the 

replicates and the other samples analysed. 

  

Clustering analysis of the bacterial DGGE lane profiles demonstrates that for every sample 

the triplicates are more closely related to each other than to any other triplicate (Figure 3.9). 

The samples generally form three clades, one containing samples 86, 113, 133, 76, 58 and 

2A, a second containing just sample 125 and finally a clade containing 72.2, 94 and 1A. 

There seems to be no separation in relation to temperature or pH, with samples which have 

high temperature (sample temperatures and pH’s group together), there is also no apparent 

separation due to sample type or geographical location.   

 

 

Figure 3.9 Dendrogram of bacterial DGGE gel replicates for all samples using Neighbour 

joining clustering algorithm, the sampling area (key: 1-North Little Magadi, 2-North Lake 



119 

Chapter 3- The isolation and analysis of bacterial and archaeal communites from Lake Magadi 

 

 

Magadi, 3-Western Lagoon and 4-South Lake Magadi), sample type, temperature and pH for 

each sample are also given.   

 

The two samples 1A and 2A cluster into the same clade but are not more closely related to 

each other than they are to other samples, demonstrating that there is a difference in the 

bacterial community in these two soils (Figure 3.9). 

 

3.6.5.3.4. Canonical correspondence analysis (CCA) of bacterial DGGE profile 

CCA is an ordination technique which relates the DGGE binary ‘fingerprint’ profile 

with environmental variables, including correlating species (band positions) to the 

environmental variables (pH and temperature) (Salles et al., 2004). This analysis is used to 

detect relationship between community composition and environmental factors (Zeng et al., 

2009). In this study, the data analysed in MVSP was the binary data obtained during DGGE 

analysis (Appendix E) (Chapter 2, Section 2.3.5.2).  

 

Due to the number of samples only six environmental variables could be compared, using 

canonical correspondence analysis. Samples 1A and 2A were excluded from the analysis due 

to an absence of water chemistry data available for these samples (Table 3.4).  

 

The graph vector on a CCA plot corresponds to a single variable, the origin of the vector is an 

area reflecting the average score for that variable. The direction of the vector indicates the 

direction of most rapid change for that variable and the length of the vector is proportional to 

the rate of change in that direction. Those environmental variables which have a long vector 

(e.g. pH, Figure 3.9.) are more strongly correlated to the ordination axes than those with a 

short vector (e.g. phosphate, figure 3.11), and so are in turn are more closely related to the 

pattern of variability we see in the community on the plot (Ter Braak, 1987: Bossio and Scow, 

1995).  

 

The parameters were chosen by the presence of a value for samples 58 through to 94 and by 

their possible influence on the environment: temperature, pH, phosphorus, sulphur sodium 

nitrate and chlorine (chlorine levels can be used as a rough guide to NaCl content). Samples 

1A and 2A were omitted from the CCA analysis due to the absence of associated water 

compositional data for these samples. 

 

Temperature, phosphate and pH are the variables most correlated with the ordination axes, 

therefore they have the most effect on the variation seen in the bacterial DGGE profiles. The 

vectors for sodium nitrate, chlorine, phosphorus pH and sulphur show that these variables are 

negatively correlated to temperature.  
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The most distinct distributions on the bacterial DGGE profile CCA plot were samples 86 

(Figure 3.10, blue squares) and 113 (Figure 3.10, black inverted triangles), which were 

sampled from the north of the lake and plot with a positive axis value, and sample 72.2 from 

the Western lagoon. Samples 86 and 113 plot towards the head of the temperature vector, 

indicating that these samples have a higher than average temperature, which is influencing 

their DGGE profile (and CCA plot distribution). The two samples from the North of Little 

Magadi do not plot together due to their separation along axis 2, due to sulphur, chlorine pH 

and/or phosphate content (or another factor not considered in this study). Their separation 

along axis 1 is in part due to a stronger negative correlation to sodium nitrate content for 

sample 113. 

 

Sample 94, from the north of Lake Magadi plots around the origin of both axes and so is 

recorded as having an average level for all environmental variables relation to the other 

samples in the data set. Sample 94 plots close to sample 72.2. This sample has the highest 

recorded concentrations of anions and cations as well as pH. However, the sample plots with 

what seems to be a more average value for these variables than samples with a lower 

concentration of these cations/anions and pH. This distribution indicates that another variable 

must be acting upon the distribution of this sample other than the variables used in this study. 

The distribution of this samples replicates in this area maybe due to this sample being 

collected from the lagoon, rather than from the spring sites. 

 

 

Figure 3.10 CCA biplot relating bacterial DGGE binary data to environmental variables: 

temperature, P= phosphorus, pH, S=sulphur, Cl=chlorine and NaNO3= nitrate. Direction of 

vector demonstrates direction of most rapid change and length of vector is proportional to the 

rate of change. Axis 1 represents 9.6% of variation and axis 2, 8.1% of variation.   
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Samples 125, 133, 58 and 76 plot along a similar trajectory (Figure 3.11) with these samples 

all having similar water chemistry. These samples are separated however by a variable which 

plots samples within the positive axis 1, negative axis 2 quadrant. This variable, which has not 

been included in this study, could be related to the sample type.  

 

3.6.5.4. Archaea DGGE profile 

The same samples (Table 3.4) and analytical procedure was conducted for the 

archaea DGGE analysis as for the bacterial DGGE analysis, however no archaeal DNA could 

be extracted from sample 94 so this was excluded from the analysis (Figure 3.12).  
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Figure 3.11 DGGE gel of DNA amplified using archaeal primers. Each sample was run in 

triplicate (Chapter 2. Section 2.3.5.2) (A) the band in each lane which corresponds to a ladder 

band (Table 3.5) is highlighted. Mint green dash line and  denotes bands in corresponding 

location to the band for 15%_72.2C (Table 3.5 H). Brown dash line and  denotes bands in 

corresponding location to the band 15%_70A (Table 3.5 I).L. denotes ladder lane. (B) 

Indicates bands which were chosen to be excised and sequenced. 

 

The archaea DGGE also shows a large number of bands across most samples (Table 3.11). 

A high diversity in the samples was confirmed through the Shannon diversity index value for 

each sample (Table 3.11.). The ANOVA analysis of the index scores showed that the diversity 
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of sample 58 although still quite high (H=2.64), was significantly lower than the diversity of the 

other samples (p<0.012). This is important when considering the limited number of archaea 

isolated on solid media earlier in this chapter. A diverse archaea community (as demonstrated 

by high Shannon diversity score here) would be expected in this type of extreme environment, 

many halophilic thermophilic and alkaliphilic archaea have been identified in other 

environments and soda lake by other researchers (Benlloch et al., 2001: Mwirichia et al., 

2010a).  

 

Table 3.11 Shannon diversity score for each sample, calculating using MVSP.* denotes 
significantly different from all other samples. Raw data see appendix F. 

Sample Average Shannon diversity index value (H) 

1A 3.22 

2A 3.03 

58 2.64* 

72.2 3.26 

76 3.24 

133 3.13 

113 3.27 

86 3.20 

125 3.27 

 

3.6.5.4.1. Association of bands in archaeal DGGE profile with isolates 

All archaea strains isolated from the samples in section 3.4.5 of this chapter were 

either related to Natronococcus occultus or Natrialba magadii all having 98-99% similarity to 

either one or other of the species. A representative of each species were included in the 

DGGE ladder: 15%_72.2C (Natronococcus occultus) and 15%_70A (Natrialba magadii).  

 

Bands migrated to the same location as 15%_72.2C have been marked with mint green 

dashed line (Figure 3.11). A band migrates to the corresponding position as isolate 

15%_72.2C in all samples except sample 76. The absence of its isolation from the samples 

where it appears to be present could indicate that this band is comprised of more than just 

strains of isolate 15%_72.2C, although its absence from isolation studies does not confirm its 

absence.  

 

A band migrating to the same location as the band for 15%_70A (dark brown line, Figure 

3.11) is less common, with a band only present in samples 1A, 2A and 72.2, all these 

samples were collected from lagoon area of the lake, suggesting that may be this isolate 

prefers higher pH and or the concentration of solutes such as NaCl.  
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Interestingly, samples 1A and 2A which were collected from the same site but from different 

distances away from the lake edge show a difference in their archaeal DGGE profiles. Strong 

bands can be seen in sample 1A at points 2, 3, 4, 5 and 6 which do not occur in sample 2A. 

The most intense bands in 1A also appear in samples 72.2, 76, 58, 113, 133 and 125. This 

differs to what was seen in the bacterial DGGE profile, where the two samples had more 

similar fingerprint pattern of bands. 

 

3.6.5.4.2. Sequencing of archaeal DGGE bands 

Only two clones contained the inserted DGGE DNA and were successfully 

sequenced, these were clones containing DNA extracted from band a.A (Figure 3.11). One 

clone was identified as an archaeon, closely related to Halalkalicoccus jeotgali JCM 14584 

and a clone from the soil around Lake Texcoco (Table 3.12).  

 

The closest database strains are extremely halophilic, and haloalkaliphilic archaea (Roh et al., 

2007). The phylogenetic analysis shows that the a.A1 clone was basal to all of the closest 

database matches. 

 

Figure 3.12 Phylogenetic tree of archaeal clones (pink) and near neighbour and nearest 

neighbour matches (black) using Greengenes alignment software (DeSantis et al., 2006). 

Interior branch values, 1000 replications. 

 

The second clone successfully sequenced from band a.A was in fact a bacterial clone of the 

order Sphingobacteriales (Figure 3.13). The closest matches were to clones and strains from 

Table 3.12. The closest uncultured clone and isolated strain matches for clones from 

bacterial DGGE gel. 

Band Closest uncultured match % Nearest strain match % 

a.A.1 
Uncultured haloarchaea clone 

TX4CA_14. (EF690569.1) 

 

96 
Halalkalicoccus jeotgali JCM 14584. 

(AB477223.1) 
94 

a.A.2 

Uncultured Bacteroidetes 

bacterium clone WN-FSB-88. 

(DQ432122.1) 

93 
Balneola vulgaris strain 13IX/ A01/ 

164. (NR_042991.1) 
88 
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saline and alkaline environments. The phylogenetic analysis places this clone most closely 

related to clone b.D1, related to A. ikkense (section 3.4.7.4). The presence of bacterial bands 

is possible due to the use of nested PCR culminating in the amplification with universal 

primers suitable for bacterial and archaeal amplification. 

 

Figure 3.13 Phylogenetic tree of bacterial clones (pink) from both bacterial and archaeal 

DGGE and near neighbour and nearest neighbour matches (black) using Greengenes 

alignment software (DeSantis et al., 2006). Interior branch values, 1000 replications. 

 

3.6.5.4.3. Differences in community composition of archaea in samples, detected by 

hierarchical cluster analysis  

This relationship between the samples is also shown in the dendrogram which groups 

these samples as most closely related to each other than they are to the other samples 

(Figure 3.14). As before the triplicates for each sample are more closely related to one 

another than they are to any other sample. 

 

 As with the bacterial DGGE profiles there seems to be no grouping in relation to sample type 

or water chemistry. Interestingly sample 2A groups are more similar to sample 133 than to 

sample 1A. This difference may be due to the more desiccating nature of sampling area from 

which sample A2 was collected in comparison to ‘wetter’ sample 1A location, closer to the 

lake edge. The similarities in diversity between sample 133 and 2A may be a reflection upon 

the harsh sampling environment away from the lake edge and in relation to the mineral 

magadiite.   
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Sample 125 does not seem to group with any other sample, this sample was very dry, more 

so than any other sample. The archaeal community present in this sample therefore would 

have to be organisms which are capable of surviving these conditions, environmental 

conditions which were not affecting the communities in the other samples where water was 

more available.  

 

The absence of separation sample 125 in the bacterial community DGGE profile may reflect 

the ability of some bacteria to protect themselves as spores in very dry environments and so 

can remain present in the sample until more favourable conditions return. Therefore the 

community representatives may not change drastically, as the organisms are still present, but 

other organisms may proliferate in such circumstances.  

 

This may also explain the differences in archaeal DGGE profiles of samples 1A and 2A but 

absence of any very distinct difference in the bacterial profiles.  

  

 

Figure 3.14 Dendrogram of archaeal DGGE gel replicates for all samples using Neighbour 

joining clustering algorithm, the sampling area (key: 1-North Little Magadi, 2-North Lake 
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Magadi, 3-Western Lagoon and 4-South Lake Magadi), sample type, temperature and pH for 

each sample are also given.   

 

3.6.5.4.4. Canonical correspondence analysis (CCA) of archaeal DGGE profile 

As with the bacterial DGGE, the analysis of fewer than 10 samples meant that only 

six environmental variables could be compared. Once again samples 1A and 2A were 

excluded from the analysis due to an absence of water chemistry data available for these 

samples. The direction of the vector arrow indicates the direction of most rapid change for 

that variable and the length of the vector is proportional to the rate of change in that direction.  

 

The most influential variables on the archaea DGGE diversity of these samples are pH, 

temperature, nitrate and chlorine, compared to the dominant environmental factors: pH, 

temperature and phosphate and which influence bacterial DGGE diversity (section 3.4.6.3.4, 

this chapter). This suggests that phosphate content is an influencing factor on bacterial 

community structure at Lake Magadi, with chlorine content having less of an influence. In 

contrast chlorine (salinity) concentration has more of an influence on the archaeal community 

structure, microbial community at Lake Magadi than phosphate content. Both pH and 

temperature are significant environmental factors which affect the microbial community 

structure  

  

Sample 72.2 plots with a more positive axis 1 value than any other sample, reflecting the 

possible influence of a higher than average chlorine, sulphur, pH, nitrate and phosphorus 

content in the sampling environment on the diversity pattern of this sample. The replicates for 

this sample plot separately from all other samples which all were sampled from environments 

with a lower concentration, temperature and pH measurements.  

 

Sample 133 plots with a more positive axis 2 value than any other sample, and therefore plots 

distinctly from all other samples. The more negative plotting of the sample compared to other 

samples may be due to this sample being a mineral sample rather than soil or biological. It is 

possible that the variation in axis 2 is contributed to by sample type.    

 

Unlike with the bacterial samples, there is no separation between those samples from the 

northern end of the lake and those from more southerly areas. However, the environmental 

variable of temperature does have an effect upon the sample diversity (long temperature 

vector) (Figure 3.13), and there is a correlation between temperature and latitude with the 

springs from the lower latitudes having a high temperature. This would suggest that another 

factor which has not been accounted for in this study is having an effect upon the archaeal 

diversity, although it is unclear what this might be.  
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Biological samples 58, 76 and 94 plot separately from one another along axis 2, but not along 

axis 1. This distribution is in part due to the lower sampling environment temperature and 

higher than average pH, Cl and NaNO3 content for sample 58, compared to samples 58 and 

94.  

 

 

Figure 3.15 CCA biplot relating archaeal DGGE binary data to environmental variables: 

temperature, P= phosphorus, pH, S=sulphur, Cl=chlorine and NaNO3= nitrate. Direction of 

vector demonstrates direction of most rapid change and length of vector is proportional to the 

rate of change. Axis 1 represents 12.8% of variation and axis 2, 11.2% of variation 

 

3.6.6. Description and phylogeny of three novel isolates  

A number of potentially novel isolates have been cultured during this study. As 

discussed previously, 16S rRNA gene sequencing has its limitations and cannot determine 

the phenotypic characteristics of the isolate. Therefore, three isolates have been chosen for 

further study and characterisation to compare the novel isolates from this chapter to related 

species and genera, this is the focus of Chapter 4. The morphology of the novel strains are 

described below.  

 

3.6.6.1. Isolate 6.8%_76GB 

Isolate 6.8%_76GB will now on be referred to as Idiomarina sp. LMLD01 (figure 

3.19.A). Plate growth occurred within 24 hours. Colonies appeared muccoidal, circular, cream 

in colour and 1-2 mm in diameter after 24 hours (Figure 3.19.B). Colonies developed a dark 

peach/brown colour in the middle of the colony after 3 days at 37 °C and when stored at 4 °C 

(Figure 4.4.C). Under a light microscope cells stain Gram negative and were rod shaped.  
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Figure 3.16 Isolate Idiomarina sp. LMLD01. A. Sample in the field. B. Idiomarina sp. LMLD01 

colonies after 24 hours incubation at 37 °C. C. Idiomarina sp. LMLD01 colonies after 1 days 

incubation at 37 ºC and 7 days storage at 4 °C. 

 

The NCBI blast search (Altschul et al., 1990) of  isolate Idiomarina sp. LMLD01 returned a 

99% match to a Gammaproteobacterium E-410 from lake Elementia, Kenya (Mwirichia et al., 

2010b) and 98% match to an isolate Idiomarina sp. C4 (Table 3.3). The Ribosomal Database 

Project (RDP) (Maidak et al., 1994) matches the strain to the family Idiomarinaceae. 

Phylogenetic analysis which compared Idiomarina sp. LMLD01 to 10 species of that genus is 

shown in Figure 3.20.  
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Figure 3.17 Phylogenetic tree showing the relationship of isolate Idiomarina sp. LDLM01 

(pink) to other members of the genus Idiomarina (black). The archaeon Methanocaldococcus 

jannaschii DSM 2661 has been used as an out-group. Interior branch values, 1000 

replications. 

 

3.6.6.2. Isolate 6.8%_108GA 

Strain 6.8%_108GA will from now on be referred to as Planococcus sp. LMLD02. 

Growth on 6.8% (w/v) NaCl agar medium at 37 °C occurs within 48 hours. Colonies are dark 

orange in colour, circular and around 1mm - 2 mm after 48 hours (Figure 3.21.A). Cells are 

Gram positive and coccoid (Figure 3.21.B).  

 

  

Figure 3.18 (A) Colonies of Planococcus sp. LMLD02 on AP+6.8% medium at 37 °C. (B) 

6.8%109GAA_LMLD02 cells under light microscope x100 magnification, field of view 

measure 150 μm across. Cells have been Gram stained.  

 

The isolate Planococcus sp. LMLD02 has a 98% match in the NCBI database (Altschul et al., 

1990) to Planococcus maritimus (Table.3.3). The RDP database (Maidak et al., 1994) placed 
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the strain in the genus Planococcus. The phylogenetic tree for Planococcus sp. LMLD02 

shows the isolate is more closely related to P. maritimus AMP-10 (isolated from dyeing waste 

sludge) than to any other species of Planococcus (Figure 3.22).  

 

 

Figure 3.19 Phylogenetic tree showing the relationship of isolate Planococcus sp. LMLD02 

(pink) to other species of the genus Planococcus (black). The archaeon M. jannaschii DSM 

2661 has been used as an out-group. Interior branch values, 1000 replications. 

 

3.6.6.3. Isolate 6.8%_106A 

Finally isolate 6.8%_106A will now be referred to as Caldalkalibacillus sp. LMLD03. 

On a 6.8% (w/v) NaCl plate incubated at 37 °C, colonies are round translucent, slightly 

convex in shape and around 1 mm in diameter (Figure 3.23.A) after 3 days incubation at 37 

°C. The colony surface has a slightly rough looking texture (Figure 3.23.B) are very difficult to 

scrape off the surface of the agar. Some colonies appeared to form a ‘fluffy’ material on the 

surface and about 1 mm around some colonies.  
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Figure 3.20. (A) Caldalkalibacillus sp. LMLD03 colonies on AP+6.8% medium incubated at 37 

°C. (B) Close up image of Caldalkalibacillus sp. LMLD03 colonies on same agar as for A. 

Showing limited growth when streaked on from a loop inoculated by 24 hour liquid culture.  

Analysis under a microscope of both liquid cultures and cells from agar plates showed the 

presence of both round structures and thin strands. Use of the Schaeffer-Fulton stain on the 

microscope slide showed the presence of vegetative rod shaped cells in pink, and round 

spores in dark green (Figure 3.33). Spores were observed in both the cell dispersion from the 

plates and in the liquid culture. 

 

  

Figure 3.21. (A) Caldalkalibacillus sp. LMLD03 cells, field of view is 150μm across. (B) 

Caldalkalibacillus sp. LMLD03 cells stained with Schaffer-Fulton stain, vegetative cells are red 

and spores are green. Field of view is 150μm across. 100x magnification. 

 

Isolate as Caldalkalibacillus sp. LMLD03 was most closely matched with Caldalkalibacillus 

uzonensis JW/WZ-YB58 (93%). Phylogenetic analysis places it at the root of the clade of the 

genus Caldalkalibacillus (Figure 3.24). The RDP database (Maidak et al., 1994) places the 

strain in the family Bacillaceae, but possibly within the genus Bacillus, Caldalkalibacillus 

Piscibacillus, Halobaillus or Filobacillus.  

 

A B 

A B 
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Figure 3.22 Phylogenetic tree showing the relationship of isolate Caldalkalibacillus sp. 

LMLD03 (pink) the closest matches in the database and other representative taxa of the 

family Bacillaceae (black). The archaeon M. jannaschii DSM 2661 has been used as an out-

group. Interior branch values, 1000 replications. 

 

3.7. Discussion 

This work has involved the analysis of the bacterial and archaeal diversity of samples 

from Lake Magadi, using culture based, and the culture independent analysis method of 

denaturing gradient gel electrophoresis (which has not been conducted on Lake Magadi 

samples previously). The purpose was to identify novel isolates from this environment and 

assess the diversity of the samples from a variety of environments around Lake Magadi. Lake 

Magadi has been studied in terms of bacterial and archaeal diversity (section 3.1.1), however, 

the use of different culture media and the differing treatments of samples can potentially result 

in the identification of novel strains.  

 

3.7.1. Characterisation of environmental conditions in sampling locations 

The chemical analysis of the different sampling divisions showed that calcium and 

magnesium content in all springs analysed were below the detection limit as would be 

expected in this type of soda lake environment. The data did demonstrate a difference with 

latitude, with the northern end of the lake characterised by higher temperature springs and 

phosphorus levels below the detection limit. The two most northerly areas were much more 

remote than the sites to the south, which are visited by humans and animals, and have a 

large amount of biomaterial associated with them. Phosphate is passed into the water cycle 

through erosion, animal excretion and the decomposition of animal and plant remains. The 

lagoons are also breeding grounds for thousands of flamingo which would contribute to the 

phosphorus levels in the area, therefore a high phosphorus content in the lagoon and more 

southerly sites would be expected.  
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The water chemistry of the Western Lagoon sample showed elevated levels of all solutes 

compared to the springs, in particular chlorine, most likely reflected an elevated NaCl 

concentration in the lagoon (also reflected in the aw measurements). This would be expected 

because of the desiccating and evaporating nature of the environment concentrating solutes 

in the lagoon. The organisms which would inhabit this environment would be able to tolerate a 

pH greater than 10 and high salinity. The ordination analyses of DGGE gels indicated that the 

biggest factors which were affecting the diversity pattern for samples were temperature, pH, 

phosphorus for bacterial diversity and temperature, pH, nitrate and chlorine, for archaeal 

diversity. 

 

The choice of growth medium is an important part of the studying the microbiology of an 

extreme system, such as Lake Magadi. One possible culturing method could have involved 

using lake water instead of distilled water, to which carbon sources and agar can be added. 

This was not logistically possible in this study due to the volume of water which would be 

required; the alternative method was to produce a growth medium which is designed based 

on the average water chemistry of the springs.  

 

Interestingly, other culture based studies of soda lakes, such as Lake Elementia (Mwirichia et 

al., 2010b), resulted in the isolation of similar organisms to those isolated in this study, 

although their conclusions were that varying growth media composition can result in the 

isolation of novel strains from soda lake environments. In this study, generally it was not 

possible to identify variation in the types of species and genera of bacteria isolated on the 

different salinities used, although 15% NaCl did yield several archaea which was not the case 

on the lower salinity growth media. This suggests that there was insufficient variation in 

salinity concentration, a broader range of salinities (0.7%, 15% and 25% NaCl for example) 

may have resulted in the isolation of a greater diversity of species and genera. Considering 

the influence of pH temperature and phosphorus on bacterial community according to the 

CCA analysis, varying these factors would potentially result in a broader isolation of novel 

strains. In addition, the variation of carbon source from special peptone in the AP+ growth 

medium may result in the isolation of more novel isolates. An important consideration 

however with the altering of growth media carbon source is the effects of yeast extract on 

growth at elevated salinity, which will be discussed in more detail in Chapter 4, section 4.4.1. 

 

3.7.2. Bacterial diversity of Lake Magadi samples 

A total of 410 isolates were successfully sequenced and demonstrated a dominance 

of isolates related to strains of the phyla Proteobacteria and Firmicute, with a few isolates 

related to strains of Actinobacteria and Bacteroidetes. Studies of the biology of Lake Magadi 

and other soda lakes in the Rift Valley, such as Lake Elementia, have also identified a 



135 

Chapter 3- The isolation and analysis of bacterial and archaeal communites from Lake Magadi 

 

 

dominance of organisms with a relationship to Proteobacteria and Firmicute (Rees, 2004: 

Mwirichia et al., 2010b) as well as the soda lakes: Baer Lake, Inner Mongolia and Lonar Lake 

India (Ma et al., 2004b: Joshi et al., 2008: Deshmukh et al., 2011).  

 

The DGGE analysis of samples showed a high bacterial (and archaeal) diversity across all 

samples. Studies of other soda lakes in Kenya have also shown a high diversity, however it 

has been noted that a high community diversity results in a low DGGE resolution (Rees, 

2004), an issue which was also encountered in this study. This demonstrates the limitations of 

DGGE analysis, however, this technique does still provide some indication of diversity and 

allows for the identification of bands which can be traced across different samples. This study 

demonstrated that particular bands, including bands associated with cultured isolates can be 

traced in a number of samples from all around the lake. This suggests that organisms are not 

restricted at Lake Magadi by pH or temperature, for example and possibly have a broad 

growth range which could be beneficial in a changing environment. One issue with DGGE 

analysis is the presence of multiple 16S rRNA gene sequences in a single strain, which 

results in multiple DGGE bands for one strain. This causes problems with assessing the 

diversity of a profile as each band cannot be assumed as representing on organism. In 

addition, it cannot be assumed that each band only represents one strain. To counteract this, 

the sequencing of bands can confirm what the band is comprised of, although these efforts 

were hampered in this study. The use of blunt end vectors and inserts could be part of the 

problem, which limited the number of clones with the correct insert, resulting in the ligation of 

multiple inserts into the vector.  

 

The high diversity of samples from these extreme conditions demonstrates that a variety of 

organisms can withstand these unfavourable conditions. If a large community is able to live in 

highly saline, alkaline and desiccating environments then this would demonstrate that at least 

these conditions would not limit the habitability of a similar environment on Mars. Therefore 

there are potentially a wide variety of organisms which could be studied in relation to 

understanding the habitability of Mars, limited by the ability to culture these strains.  

 

Those isolates related to Firmicute database strains were generally related to members of the 

family Bacillaceae, which have been isolated from other soda lake environments (Rees, 2004: 

Wani et al., 2006: Deshmukh et al., 2011: Ma et al., 2004b). The Bacillaceae family contains 

genera such as Bacillus and Caldalkalibacillus (isolated in this study) which contain many 

species which can produce endospores under stressful environmental conditions, allowing 

them to survive for prolonged periods and the re-animate once conditions become more 

favourable again. Therefore the isolation of strains related to spore forming organisms would 

be expected, enabling these organisms to inhabit extreme environments, becoming a spore 
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for protection during periods of particularly extreme conditions. These types of bacteria are 

potentially of great importance to astrobiology, the protective nature of endospore could 

provide protection against detrimental factors which would be experienced on Mars.   

 

Members of the phylum Proteobacteria are commonly isolated from soda lake environments, 

including organisms related to Halmonas, Deleya, Pseudomonas, Idiomarina and Vibrio 

(Rees, 2004: Wani et al., 2006: Mwirichia et al., 2010b: Deshmukh et al., 2011). The most 

common closest database strains of isolates cultured in this study were Halomonas, in 

particular H. campisalis and Alkalibacterium, in particular A. psychrotolerans. The 

predominant isolation of strains like H. campisalis and A. psychrotolerans suggests that the 

growth medium was particularly suited to these organisms, and potentially proliferated on the 

solid medium at the expense of slower growing organism. To counteract this issue, the use of 

a carbon source which these strains cannot grow upon would exclude these organisms and 

so could then allow slower growing organisms to grow. In addition, the isolation of genera 

such as Halomonas, Alkalibacterium and Idiomarina on both 0.7% NaCl and 15% NaCl 

suggests that the highest salt concentration used in this study was not high enough to 

exclude these organisms which may have outcompeted any slower growing organisms. 

Several halophilic archaea were isolated but may have been outgrown again by the faster 

growing strains as the salinity may be a little low for some halophilic bacteria and archaea.  

 

In spite of this dominance, a variety of potentially novel isolates, and isolates which have not 

been described from this environment previously were identified. This includes isolates 

related to Idiomarina and Planococcus which had not been described from Lake Magadi. In 

addition, the genus Alkalibacterium, a common isolate in this study has not been described 

from Lake Magadi previously. These strains have been described from other soda lake 

environments, However their identification in this study extend our understanding of their 

geographic distribution (Joshi et al., 2007: Deshmukh et al., 2011). It is also true that here 

may be differences in phenotypic characteristics due to adaptations to a particular location, 

therefore a focused growth characterisation of these novel isolates could identify growth 

ranges not previously seen in a particular species or genera. This will be the focus of Chapter 

4 of this thesis.  

 

Studying the effects of simulated Martian conditions on common isolates from soda lakes 

(Idiomarina and Alkalibacterium), and those isolates from soda lakes which have a broad 

environmental and geographic distribution (Planococcus and Idiomarina) would contribute to 

our understanding of the potential habitability of Mars. The effect of simulated Martian 

conditions on soda lake isolates is the focus of Chapters 5 and 6 of this thesis. In addition 

assessing the biosignatures associated with these strains would enable us to understand 
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what evidence of life could be present in relation to saline, alkaline, desiccating environments 

on Mars. 

 

3.7.3. Selection of bacterial isolates for further characterisation  

Three strains related to Idiomarina, Caldalkalibacillus and Planococcus have been 

chosen for further study and characterisation, the focus of Chapter 4. These were all fast 

growing isolates, able to grow in liquid medium, with either a low database match (Table 3.5 

Caldalkalibacillus sp. LMLD03 and Idiomarina sp. LMLD01) and/or had not previously been 

characterised from this sampling locality (Idiomarina sp. LMLD01 and Planococcus sp. 

LMLD02). Of particular interest is Planococcus sp. LMLD02, a bright orange strain which may 

have resistance to desiccation and UV irradiation due to the presence of pigments, an area 

which will be explored in Chapter 5 and 6. 

 

3.7.4. Archaeal diversity of Lake Magadi samples 

Saline soda lakes are known to support a variety of halophilic archaeal, including 

members of the order Halobacteriales: Natronobacterium, Natronococcus, Natronomonas, 

Natrialba, Natronorubrum and Halorubrum (Mwirichia et al., 2010a). The archaea isolated 

during this study were both pink pigmented, and were closely related to isolates previously 

cultured from Lake Magadi, Natrialba sp. and Natronococcus sp. (Tindall et al., 1984: Kanai 

and Kanai, 1995: Kamekura et al., 1997). Evidence of the presence of members of the order 

Halobacteriales has been obtained through culture independent studies of environments 

including the Dead Sea, solar salterns, Antarctic hypersaline lakes, alkaline African 

hypersaline lakes, and Solar Lake in Sinai (Benlloch et al., 2001: Cytryn et al., 2007: 

Mwirichia et al., 2010b). This identification of haloarchaea from a number of different 

environments demonstrates an ability of these organisms to occupy a variety of niches. 

Strains of halophilic archaea have been shown to be particularly resistant to conditions such 

as extreme desiccation and UV irradiation, which makes them particularly interesting 

organisms in terms of astrobiology.  

 

The density of DGGE bands in the archaeal profile suggests that there is a high diversity of 

archaea present in the environment although only a limited number could be cultured and 

sequenced. One issue is the identification of a bacterial isolate from the cloning of the DGGE 

band DNA. The use of universal DGGE primers does mean that there is a risk of amplifying 

bacterial DNA even during nested PCR starting with amplification using archaeal primers. 

This could be addressed by using an alternative, more specific primer pair for archaea.     

 

One limitation for this study is that the highest NaCl concentration used (15%, 2.6 M, NaCl) 

was still quite low compared to the growth optima of many halophilic archaea, although it is 
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well above the 1M concentration below which halophilic archaea can lyse, this concentration 

could limit the types of extremely halophilic organisms isolated. This is because of the lack of 

a rigid cell wall in most haloarchaea which instead rely upon salt concentration for structural 

stability; an exception to this is the genus Natronococcus which uses a different cell wall 

structure comprised of poly-(y-L-glutamine) (Niemetz et al., 1997: Mancinelli, 2005a).  

 

The similarity of many of the isolates in this study to organisms from a variety of environments 

(soda lakes, deep sea and shallow marine environments) indicates the ability of these types 

of organisms to occupy a variety of niches. For example, unlike Lake Magadi, the inflow into 

Mono Lake and Lake Van contains sufficient calcium to allow the precipitation calcium 

carbonate in the form of tufa columns, at Lake Magadi most of the calcium is deposited as 

pedogenic and phreatic carbonates (Warren, 2006). This ability to occupy a variety of 

environmental niches is highly beneficial because these organisms are less restricted, than 

those which are limited to only growing in the presence of high pH or high salinity for 

example. This could be beneficial when considering the habitability of planets such as Mars, a 

broader range of habitable environments for an organism would mean a wider range of 

potentially habited locations for those types of organisms. 

 

3.8. Conclusions  

This study has contributed to the understanding of soda lake environments, and has 

increased the number of genera/ species that have been identified at Lake Magadi. 

Potentially novel isolates and isolates which have been previously described from Lake 

Magadi and other soda lakes were cultured and sequenced, suggesting that culture based 

studies are still and important part of environmental microbiology. 

The majority of isolates were most closely related to genera of the phyla Proteobacteria and 

Firmicute, including Halomonas, Alkalibacterium, Idiomarina, Alkalimonas, Bacillus, 

Planococcus, Caldalkalibacillus, Amphibacillus, Rhodobaca, Halolactibacillus and 

Salinicoccus with a few isolates related to genera of the phylum Actinobacteria including 

Dietzia and Yaniella and Aquiflexum of the phylum Bacteroidetes. The identification of these 

genera correlates with the genera which have been isolated from other soda lake 

environments, however a number of isolates have a <96% similarity to database sequences, 

which may suggest the identification of novel species or even novel genera. Demonstrating 

the contributions which culture based studies can make to the understanding of community 

structure.   

 

DGGE analysis of samples from Lake Magadi demonstrated a high diversity of 

microorganisms in this environment across all sampling localities which varied in terms of pH 

temperature and solute concentration. The identification of more than one isolate contributing 
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to a band indicating that the resolution of the DGGE gel was not sufficient to fully resolve the 

diversity of the samples. This does emphasise however how diverse soda lake environments 

are in term of bacterial and archaeal community despite the extreme environmental conditions 

present.  

 

Haloarchaea isolates were cultured from a number of different samples although the diversity 

was low. The archaeal DGGE gel suggests that the diversity of archaeal community may be 

greater than the cultural community suggests. The potential importance of archaeal isolates, 

particularly haloarchaeal isolates to astrobiology would suggest that further work on the 

isolation, genotypic and phenotypical characteristics of these organisms is necessary.   

 

3.9. Further work 

The influence of temperature, pH and chlorine (salinity) on bacterial and archaeal 

diversity (DGGE profile), would indicate that varying these factors would potentially allow the 

isolation of a wider range of novel isolates. Although the salinity of the growth media designed 

in this study was varied, this was still a fairly low concentration compared to the growth 

ranges of some archaea and bacteria. In addition, only one carbon sources was used for 

culturing in this study, therefore by increasing the salinity above 15% NaCl and using less 

complex carbon source it may be possible to identify more novel species for growth 

characterisation and resistance studies. Finally, the isolates identified were related to either 

haloalkalitolerant or haloalkaliphilic bacteria, attempts were made to culture at higher 

temperatures to isolate polyextremophiles. Further study into why this failed in order to design 

a suitable growth medium at higher temperatures would allow the isolation of 

polyextremophiles from Lake Magadi.  

 

The drawbacks of culture dependent and culture independent techniques have been 

discussed in section 3.1.2, however, the combined use of different techniques is necessary 

for an understanding of the community structure in extreme environments. Future work on the 

samples should include a more in-depth culture independent analysis such as using 

pyrosequencing to obtain an unbiased sample of all members of the sampled community 

which could then be compared to the culture community identified in this study.  

 

The time constraints and lack of success with ligation and/or transformation of the DGGE 

DNA meant that only a limited number of DGGE bands could be successfully sequenced. The 

optimisation of the ligation protocol, and the use of alternative vectors may improve the 

success of insertion and subsequent successful transformation and sequencing of the DNA 

extracted from the DGGE gel. This would potentially mean that more of the bands could be 

sequenced and identified.  

http://en.wikipedia.org/wiki/Pyrosequencing
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Finally, DGGE analysis has been used in this study to compare the diversity of samples, 

however it can also be applied to assessing the after effects of a treatment, for example, the 

prolonged exposure of a sample to extreme cold for example may instigate changes in 

community structure which could be recorded through DGGE analysis before and after 

treatment. This would result in the identification of what environmental factors may affect the 

community structure of samples from soda lake environments, with the sequencing of bands 

allowing the identification of organisms capable of surviving those conditions. However, it 

must be considered that under environmental conditions which can preserve DNA (constant 

low pressure/temperature for example), DGGE analysis cannot distinguish between the living 

and dead cells in a sample.  
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Chapter 4 

Characterisation of novel bacterial isolates from Lake Magadi 
 

This chapter focuses on characterising three prokaryotes isolated from Lake Magadi in terms 

of the growth conditions which permit growth and more specifically optimal growth. The high 

pH and salinity of Lake Magadi would mean that we may expect these isolates to be able to 

grow at high levels of NaCl and in the presence of an alkaline high pH, possibly with their 

optimum NaCl and pH at high levels. In addition, those isolates sampled from a higher 

temperature region of the lake would be expected to have a higher temperature optimum or at 

least a higher temperature growth range.  

 

Chapter 3 described the isolation and identification of 410 isolates from Lake Magadi. One 

isolate of the phylum Proteobacterium, within the family Idiomarinaceae (Idiomarina sp. 

LMLD01) and two isolates related to members of the phylum Firmicute, within the families 

Planococcaceae (Planococcus sp. LMLD02) and Bacillaceae (Caldalkalibacillus sp. LMLD03) 

were chosen for further study and characterisation. 

  

4.1. Characterisation of novel strains 

The ability to isolate strains in a culture is considered as a limiting factor of studying 

bacteria and archaea (Jones et al., 1998: Janssen, 2006: Caesar-TonThat et al., 2008)) it is 

important to combine culture independent studies with culture based studies (DeLong, 2009). 

The isolation of strains from samples can potentially result in the identification of novel 

bacteria or archaea, which may be of novel species or genera (Chapter 3). Despite the biases 

and limitations associated with culture based studies, they are still indispensable methods for 

understanding the physiology, ecology, community relationships and metabolism of 

microorganisms (DeLong, 2009: Gontang et al., 2007: Mwirichia et al., 2010a: Mwirichia et al., 

2010b: Palleroni, 1997: Vaz-Moreira et al., 2011). 

 

Intraspecies variation and the adaptations of organisms to different environmental niches 

means that the growth limits identified for an isolate of a species from one environment, may 

differ to a similar species isolate from another. Genomic variation within a species related to 

protein synthesis or cell membrane structure for example, may potentially result in the ability 

of a strain to exploit different ecological niches. The primary drawback of 16S rRNA gene 

sequence analysis is that it cannot be assumed that just because two isolates share the same 

16s rRNA gene sequence that they will have exactly the same phenotypes (Amann et al., 

1990: Kisand and Wikner, 2003). The acquisition or alteration of a few genes may allow 

growth under different conditions whilst still retaining the same 16s rRNA sequence 

(Clarridge, 2004). It has been shown that organisms which have sufficient 16S rRNA gene 
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sequence similarity to be classed as the same species, in fact have enough genotypic and 

phenotypic variability to be classed as different species, if other regions of their genomes are 

studied (Fox, 1992). In addition, variability within the 16S rRNA gene can exist within the 

same strain. some archaea for example can demonstrate up to 5% dissimilarity between 16S 

rRNA gene sequence within the same cell (Amann et al., 1990).  

 

Another important factor is the ability of many organisms to adapt to a particular environment 

through the ‘borrowing’ of genes from other organisms (Lorenz and Wackernagel, 1994: 

Garcia-Vallvé et al., 2000: Jain et al., 2003: Keeling and Palmer, 2008). Horizontal gene 

transfer (HGT) is a process by which an organisms can acquire foreign genes from unrelated 

organisms in response to changing environmental conditions, enabling them to adapt with the 

environment (Jain et al., 2003). This is a common occurrence in prokaryotes in particular, and  

can potentially result in phenotypic differences in genotypically (according to their 16S rRNA 

gene sequence) very similar strains (Jain et al., 2003: Keeling and Palmer, 2008). It is for 

these reasons culture based studies are still an important part of environmental microbiology 

and are an important complementary technique to culture independent analyses (Ma et al., 

2004b). It is by characterising different organisms from extreme environments, and then 

assessing their response to certain stresses that we may gain a better understanding of the 

limits of life.  

 

4.2. Idiomarinaceae 

 One isolate to be studied in more detail was identified as being related to 

Idiomarinaceae (of the class Gammaproteobacteria) was most closely related to the genus 

Idiomarina (Chapter 3). The family Idiomarinaceae was first proposed by Ivanova et al. 

(Ivanova, 2000) to describe a group of Proteobacteria which do not form spores (Taborda, 

2009). The type strains for the species of this genus have been characterised from a range of 

environments, including sea surface waters, hypersaline dry ravines, hypersaline wetlands 

and hydrothermal vents (Table 4.1). 

 

The genus Idiomarina is differentiated from other marine bacteria due to their broad 

tolerances of temperature, pH and NaCl concentration (Martinez-Canovas, 2004).  Several of 

the type strains for the species are described as moderately halophilic (Donachie et al., 2003: 

Choi, 2005) and depending upon the definition of alkaliphilic and alkalitolerant, members of 

this genus could be defined as at least as alkalitolerant. Species of Idiomarina are generally 

cream or pale yellow, with no strong pigmentation. Some species can produce mucus and 

extracellular polysaccharides (EPS) (Martinez-Canovas, 2004). Studies into the production of 

EPS have shown that they play an important role in desiccation and freezing tolerance some 

bacteria (Roberson and Firestone, 1992: Tamaru et al., 2005: Knowles and Castenholz, 

2008) (See Chapter 1, section 1.6.3.6). If Idiomarina sp. LMLD01 is shown to be able to 
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produce EPS then this may mean this strain could have an advantage against detrimental 

conditions, such as desiccation, which could be experienced on Mars. 

 

 

 

4.3. Planococcaceae 

 The first novel isolate to be characterised of the phylum Firmicute is most closely 

related to a strain of the genus Planococcus (Chapter 3). Planococcus is within the family 

Planococcaceae, are cocci in shape and do not form spores (Suresh 2007). This genus has 

been isolated from variety of environments, including cold deserts in the Himilayas, 

Antarctica, sea water, fish curing brine and soda lakes (Lonar Lake) (Table 4.2.) although the 

genus Planococcus has not previously been reported by studies of Lake Magadi. Species of 

Planococcus are described as halotolerant as well as haloalkaliphilic (Reddy et al., 2002: 

Romano et al., 2003).  

 

Pigments play an important role in cellular defence against oxidative stress (Wu et al., 1983: 

Carbonneau et al., 1989: Tian et al., 2009: Tian and Hua, 2010) and all species of 

Planococcus are brightly pigmented orange (Table 4.2). Research conducted on the 

pigmentation of species of Planococcus has demonstrated that changes in the biosynthesis of 

 

Table 4.1. Growth characteristics for 8 species of the genus Idiomarina.  1.  I.  baltica OS145 
(Brettar et al., 2003), 2. I. ramblicola (Martinez-Canovas, 2004), 3. I. fontislapidasi (Martinez-
Canovas, 2004), 4. I. liohiensis (Donachie et al., 2003), 5. I. abyssalis (Ivanova, 2000), 6. I. 
seosinensis CL-SP19 (Choi, 2005), 7. I. salinarum (Pseudoidiomarina salinarum) (Yoon et 
al., 2007: Jean, 2009). 8. I.  xiamenensis (Wang et al., 2011).  N/R denotes data not reported. 

  1 2 3 4 5 6 7 8 

Colony colour Yellowy Cream Cream N/R N/R Yellowish Pale 
yellow 

Pale yellow 

Amylase N/R N/R N/R N/R N/R - N/R - 
Protease N/R N/R N/R N/R N/R N/R N/R N/R 

Streptomycin 
resistance 

N/R N/R N/R N/R N/R N/R N/R N/R 

Ampicillin 
resistance 

N/R N/R N/R N/R N/R N/R N/R N/R 

NaCl range 
(% w/v) 

1%-
10%  

0.5%-
15%  

0.5%-
25%  

0.5%-20%  0.6%-15%  1%-20%  

NaCl 
needed 
Growth 
up to 
15%  

0% - 15% 

NaCl optimum 
3%-6% 
(w/v) 

3%-5% 
(w/v) 

3%-5% 
(w/v) 

7.5%-10% 
(w/v) 

3%-6% 
(w/v) 

5% -
10%(w/v) 

N/R 1% - 3% 

TemP.  Range 
8 °C-46 

°C 
15°C-
40 °C 

4 °C-45 
°C 

4 °C-46 °C 4 °C-30 °C 4 °C- 40 °C 
4 °C- 
42 °C 

4 °C- 42 °C 

Temp 
optimum 

30 °C-
40 °C 

32 °C 32 °C - 
20 °C-22 

°C 
30 °C-35 

°C 
37  °C 25 °C 

pH Range N/R  
5.0-
10.0 

5.0-
10.0 

0.5-10 5.5-9.5 6.0-10.0 
From 
6.0 

6 – 10 

pH Optimum N/R 7.0-8.0 7.0-8.0 N/R 7.8-8.0 N/R 
7.0 – 
8.0 

7.0-8.0 

Isolation 

location 

Baltic 

sea 

surface 

waters 

Hyper-

saline 

rambla 

Spain 

Inland 

hyper-

saline 

wet-

land 

soil, 

Spain 

 

Hydrotherm

al
 
vents on 

the Lō‘ihi 

Seamount, 

Hawai‘i 

North-

western 

Pacific 

Ocean at a 

depth of 

4000-

5000m 

Hypersalin

e water of 

solar 

saltern 

Korea 

Marine 

solar 

saltern 

Korea 

Surface 

seawater  

Xiamen 

Island 
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carotenoids can be induced through varying the salt concentration in the growth medium. In 

addition, the pigmentation also varies depending upon the age of the culture (Thirkell and 

Summerfield, 1980). Planococcus maritimus produces a novel antioxidative glyco-C30-

carotenoic acid, which has been shown to have a more potent antioxidative activity than the 

carotenoids astaxanthin or β-carotene (Shindo, 2008). This may make this strain particularly 

interesting in terms of its ability to withstand the types of oxidative stress which might be 

experienced on Mars associated with radiation and desiccation. 

  

 

 

4.4. Bacillaceae 

The final isolate to be characterised in more detail is most closely related to 

Caldalkalibacillus uzonensis according to phylogenetic analysis (Chapter 2). The genus 

Caldalkalibacillus is also a member of the phylum Firmicute, within the family Bacillaceae. 

Members of the genus Caldalkalibacillus has been isolated from hot and alkaline 

environments (Russia and China), with the type strains for the genus being a thermophilic and 

 

Table 4.2. Growth characteristics for 9 species of the genus Planococcus. 1. P. columbae (Suresh et al., 
2007), 2. P. rifietensis (Romano et al., 2003: Sadfi Zouaoui et al., 2007), 3. P. maitriensis  (Alam et al., 
2003), 4. P. maritimus (Yoon, 2003), 5. P. kocurii (Engelhardt et al., 2001), 6. P. donghaensis (Choi et 
al., 2007), 7. P. southpolaris/P. antarcticus (Reddy et al., 2002), 8. P. psychrophilus (Reddy et al., 
2002), 9. P. stackebrandtii (Mayilraj et al., 2005). N/R denotes data not reported. 

  1 2 3 4 5 6 7 8 9 

Colony 
colour 

Orange Orange Orange Orange Orange Orange Orange Orange Orange 

Amylase - + N/R + N/R N/R N/R N/R N/R 

Protease - + N/R + N/R N/R N/R N/R N/R 

Streptomycin 
resistance 

- N/R N/R N/R N/R N/R N/R - N/R 

Ampicillin 
resistance 

N/R N/R N/R N/R N/R N/R N/R - N/R 

NaCl range 
(% w/v) 

0%-14%  
Up to 
15%  

0.1-
12.5%  

0%-17%  0%-10%  
Growth 
occurs 
at 12%  

up to 
12%  

up to 
12%  

up to7%  

NaCl 
optimum 
(% w/v) 

4%-5%  - - 2%  - 2%  - - - 

Temp.  
Range 

8 °C – 
42 °C 

5 °C – 
42  °C 

0 °C - 
30 °C 

4 °C – 
41  °C 

15 °C – 
37  °C 

4 °C – 
37  °C 

2 °C – 
30  °C 

2 °C – 
30  °C 

15 °C – 
30  °C 

Temp.  
optimum 

30  °C 37  °C 25  °C 30  °C - 
25 °C – 
30  °C 

20  °C 22  °C 25  °C 

pH Range 6.0-11.0 6.0-10.5 6.0-12.0 
Growth 
occurs 
at pH 5 

- 

No 
growth 
at pH 

6.0 but 
does 

occur at 
pH 7.0 

6.0-12.0 6.0-12.0 5.6-11.0 

pH Optimum 7.0-8.0 - - 6.0-8.0 - 7.5-8.0 - 7 - 

Isolation 
location 
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alkaliphilic bacterium (Xue et al., 2006). All species belonging to this genus which have been 

so far characterised have been able to form spores (Table 4.3). 

 

Table 4.3 Growth characteristics for 2 species of the genus Caldalkalibacillus. 1. C. 
uzonensis. (Zhao et al., 2008), 2. C. thermarum (Xue et al., 2006) N/R= data not reported  

 1 2 

Colony colour Cream, translucent Yellow white, translucent 

Amylase N/R N/R 

Protease N/R N/R 

Streptomycin resistance N/R - 

Ampicillin resistance N/R - 

NaCl range (% w/v) 0%-6%  0% - 6%  

NaCl optimum (% w/v) - 1.5%  

Temperature range 42 °C - 64 °C 45 °C- 65 °C 

Temperature optimum 50 °C - 52 °C 60 °C 

pH Range 6.4-9.7 7.5-10.0 

pH Optimum 8.2-8.4 8.5 

Isolation location 
Hot Spring , Uzon Caldera, 
Russia 

Hot spring, China 

 

The initial study of the novel strain Caldalkalibacillus sp. LMLD03 in Chapter 3 identified the 

presence of endospores. Many Bacillaceae species are known to be endospore forming 

organisms (Clifton 1958), which makes them resistant to extreme stress including radiation 

and temperature (Setlow, 2006). The resistance of an organism to an environmental  stress 

through the formation of spores ability of a microorganism to demonstrate a level of survival 

after exposure to an extreme stress requires their subsequent germination, trigger by the 

presence of particular nutrients, for example (Paidhungat and Setlow, 2000). The ability of the 

novel isolate Caldalkalibacillus sp. LMLD03 to form spores, followed by its successful 

germination, may demonstrate a resistance of Caldalkalibacillus sp. LMLD03 to some of the 

stress which may be experienced on Mars.  

 

Details on the growth and tolerance of novel microorganisms from extreme environments will 

contribute to a fuller understanding of the limits of life Extraterrestrial locations where the 

environmental parameters are within the limits of life would be a higher priority target location 

in the search for life beyond the Earth. When studying environments on Mars in terms of 

astrobiology, it is important to understand firstly which environments could be habitable and 

which could not. The characterisation of novel isolates, such as Idiomarina sp. LMLD01, 

Planococcus sp. LMLD02 and Caldalkalibacillus sp. LMLD03, could provide more details on 

the limits of life (as we know it) in relation to pH temperature and salinity. 

 

4.5. Aims of the chapter  

1. To investigate for each strain;  

a. their carbon source utilisation     
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b. extracellular enzyme production  

c. resistance to antibiotic  

2. To investigate for each strain the range and optimal growth conditions for; 

a. Temperature 

b. pH 

c. NaCl concentration 

 

4.6. Materials and methods 

 

4.6.1. Bacterial strains 

Strains were isolated as described in Chapter 2. Idiomarina sp. LMLD01 was 

maintained on 0.7% NaCl agar and Planococcus sp. LMLD02 and Caldalkalibacillus sp. 

LMLD03 were maintained on 6.8% salt agar with a pH of 9.6 and all incubated at 37 °C in the 

dark, as described in chapter 3.  

 

All strains were stored on agar plates at 4 °C, with stocks stored in 35-70% glycerol at -20 °C 

or -80 °C ready for use. 

 

4.6.2. Carbon and nitrogen source studies 

The AP+ 6.8% NaCl growth medium was altered by removing the peptone and 

replacing it with the alternative carbon source. The carbon sources tested were; L-glycine, L- 

alanine, Aspartic acid, L-asparagine, L-alginine and L-serine at a concentration of 0.4% (w/v). 

Glycerol, maltose, Na acetate and Na citrate were tested both with and without the addition of 

ammonium citrate as a reduced nitrate source. Peptone was used as a control for growth; 

these were all used at a concentration of 1% (w/v). An OD reading was taken using a WPA 

Biowave CO800 Cell Density Meter, a value of >0.1 was considered a positive reading.  

 

4.6.3. Enzyme activity assay  

The AP+ 6.8% NaCl agar medium described in Chapter 2 was supplemented with 

0.5% (w/v) starch to test for digestion by amylase; 0.5% (w/v) skimmed milk was added to test 

for protease production. Each isolate was streaked onto the prepared plates and incubated 

for up to 72 hours.  

 

In addition, the cultures were spun down at 4 °C at 3000 g for 10 minutes, the supernatant 

was removed, filter sterilised and pipetted into holes bored in the agar.  

 

Enzyme activity was confirmed through the presence of zones of clearing on starch and on 

skimmed milk plates.   
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4.6.4. Antibiotic resistance assay 

Resistance to the antibiotics ampicillin and streptomycin was tested. The AP+ 7% 

NaCl agar medium described in Chapter 2 was supplemented with 100μg/ml of either 

antibiotic. Each isolate was streaked onto either of the antibiotics and incubated at 37 °C for 

24 hours for Idiomarina sp. LMLD01 and Planococcus sp. LMLD02, and up to 72 hours for 

Caldalkalibacillus sp. LMLD03.  

 

4.6.5. Preliminary growth studies 

Initial studies for the variables of pH, temperature and salt concentration were 

conducted to ascertain limits of growth. 15 ml culture in 50 ml Falcon tubes were inoculated 

with a single colony and incubated for seven days at 37 °C and 200 rpm. 

 

4.6.6. Focussed growth studies 

Growth was studied in triplicate; three 10 ml starter cultures were inoculated with a 

single colony and were incubated at 37 °C for Idiomarina sp. LMLD01 and Planococcus sp.  

LDLM02 and 45 °C for Caldalkalibacillus sp. LMLD03 at 200 rpm overnight.  

 

The starter culture for NaCl studies were all grown in AP+ 6.8% NaCl, the pH and 

temperature studies used a starter culture grown in AP+ 0.7% NaCl for Idiomarina sp. 

LMLD01 and Planococcus sp. LMLD02.  

 

1 ml of overnight starter cultures were added to 50 ml of the appropriate broth medium in 500 

ml flasks incubated at the appropriate temperature for the study at 180 rpm. A sample was 

taken from each flask for an OD reading at 1-2 h intervals from 0 hours to 24 hours.  

 

When the full range of conditions could not be studied at the same time, starter cultures were 

diluted with sterile medium where necessary to a similar OD. 

 

4.6.6.1. NaCl concentrations 

Growth was tested at 0% of added NaCl (but actually containing 0.034g/100ml of 

NaCl from the peptone) up to 16% NaCl initially, and then between 0.07% and 10% NaCl for 

the focussed studies.   

 

4.6.6.2. Temperature 

Growth was first tested at 10 °C, 25 °C, 30 °C, 37 °C and 45 °C. The subsequent 

growth curve studies conducted for each isolate focused upon a range of 20 °C up to 50 °C at 

pH ~9.6.  

 

4.6.6.3. pH  

The pH meter used was a Mettler Toledo Seven Easy and a probe with a range of pH 

0-14 and up to 80 °C.  The pH was calibrated for each temperature. pH was maintained at 
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~9.6 for each temperature tested. The pHs for growth were tested from 6 to 11 and conducted 

at either 37 °C or 45 °C.  A pH of 6 to 7.5 were attained using a NaH2PO4/ Na2HPO4 buffer 

(Yumoto et al., 2004) at 0.1 M final concentration. The pH’s 9 to 10.3 were achieved using the 

Na2CO3/NaHCO3 buffer system. Finally pH 10.4 and pH 10.6 were achieved using 

NaCO3/NaOH buffer system (Yumoto et al., 2004), An overlap between the different buffering 

systems was not possible. 

 

The pH after growth was tested for each flask. 2 ml of culture was spun down at 37 °C at 

11000 rpm for 10 minutes and the pellet discarded. The supernatant was maintained at 37 °C 

or 45 °C and the pH measured for each of the triplicates. The pH of the negative control for 

each medium was measured three times after 24 hours to ensure no change in pH in the 

blank control broth. 

 

4.6.7. Data analysis  

 

4.6.7.1. Calculation of growth rates 

The growth rate for each strain under each variable was calculated by plotting the log 

of the OD against time for at least three points during the exponential phase of growth in 

Microsoft Excel. An exponential trend line was fitted to the data and the factor of X was taken 

as the growth rate in units of h
-1

. Error bars were fitted to each data point as 1 x the standard 

error. Values of 0.00 were plotted as 0.01 on the logarithmic scale. The experiments were 

conducted using three biological replicates. 

 

4.6.7.2. Statistical tests 

Students t-Test was conducted as described in Chapter 2. The T-test was paired, and 

conducted assuming 2-tailed distribution for analysing the pH change after incubation.  A p 

value < 0.05 was considered statistically significant. ANOVA statistical test and Tukey Post-

hoc analysis were conducted as described in Chapter 2.  

 

4.7. Results  

 

4.7.1. Carbon source utilisation  

The ability to use 10 different carbon sources was tested for each strain (Table 4.4). 

Neither Idiomarina sp. LMLD01 nor Planococcus sp. LMLD02 were able to utilise any of the 

carbon sources tested except for the peptone control. In contrast to this Caldalkalibacillus sp. 

LMLD03 was able to utilise L-alanine, L-arginine and Na citrate as sole carbon source, with 

the medium also containing NaNO3. 
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Table 4.4 Carbon utilisation over 7 day period at 37 °C in 6.8% NaCl. The presence of 

growth is indicated by + and an absence of growth by -. N/R= datum not recorded. 

Carbon sources 
Idiomarina sp. 
LMLD01 

Planococcus sp. 
LMLD02 

Caldalkalibacillus sp. 
LMLD03 

Aspartic acid - - - 

Glycerol - - - 

Glycerol & NH4Cl - - N/R 

L Alanine - - + 

L- Asparagine - - - 

L-Arginine - - + 

L-glycine - - - 

L-Serine - - - 

Maltose - - - 

Maltose & NH4Cl - - N/R 

Na acetate - - - 

Na acetate & NH4Cl - - N/R 

Na citrate - - + 

Na citrate & NH4Cl - - N/R 

Peptone (control) + + + 

 

4.7.2. Extracellular enzyme secretion 

The production of both amylase and protease was confirmed for Idiomarina sp. 

LMLD01 (Table 4.5). A small amount of clearing could be seen around the colonies for 

Planococcus sp. LMLD02 on skimmed milk as well as a small amount around the wells 

indicating protease activity. No clearing was seen around the colonies or supernatant 

incubated on the starch plates. 

 

The presence of amylase and protease enzyme production was confirmed with zones of 

clearing around both supernatant wells and the colonies for Caldalkalibacillus sp. LMLD03. 

 

Table 4.5 Extracellular enzyme secretion on 6.8%? Agar, supplemented with either starch or 

skimmed milk powder. Presence of clearing around colonies is indicated by + and an 

absence of clearing by - 

 Idiomarina sp. 
LMLD01 

Planococcus sp. 
LMLD02 

Caldalkalibacillus sp. 
LMLD03 

Enzyme Colony Well Colony Well Colony Well 

Protease + + + + + + 

Amylase + + - - + + 

 

4.7.3. Antibiotic resistance 

No growth of Idiomarina sp. LMLD01 occurred on streptomycin antibiotic plates after 

24 hours, however growth did occur on the ampicillin antibiotic plates. Growth of Planococcus 
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sp. LMLD02 occurred on both types of antibiotic plates within 24 hours. Caldalkalibacillus sp. 

LMLD03 did not grow in the presence of either antibiotic (Table 4.6).  

 

Table 4.6 Antibiotic resistance 6.8% Agar, supplemented with 100μg/ml of either ampicillin or 

streptomycin. Presence of growth is indicated by + and an absence of clearing by - 

Enzyme Idiomarina sp. 
LMLD01 

Planococcus sp. 
LMLD02 

Caldalkalibacillus sp. 
LMLD03 

Ampicillin + + - 

Streptomycin - + - 

 

4.7.4. Preliminary growth studies for NaCl concentration, temperature and pH 

 

4.7.4.1. Preliminary NaCl growth studies 

All strains were able to grow in the absence of NaCl (Table 4.7). The strains 

Idiomarina sp. LMLD01 and Planococcus sp. LMLD02 grew in the presence of up to 15% 

NaCl, over a seven day period. No growth was achieved at 16% NaCl for either isolates. 

Caldalkalibacillus sp. LMLD03 was capable of growing in a salt concentration of 0% NaCl up 

to 13%, but not at 15%. 

 

 

The growth characteristics of each isolate in NaCl concentrations between 0% and 10% NaCl 

will be analysed in the focussed study. 

 

4.7.4.2. Preliminary temperature growth studies 

Growth for Idiomarina sp. LMLD02 was achieved at 10 °C and up to 45 °C, with no 

growth occurring at 50°C. Growth was achieved at 10 °C with Planococcus sp. LMLD02 and 

up to 40 °C but not at 45 °C (Table 4.8).   

Table 4.7. Outlining the occurrence or absence of growth at different salt concentrations 
when grown at 37 °C.  Presence of growth between 1 and 7 days is indicated by + and an 
absence of growth after 7 days by –.  N/R= datum not recorded. 

Salt content Idiomarina sp. LMLD01 
Planococcus sp. 
LMLD02 

Caldalkalibacillus 
sp. LMLD03 

0% + + + 

1% + + + 

2% + + + 

3% + + + 

5% + + + 

10% + + + 

12%  + + + 

13% N/R N/R + 

15% + + -  

16% - - N/R 
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No growth occurred for Caldalkalibacillus sp. LMLD03 at 30 °C, but it did grow at 37 °C.  

Growth occurred up to 60 °C but not at 65 °C. Caldalkalibacillus sp. LMLD03 was found to 

grow very poorly in a liquid medium at 37 °C, compared to the growth achieved at 45 °C.  In 

addition growth at 37 °C in 6.8% NaCl broth was uneven and final OD’s were low and not 

uniform. For these reasons the starter cultures for the strain Caldalkalibacillus sp. LMLD03 

was incubated at 45 °C.    

 

With these data a focussed study will be conducted for the growth range of 20 °C to 45 °C for 

Idiomarina sp. LMLD01 and 20 °C to 40 °C for Planococcus sp. LMLD02. The range for the 

focussed study of Caldalkalibacillus sp. LMLD03 will be between 37 °C and 60 °C.  

 

4.7.4.3. Preliminary pH growth studies 

Idiomarina sp. LMLD02 was able to grow between pH 7 and pH 10.6 at 37 °C.  

Growth did not occur at a pH of 12 (Table 4.9). Planococcus sp. LMLD02 grew at pH of 7 up 

to a pH of 10.3, growth was not achieved at pH 10.6. Growth of Caldalkalibacillus sp. LMLD03 

was achieved at a pH of 7.6, and up to a pH of 10.3.  

 

 

 

 

 

 

 

 

 

 

Table 4.8 Outlining the occurrence or absence of growth at different temperatures when 

grown in a 1% salt concentration and pH 9.6. + denotes growth occurred between 1 and 7 

days, - denotes no growth after 7 days.  N/R denotes not recorded 

Temperature Idiomarina sp.  LMLD02 Planococcus sp. 
LMLD01 

Caldalkalibacillus sp. 
LMLD03 10 °C + + N/R 

20 °C + + - 

30 °C + + - 

37 °C + + + 

40 °C + + + 

45 °C + - + 

50 °C - - + 

55 °C N/R N/R + 

60 °C N/R N/R + 

65 °C N/R N/R - 
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With these data, and the interest in the upper limits of pH to which these strains can growth, 

the growth rate and final OD from pH 10.3 to 7 was studied for the isolates: Planococcus sp. 

LMLD02 and Caldalkalibacillus sp. LMLD03. An addition measurement at a pH of 10.6 was 

studied for Idiomarina sp. LMLD01 as the preliminary growth data indicated an ability of this 

strain to grow at this slightly higher pH. 

 

4.7.5. Growth of isolates at a range of NaCl concentrations 

 

4.7.5.1. Idiomarina sp. LMLD01  

The growth curves for each treatment; 0.07%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%  

and 10%  are shown in Figure 4.1. Idiomarina sp. LMLD01 reached the stationary phase by 

12 hours in all salt concentrations.  

 

Figure 4.1. Growth curve of Idiomarina sp. LMLD01 over a 24 hour period for medium with a 

NaCl concentration from 0% to 10%. Error bars are 1 x standard error. 

Table 4.9 Outlining the occurrence or absence of growth at different pH’s when grown at 37 
°C or 45 °C. + denotes growth occurred between 1 and 7 days, - denotes no growth after 7 
days.   N/R denotes not recorded.  

Buffer 
system 

pH 
Idiomarina sp. 
LMLD01    (at 37 °C) 

Planococcus sp. 
LMLD02  (at 37 °C) 

Caldalkalibacillus sp. 
LMLD03  (at 45 °C) 

N
a

2
H

P
O

4
/ 

N
a
H

2
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O
4
 

6 + + - 

7 + + - 

7.5 + + + 

N
a

2
C

O
3
/ 

N
a
H

C
O

3
 

b
u

ff
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r 

9 + + + 

9.6 + + + 

10 + + + 

10.3 + + + 

 N
a

2
C

O
3
/ 

N
a
O

H
 B

u
ff

e
r 

10.6 + - - 

12 - N/R N/R 
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The highest growth rate was recorded in a NaCl concentration of 3% with a rate of 0.9336 h
-1 

although this was not significantly different from the growth rate achieved in 1% - 5% NaCl 

(p>0.768). There was a trend of decreasing growth rate from 5% up to 8% NaCl for 

Idiomarina sp. LMLD01 (Figure 4.2). A sharp decreases in growth rate can be seen from 1% 

to 0.07% NaCl medium which was significantly lower than that at a concentration of 1% to 5% 

(p>0.002).  

 

The lowest growth rate recorded was in a NaCl concentration of 10% with a rate of 0.4452 h
-1

. 

The growth rate in 10% NaCl was significantly lower than that achieved in any salt 

concentration less than 10% (p=0.000). (See Appendix 1, table 1.1). 

 

 

Figure 4.2. Growth rates and final OD for Idiomarina sp. LMLD01 at increasing NaCl 

concentration (at 37 °C, pH 9.6). Biomass was measured using OD
600nm

. Error bars are 1 x 

standard error. Statistical differences were assessed using ANOVA analysis of variance 

statistical test. Significance was attributed to values where p<0.05.  Error bars are 1 x 

standard error. 

 

The final OD reading for each NaCl concentration shows that a similar final OD was achieved 

in a medium with a NaCl concentration between 1% and 10% NaCl. These final OD’s are not 

significantly different from one another (p>0.057). The final OD measured for 0.07% NaCl was 

significantly lower than the OD achieved when incubated with a NaCl concentration between 

1% and 10% (p=0.000) (See Appendix 2, table 1.2).  

 

4.7.5.2. Planococcus sp. LMLD02 

Planococcus sp. LMLD02 reached the stationary phase by 12 hours in a NaCl 

concentration of 7% NaCl or less, and after 12 hours in a NaCl concentration of 8% or 10% 
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(Figure 4.3). The highest growth rate was recorded at 1% NaCl with a rate of .0247 h
-1

. The 

lowest growth rate was recorded at 10% NaCl with a growth rate of 0.279 h
-1

.  

 

 

Figure 4.3. Growth curves for Planococcus sp. LMLD02 over a 24h period for medium with 

NaCl concentration of 0.07% to 10%. Error bars are 1 x standard error.  

 

There was no significant change in the growth rate of Planococcus sp. LMLD02 when 

incubated in the presence of 1% NaCl compared to 0.07% (p=0.470) (Figure 4.4). In turn the 

growth rate at 1% was not signifcantly different from the growth rate at NaCl concentration of 

2% to 5% NaCl (p>0.064). The growth rate at 8% and 10% NaCl were signficantly lower than 

for any other treatment tested (p=0.000), with the exception of 6% NaCl for which it was not 

significantly different (p=0.075). 

 

The final OD recorded after 1%-6% treatment demonstrated no significant difference 

(p>0.05). However, there was a significant drop in the final OD reached when incubated in the 

presence of 8% and 10% NaCl, when compared to the final OD reached in the presence of 

any other NaCl concentration  tested  (p=0.000).  

 



        155 

Chapter 4- Characterisation of novel bacterial isolates from Lake Magadi 

 

Figure 4.4. Growth rates and final OD for Planococcus sp. LMLD02 at increasing NaCl 

concentration (at 37 °C, pH 9.6). Biomass was measured using OD
600nm

. Error bars are 1 x 

standard error. Statistical differences were assessed using ANOVA analysis of variance 

statistical test. Significance was attributed to values where p<0.05.  Error bars are 1 x 

standard error. 

 

4.7.5.3. Caldalkalibacillus sp. LMLD03 

Caldalkalibacillus sp. LMLD03 reached the stationary phase of growth by 12 hours at 

all NaCl concentrations, except for when grown in a concentration of 10% NaCl, where it did 

not enter the exponential phase until after 24 hours (Figure 4.6.). The highest growth rate 

recorded for Caldalkalibacillus sp. LMLD03 was at 1% NaCl with a growth rate of 0.5640 h
-1

 

and the lowest growth rate was at 10% at 0.2927 h
-1

. 

 

 

Figure 4.6. Growth curve of Caldalkalibacillus sp. LMLD03 over a 24 hour period for medium 

with a NaCl concentration from 0.07% to 5%. Error bars are 1 x standard error. 
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The growth rate at 1%, 2% and 3% were significantly greater than that recorded at 9% and 

10% NaCl (p<0.036) (Figure 4.7.). There was no significant difference in the growth rate at 

1%, 2% and 3% NaCl and that recorded at 4%, 5%, 6%, 7% and 8% NaCl (p<0.169). 

 

 

Figure 4.7. Growth rates and final OD for Caldalkalibacillus sp. LMLD03 at increasing NaCl 

concentration (at 37 °C, pH 9.6). Biomass was measured using OD
600nm

. Error bars are 1 x 

standard error. Statistical differences were assessed using ANOVA analysis of variance 

statistical test. Significance was attributed to values where p<0.05.  Error bars are 1 x 

standard error. 

 

A trend of decreasing final OD can be seen with increasing NaCl concentration. The final OD 

achieved at 0.07% NaCl was not significantly different from that reached in a 1%-3% NaCl 

media with (p>0.639). The final OD in the 1% NaCl medium was significantly different to that 

achieved between 4% and 10% NaCl (p>0.014). The 9% and 10% NaCl medium produced a 

final OD which was significantly lower than recorded at 0.07% to 1% NaCl (p<0.006).  

 

Some of the flask cultures for Caldalkalibacillus sp. LMLD03 contained particulate matter 

which developed (Figure 4.8.A.) in the broth, whilst the OD reading still remained very low. 

The material often collects on the flasks at the highest level (Figure 4.8.B). The uneven 

growth observed could be due to the mixture of spores and vegetative cells present on the 

plate or overnight culture from which the medium was inoculated. This isolate is known to 

form spores, see chapter 2. If the spores are then inoculated into a less favourable growth 

medium they may take longer to transform to vegetative cells or remain in spore form. This 

may result in an uneven growth rate, differing initiation time for the log phase of growth, or 

absence of growth in some cultures. This clumping behaviour may also be a factor of the 

presence of mycelium sticking the cells together.  
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Figure 4.8. (A) Particulate matter formed in the broth of Caldalkalibacillus sp. LMLD03, the 

material was allowed to settle to the bottom of the flask and the supernatant was removed. 

The material was then placed onto a petri dish, and viewed over a light box. (B) The tide mark 

inside the flask in which the Caldalkalibacillus sp. LMLD03 culture was grown.  

 

4.7.6. Growth of isolates at a range of temperatures 

The salt concentration used for the pH and temperature studies was 1% as this was 

identified as a salt concentration which produced high growth rates for Idiomarina sp. 

LMLD01 and Planococcus sp. LMLD02. Caldalkalibacillus sp. LMLD03 was grown in 

AP+6.8% broth.   

 

4.7.6.1. Idiomarina sp. LMLD01 

Growth was analysed at temperatures from 20 °C to 45 °C for Idiomarina sp. 

LMLD01, those treatments which resulted in growth over 24 hours all reach the stationary 

phase by 12 hours (Figure 4.9). No growth occurred at 45 °C over 24 hours. The highest 

growth rate of 0.888 h
-1

 was achieved at 37 °C was statistically greater than that achieved at 

any other temperature (p=0.000). The lowest of 0.3648 h
-1

 at 20 °C was statistically lower rate 

than at any other temperature (p<0.024). 
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Figure 4.9 Growth curve of Idiomarina sp. LMLD01 over a 24 hour period for a growth 

medium with a 1% NaCl concentration and pH 9.6 at temperatures from 20 °C to 45 °C.  Error 

bars are 1 x standard error. 

 

The growth rate at 40 °C was significantly greater than the growth rate achieved at 25 °C and 

20 °C (p<0.005), indicating that although Idiomarina sp. LMLD01 was near to its upper 

temperature limit at 40 °C, it grows faster at this temperature than at 30 °C or below (Figure 

4.10). In contrast the final OD achieved for 40 °C was significantly lower however than for any 

temperature tested (p=0.000) (See Appendix 1 table 1.3 and 1.4).  

 

The final OD decreased with increasing temperature, the OD reached at 20 °C, 25 °C and    

30 °C was significantly greater compared to that reached at 35 °C, 37 °C & 40 °C (p>0.317).  

 

Figure 4.10 Growth rates and final OD for Idiomarina sp. at increasing temperatures, in a 

growth medium containing 1% and pH 9.6. Biomass was measured using OD
600nm

. Error bars 

are 1 x standard error. Statistical differences were assessed using ANOVA analysis of 

variance statistical test. Significance was attributed to values where p<0.05. Error bars are 1 x 

standard error. 

  

4.7.6.2. Planococcus sp. LMLD02 

Planococcus sp. LMLD02 reached the stationary phase by 12 hours when grown at 

temperatures >20 °C and <45 °C (Figure 4.11). This isolate reached the stationary phase of 

growth by 23 hours when grown at 20 °C, but did not grow over a 24 hour period at 45 °C.  

The highest growth rate recorded was 0.8297 h
-1 

at 35 °C, the lowest growth rate was at      

20 °C with a rate of 0.2546 h
-1

 however the growth rate at 20 °C and 25 °C were not 

significantly different from one another (p=0.772).  
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Figure 4.11 Growth curves for Planococcus sp. LMLD02 over a 24 hour period for medium 

with NaCl concentration of 0.07% to 10%. Error bars are 1 x standard error.  

 

The growth rate at 35 °C was not significantly higher than the growth rate at 37°C (p=0.704), 

but both were significantly higher than the growth rate at 30 °C and 40 °C with (p<0.024). The 

Final OD for 25 °C to 37 °C were not significantly different from one another (p=0.083), but 

these are significantly greater than for all other treatments (p=0.038).  

 

 

Figure 4.12 Growth rates and final OD for Planococcus sp. LMLD02 at increasing 

temperatures, in a growth medium containing 1% NaCl and a pH of 9.6. Biomass was 

measured using OD
600nm

. Error bars are 1 x standard error. Statistical differences were 

assessed using ANOVA analysis of variance statistical test. Significance was attributed to 

values where p<0.05.  Error bars are 1 x standard error. 
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4.7.6.3. Caldalkalibacillus sp. LMLD03 

All cultures grown at 45 °C and 50 °C reached the stationary phase of growth by 12 

hours (Figure 4.13). When grown at 40 °C the isolate may have reached the stationary phase 

by 24, however it had not when grown at 37 °C. 

 

Growth did not occur at 55 °C over a 24 hour period. Once again uneven growth occurred, 

particularly with growth at 37 °C and 50 °C (Figure 4.13). At 50 °C over 12 hour period only 

two of the replicates had an OD over 0.1, however after 24 hours all three replicates had an 

OD between 2.35 and 3.05. The triplicates for 37 °C still displayed an uneven OD reading 

even after 24 hours with the final OD reading being between 0.97 and 2.35.  

 

Figure 4.13. Growth curve of Caldalkalibacillus sp. LMLD03 over a 24 hour period for 

increasing temperature in a growth medium with a NaCl concentration of 1% and pH of 9.6. 

Error bars are 1 x standard error. 

 

The highest growth rate was recorded at 50 °C, 0.8258 h
-1 

, the lowest growth rate was 

recorded at 37 °C (0.4652 h
-1

) (Figure 4.14), however the growth rates achieved were not 

statistically different from one another (p>0.129), (Appendix 3. Table 3.3).  
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Figure 4.14 OD
600

 after 24 hours for Caldalkalibacillus sp. LMLD03 at increasing 

temperatures, in a growth medium containing 1% NaCl and pH 9.6. Statistical differences 

were assessed using ANOVA analysis of variance statistical test. Significance was attributed 

to values where p<0.05.  Error bars are 1 x standard error. 

 

The final OD achieved by Caldalkalibacillus sp. LMLD03 at 37 °C was significantly lower than 

the OD reached 40 °C to 50 °C, (p<0.035). The final OD achieved at 40 °C, 45 °C and 50 °C 

were not significantly different from one another.   

 

When the values recorded for 50 °C were removed from the ANOVA test, (due to absence of 

growth in one triplicate until after 12 hours) the growth rate at 45 °C was significantly greater 

than that at 37 °C or 40 °C. In addition the final OD at 37 °C was significantly lower than that 

at 40 °C and 45 °C.  

 

The absence of growth at 50 °C in one triplicate but the presence of a final OD comparable to 

the other two triplicates after 23 hours would imply that a long lag phase occurred for this 

triplicate. This was then followed by a log phase occurring within a 10 hour period, with the 

other triplicates completing the log phase of growth within an 8 hour period.  

 

4.7.7. Growth of isolates at a range of pH 

 

4.7.7.1. Idiomarina sp. LMLD01  

The strain reached the stationary phase by 10 hours when grown in a pH of at least 9 

to pH 10.4 (Figure 4.15). At a pH of 10.6 (highest pH tested) the lag phase was recorded with 

the exponential phase initiating after 6 hour, but not reaching the stationary phase even after 

24 hours. For a pH of 7, the lag phase was longer still and the exponential phase again was 

not observed within a 24 hour period.  
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Figure 4.15 Growth curve of Idiomarina sp. LMLD01 over a 24 hour period, in a medium with 

1% NaCl and incubated at 37 °C. Error bars are 1 x standard error. 

  

The growth rate achieved by Idiomarina sp. LMLD01 increased with increasing pH up to a pH 

of 9, with a growth rate of 0.2324 h
-1

, recorded at a pH of 7 and a growth rate of 1.0071 h
-1

 at 

a pH of 9.  The growth rate at a pH of 7 and 7.5 were significantly lower than growth rate at 

any other pH, except pH 10.6 (p=0.000) (Figure 4.16). However, there was no significant 

difference between growth rate at a pH of 9, 9.6, 10 or 10.3 using the Na2CO3/NaHCO3 buffer 

system (p>0.185). The growth rate at a pH of 10.3 when using the Na2CO3/NaHCO3 buffer 

system, was significantly different to the growth rate at pH 10.4 on the Na2CO3/NaOH buffer 

(p=0.000). Finally the growth rate at a pH of 10.6 was significantly greater than the growth 

rate at any other pH, except at pH7 (p=0.000).  

 

The final OD600
 
indicated that the biomass produced was higher in a medium with a pH 

between 9 and 10.6, which was significant compared to the amount of biomass produced at 

pH of 7 (Figure 4.16) (p>0.003). The final OD600 at a pH 7.5 was statistically lower than that 

produced for the pH 9 to pH 10 (p<0.043) (See Appendix 1, table 1.5 and 1.6). 
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Figure 4.16 Growth rates and final OD reading for Idiomarina sp. LMLD01 at different pH (at 

37 °C, 1% NaCl). Growth rate is taken as the X value in figure 4.1 which is plotted to show 

differences in growth rate when incubated at increasing pH. Statistical differences were 

assessed using ANOVA analysis of variance statistical test. Significance was attributed to 

values where p<0.05.  Error bars are 1 x standard error. 

 

4.7.7.1.1. pH measurements for Idiomarina sp. LMLD01 growth medium  

The starting pH of the pH 10.6 blank control dropped after 24 hours to pH 10.05, 

which indicated that the buffering capacity at this pH was not high enough. The pH remained 

constant for all other treatments (Table 4.10). The pH of all the inoculated medium 

significantly dropped compared to the pH of the negative control for treatments 9.6 to 10.05 

(starting pH 10.6) and the pH significantly increases compared to the negative control for pH’s 

of 7 and 7.5 (p>0.006). At a pH of 9 the change in pH was not significant (p=0.218). 

 

Table 4.10. pH for control pH blank after 24 hours compared to the average sample pH of 
isolate Idiomarina sp. LMLD01 medium after 24 hours incubation. Post incubation pH was 
recorded from triplicates. A 2-tailed, two sample t-test, assuming equal variance was used to 
identify differences in pH before and after incubation. Significance was attributed to values 
where p<0.05 * 

 Control pH blank Sample pH after 24 incubation p value 

pH 7 7.06 ± 0.01 7.54 ± 0.04 0.006* 

pH 7.5 7.42 ± 0.07 9.00 ± 0.01 0.002* 

pH 9 9.10 ± 0.03 9.04 ± 0.03 0.218 

pH 9.6 9.70 ± 0.05 9.19 ± 0.04 0.002* 

pH 10 10.11 ± 0.01 9.22 ± 0.03 0.000* 

pH 10.3 10.32 ± 0.02 8.97 ± 0.03 0.001* 

pH 10.4 10.42 ± 0.03 9.12 ± 0.03 0.001* 

pH 10.6 10.05 ± 0.02 8.86 ± 0.01 0.002* 
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4.7.7.2. Planococcus sp. LMLD02 

Limited growth occurred when incubated for 24 hours at a pH of 10.4 on 

Na2CO3/NaOH buffer (Figure 4.17). Growth at a pH of 7 to 9.6 reached the stationary phase 

after 12 hours; growth at a pH 10 and 10.3 had not reached the stationary phase by 24 hours. 

 

 

Figure 4.17 Growth curve of Planococcus sp. LMLD02 over a 24 hour period, in a medium 

with 1% NaCl and incubated at 37 °C. Error bars are 1 x standard error. 

 

The highest growth rate of 0.952 h
-1 

was recorded in a medium with a pH of 7.5. The lowest 

growth rates were 0.04897 h
-1 

at pH 10.4 and 0.6032 h
-1

 at pH 10.3. The growth rate at pH 7 

was statistically lower than that achieved at a pH of 7.5 to pH 9.6 with (p<0.013). The growth 

rate at pH 7.5 was not statistically different to the growth rate at pH 9 (p=0.375) but was 

statistically greater than growth at all other pH’s tested. The growth rate at pH 10 was not 

significantly different to that achieved in a pH of 7 with (p=0.346) or pH 10.3 

(Na2CO3/NaHCO3) (p=0.249).  

 

The final OD for the pH 7 to pH 10 medium general appeared to be fairly constant, and were 

not statistically significantly different (p>0.497). The final OD reached at a pH of 10.3 was 

significantly lower than the OD reached for treatments pH 7 to pH10 (p=0.000). 
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Figure 4.18 OD
600

 after 24h for Planococcus sp. LMLD02 at different pH (at 37 °C, 0.7% 

NaCl). Statistical differences were assessed using ANOVA analysis of variance statistical 

test. Significance was attributed to values where p<0.05.  Error bars are 1 x standard error. 

 

 

4.7.7.2.1. pH measurements for Planococcus sp. LMLD02 growth medium 

The pH of the medium again changes after 24 hours incubation when inoculated with 

Planococcus sp. LMLD02. The media with a pH of 7 and 7.6 significantly rose to 7.53 and 

8.24 respectively (p>0.009) (Table 4.11). The pH of the media which started at pH 9, 9.6, 10 

and 10.3 all dropped, with the final pH being significantly different from the starting pH 

(p<0.0176). The decrease in pH for the 10.3 treatment was not as large as the decrease at 

the lower pHs, this may be due to the lower levels of biomass achieved after 24 h in this 

sample.  

 

 

Table 4.11. pH for control pH blank after 24 hours compared to the average sample pH of 
isolate Planococcus sp. LMLD02 medium after 24 hours incubation. Post incubation pH 
was recorded from triplicates. A 2-tailed, two sample t-test, assuming equal variance was 
used to identify differences in pH before and after incubation.  Significance was attributed to 
values where p<0.05 * 

  Control pH blank Sample pH after 24 incubation  p value  

pH 7 7.06 ± 0.01 7.53 ± 0.01 0.0016* 

pH 7.5 7.42 ± 0.07 8.24 ± 0.02 0.0088* 

pH 9 9.09 ± 0.01 8.82 ± 0.02 0.0098* 

pH 9.6 9.64 ± 0.02 9.33 ± 0.02 0.0176* 

pH 10 10.12 ± 0.02 8.95 ± 0.02 0.0003* 

pH 10.3  
(Na2CO3/ 
NaHCO3) 

10.32 ± 0.02 9.37 ± 0.02 0.0170* 
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4.7.7.3. Caldalkalibacillus sp. LMLD03 

Growth of Caldalkalibacillus sp. LMLD03 was tested on pHs from 7, 7.5, 9, 9.6, 10 

and 10.3 on both buffer systems. Again problems were encountered with uniform growth and 

development of particulate material at some pH ’s. Similar levels of growth were achieved for 

the triplicates grown at a pH of 9, 9.6 and 10, however beyond this the formation of particulate 

matter in the flasks again made accurate OD reading of the samples impossible as large 

amounts of particulate matter formed which just settled to the bottom of the cuvette.  

 

The growth curves for the pH’s where sufficient data could be gathered growth was 

sufficiently uniform are shown in figure 4.18. The growth curve for 106B pH 10.3 (NaHCO3) 

which demonstrated very different rates of growth between the triplicates was also included to 

show quality of data obtained for the problematic pH tests.   

  

Figure 4.19. Growth curve of Caldalkalibacillus sp. LMLD03 over a 24 hour period, in a 

medium with 1% NaCl and incubated at 37 °C. Error bars are 1 x standard error. 

 

The growth rate for Caldalkalibacillus sp. LMLD03 decreased as pH rises from pH 9 (Figure 

4.20). The growth rate of 0.5756h
-1

 at pH 9 was significantly higher than the growth rate of 

0.4357h
-1 

at pH 10 (p=0.032). However it was not significantly higher than the growth rate of 

0.5428h
-1

 at pH 9.6 (p=0.489) (Appendix 3, Table 3.5).  The growth rate of 0.5428h
-1

 at pH 9.6 

was not significantly higher than that at pH 10 (p=0.143). 
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Figure 4.20 Growth rate and final OD
600nm

 after 24 hours for Caldalkalibacillus sp. LMLD03 at 

different pH (at 37 °C, 0.7% NaCl). Statistical differences were assessed using ANOVA 

analysis of variance statistical test. Significance was attributed to values where p<0.05.  Error 

bars are 1 x standard error. 

 

The final OD reached by Caldalkalibacillus sp. LMLD03 was around 2.85 (Figure 4.20) for all 

treatment. There was no statistical difference between the final OD reached by each 

treatment, despite the differences in growth rate, (p >0.878). (Appendix 3, Table 3.6). 

 

4.7.7.3.1. pH measurements for Caldalkalibacillus sp. LMLD03 

The pH measured before and after 24 hours growth shows that the pH does not 

change when the starting pH 9 or 9.6. When the starting pH was at 10 however, the pH was 

lowered to around pH 9 (Table 4.12.).  

 

 

4.8. Discussion 

This chapter focusses upon the characterisation of three novel strains isolated from 

Lake Magadi, assessing their ability to utilise different carbon sources, as well as determining 

their ability to produce certain enzymes and their antibiotic resistance. Following this, the 

NaCl concentration, temperature and pH tolerances and optima for each isolate were 

examined. The analysis of a range of different growth characteristics can provide information 

Table 4.12 pH for control pH blank after 24 hours compared to the average sample pH of 
isolate Caldalkalibacillus sp. LMLD03 medium after 24 hours incubation. Post incubation 
pH was recorded from triplicates. A 2-tailed, two sample t-test, assuming equal variance 
was used to identify differences in pH before and after incubation.  Significance was 
attributed to values where p<0.05 * 

  Control pH blank Sample pH after 24 incubation 
P-value (T-
test) 

pH 9 8.97 ± 0.02 9.08 ± 0.05 0.236 

pH 9.6 9.61 ± 0.01 9.62 ± 0.03 0.776 

pH 10 9.94 ± 0.05 9.08 ± 0.05 0.01* 
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on phenotypic differences and similarities between strains with similar 16s rRNA gene 

sequences but isolated from different environments. Variability between strains, which are 

very similar in terms of their 16s rDNA sequence, but show marked difference at the DNA 

level and in their physiological characteristics, highlights why it is important to conduct growth 

studies on novel isolates (Fox, 1992). There is always the potential to extend the growth 

range of groups of organisms by identifying and characterising novel isolates.  

 

4.8.1. Carbon source usage 

Caldalkalibacillus sp. LMLD03 was able to use three different types of carbon source, 

with the type strain of C. uzonensis also able to use a range of carbon sources. In contrast, 

Idiomarina sp. LMLD01 and Planococcus sp. LMLD02 were unable to use any of the carbon 

sources tested. Some strains of Idiomarina are also shown to have limited carbon utilisation 

ability (Ivanova, 2000: Donachie et al., 2003), although studies of species of Planococcus 

generally show an ability to utilise a wider range of carbon sources (Romano et al., 2003: 

Suresh et al., 2007). Studies conducted with members of the Halomonadaceae have shown 

that the use of complex growth media can extend the salt tolerance (>3% NaCl), with the type 

of carbon source, in particular yeast extract, influencing the proportion of intercellular solutes 

such as betaine and ectoine, with different organisms displaying different solute patterns 

(Wohlfarth et al., 1990: del Moral et al., 1994). This could be a factor affecting other 

Proteobacteria, and possible could affect strains with the Firmicutes. Therefore it is possible 

that the absence of yeast extract (Chapter 2) which is present in special peptone is restricting 

the growth of Idiomarina sp. LMLD01 and Planococcus sp. LMLD02 on a single carbon 

source, in the presence of 6.8% NaCl. Interestingly, (Ivanova, 2000) tested the growth of I. 

abyssalis and I. zobellii on single carbon sources in the presence of 2.2% NaCl and recorded 

growth on a number of single carbon sources. In contrast, (Martinez-Canovas, 2004) 

recorded no growth for I. ramblicola and I. fontislapidasi on any of the single carbon sources 

they were testing; the growth media being used contained 5% NaCl. The absence of growth 

could simply be because those I. ramblicola and I. fontislapidasi, unlike I. abyssalis and I. 

zobellii are far more restricted in terms of the carbon sources they can utilise. However it 

could be that the high salt concentration used there was having an influence on the growth of 

the isolates. In order to clarify this point the growth of each strain in the presence of lower 

NaCl concentrations for each carbon source would be needed. 

 

4.8.2. Enzyme production 

The results showed that all strains produce protease and that all strains except 

Planococcus sp. LMLD02 produced amylase. This is in contrast to the type strain of              

P. maritimus, which produces both amylase and protease (Romano et al., 2003: Yoon, 2003: 

Suresh et al., 2007) (Table 4.10). Neither of the type strains for the genus Caldalkalibacillus 

have been analysed in terms of their enzyme production (Xue et al., 2006: Zhao et al., 2008). 

When comparing Idiomarina sp. LMLD01 to strains for the genus Idiomarina, where enzyme 
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activity have been analysed, no species of Idiomarina produce either amylase of protease, 

contrasting to the findings in this study (Choi, 2005: Wang et al., 2011). This indicates 

physiological difference between the Lake Magadi Planococcus and Idiomarina strains and 

other known strains of the same genus. 

 

4.8.3. Antibiotic resistance 

Idiomarina sp. LMLD01 was susceptible to streptomycin (inhibits protein synthesis) 

but not ampicillin (damages cell walls), this cannot be compared to other strains as these 

resistance of these antibiotics has not been tested. Caldalkalibacillus sp. LMLD03 was 

susceptible to both antibiotics tested, which is line with the antibiotic resistance of C. 

thermarum (Xue et al., 2006). Planococcus sp. LMLD02 was resistant to both streptomycin 

and ampicillin, which differs to the other species of Planococcus which have been tested, and 

are not resistant to either antibiotic, again demonstrating differences between these novel 

isolate and its nearest database match. 
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4.8.4. Response of Idiomarina sp. LMLD01 to NaCl concentration, temperature and pH 

The 16S rRNA gene sequence for this isolate was most closely related (92% similar) 

to the species I. seosinensis (Chapter 3, section 4.4.1.1) The NaCl concentration growth 

range of Idiomarina sp. LMLD01 was comparable with that recorded for the other species of 

the genus Idiomarina (I. ramblicola, I. xiamenensis and I. salinarium) isolated from 

hypersaline environments (Section 4.1.2), but narrower than recorded for I. seosinensis (Choi, 

2005). Idiomarina sp. LMLD01 can grow at NaCl levels as low as 0.035% NaCl, a lower NaCl 

concentration than recorded for I. seosinensis (Choi, 2005) . 

 

The optimal range for Idiomarina sp. LMLD01 was broader than recorded for other species of 

the genus. The wider range of NaCl optimum and high levels of biomass reached at higher 

salinities may reflect adaptation or suitability of this strain to the variable nature of the Lake 

Magadi environment, which can vary drastically in salinity (Chapter 1). A broad growth range 

is beneficial as it will mean the organisms is less constrained in terms of habitable 

environments compared to those organisms which are restricted to a narrower growth range.  

 

Growth rate of Idiomarina sp. LMLD01 decreases with NaCl content (above 1% NaCl), 

however, the organism was still capable of reaching comparable levels of biomass to that 

achieved at <1% NaCl which demonstrated a faster growth rate. Dispite the growth rate at 

10% NaCl being lower than that at 0.07% NaCl concentration, Idiomarina sp. LMLD01 

produces statistically more biomass at 10% NaCl. This would indicate that although growth 

was slower at a higher NaCl concentrations it does not have a detrimental effect on the final 

amount of biomass produced. The temperature upper limit for the novel isolate Idiomarina sp. 

LMLD01 Idiomarina was within the range of other species of the genus Idiomarina (40 °C - 46 

°C) (Brettar et al., 2003: Martinez-Canovas, 2004: Donachie et al., 2003). Growth occurred at 

least as low as 10 °C but some members of the genus Idiomarina can grow down to a low of    

4 °C, which could not be tested (Martinez-Canovas, 2004). 

 

Idiomarina sp. LMLD01 growth data shows that despite the elevated growth rate with rising 

temperature up to 37 °C, the amount of biomass produced decreases. This would indicate 

that at a higher temperature the organism can grow rapidly but this rate of growth cannot be 

sustained to produce an equivalent amount of biomass. The temperature optimum of 37 °C 

recorded for Idiomarina sp. LMLD01 was higher than for the other type species of between 20 

°C- 35 °C (Engelhardt et al., 2001: Choi et al., 2007), except for that recorded for I. salinarum 

(Yoon et al., 2007). 

 

The pH range for the Idiomarina type strain species is generally down between 5 and 6, and 

up to a high of 9.5 to 10 (Choi, 2005: Ivanova, 2000). This is a slightly narrower range than 

recorded for the isolate Idiomarina sp. LMLD01, which can grow between at a pH of at least 

pH 6 and up to a pH of at least 10.6. This higher upper limit might be due to the adaptation of 
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this particular strain to a highly alkaline environment with a particularly high pH and carbonate 

content compared to the isolation environments of the other species of the genus. 

 

The analysis of the medium pH after incubation indicates that Idiomarina sp. LMLD01 

preferentially grows at a pH of 9
37 ˚C

 and seems to be able to adjust the pH of the growth 

medium to around this level either through the acidification or alkalisation of the extracellular 

environment. The final pH for the sample at a pH of 7
37 ˚C

 was lower than the other final pH 

which may indicate that the organism was less capable of raising the pH from 7
37 ˚C

 than it 

was from 7.5
37 ˚C

. This might be because the pH was too low at pH 7
37 ˚C

 for the organism to 

be able to raise the pH over a 24 hour period.    

 

The optimum pH for the genus Idiomarina is standard across all species between a pH of 7 

and 8, which is lower than recorded for the isolate in this study  pH 9
37 

˚
C
 – 10.3

37 
˚
C
 (Ivanova, 

2000). The preferred pH of 9
37 

˚
C
 indicated by the alteration of medium pH would reinforce the 

suggestion that the optimal pH of the Lake Magadi strain isolated here was greater than 

recorded for other species of Idiomarina.  

 

Given the growth characteristics defined in this study Idiomarina sp. LMLD01 could be 

described as a halotolerant or slight halophilic, facultative alkaliphilic mesophile.  

 

4.8.5. Response of Planococcus sp. LMLD02 to NaCl concentration, temperature and 

pH 

The maximum NaCl concentration at which growth was recorded for Planococcus sp. 

LMLD02 was 15%, falling short of the 17% maximum NaCl concentration recorded for the 

type species Planococcus maritimus (Yoon, 2003). The growth characteristics of Planococcus 

sp. LMLD02 shows a general correlation between decreasing growth rate and final OD with 

increasing NaCl concentration. At 0.07% NaCl, dispite the lower growth rate, Planococcus sp. 

LMLD02 still achieved a final OD comparible to that reached at 1% NaCl. The optimal range 

of 1% - 5% NaCl recorded for Planococcus sp. LMLD02 was wider than for those type strains 

where the optimum has been ascertained. This may again indicate a need for a wider NaCl 

optimum in a variable environment. The closest database match to Planococcus sp. LMLD02, 

P. maritimus, has quite a restricted NaCl optima of 1% NaCl, possibly demonstrating an 

adaptation of this particular isolate to the hypersaline nature of soda lake environments.  

 

Planococcus sp. LMLD02 was capable of growing between 10 °C to 40 °C with the 

temperature growth range observed for members of the genus so far is between 0 °C and 42 

°C.  Growth at temperatures between 40 °C and 45 °C were not tested in this study and 

therefore it is unclear if this strain can grow at 42 °C.  Both Idiomarina sp. LMLD01 and 

Planococcus sp. LMLD02 were isolated from waters around 45 °C which was at the upper 

limit or beyond the upper limit of growth for these strains. Once again there was variation 
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between the closest type strains optimal temperature and that recorded for the novel 

Planococcus isolate (Table 4.10).  

 

The optimum temperature for members of the genus Planococcus occurs between 20 °C and 

37 °C, with the optimum recorded for Planococcus sp. LMLD02 being between 35 °C and 37 

°C, closest to the optimum recorded for P. rifientensis isolated from hot springs (Romano et 

al., 2003). The strain was isolated from an environment at about 45 °C with the surrounding 

water up to 82 °C, this strain was isolated from an environment with a temperature at the 

upper limits of its tolerance (no growth observed in this study at 45 °C).  

 

The lower pH limit for members the genus Planococcus so far is around pH 5, and up to a 

maximum pH of 12. The strain Planococcus sp. LMLD02 could not be tested below a pH of 

6
37 

˚
C
 in this study due to experimental constraints of suitable pH buffer. The upper limit of pH 

12 is higher than recorded for this strain with the closest similar upper pH limit of 10.5 

recorded for P. rifietensis (Romano et al., 2003). The ability of Planococcus sp. LMLD02 to 

grow over a broad pH range means the strain has the advantage of potentially being able to 

occupy both alkaline and neutral environments and can withstand fluctuations and changes in 

its environment.  

 

The optimum pH range of the members of the genus is generally between 6 and 8, a range 

which is lower than that recorded for Planococcus sp. LMLD02. Planococcus sp. LMLD02 

also appears to alter the medium pH to between 8
37 ˚C

 and 9
37 ˚C

 during incubation, either by 

increasing or decreasing pH. Once again this provides an example of an organism which 

could occupy a micro-environmental niche within what may be considered an unfavourable 

environment given the organism’s growth range.  

 

Planococcus sp. LMLD02 could also be described as a halotolerant or slight halophilic, 

facultative alkaliphilic mesophile, given the growth characteristics defined in this study. 

 

4.8.6. Response of Caldalkalibacillus sp. LMLD03 to NaCl concentration, temperature 

and pH 

Caldalkalibacillus sp. LMLD03 was capable of growing in a range of 0.035% to 13% 

NaCl, a higher upper limit than that recorded for other members of the genus (0% to 6% NaCl 

(Xue et al., 2006: Zhao et al., 2008)), isolated from less saline environments. The optimum 

salinity recorded for other species of the genus was 1.5% NaCl compared to a range of 

around 1%-8% for the strain studied here. This difference in growth range between the 

isolates reflects the adaptation of this strain to grow in the presence of both low and high 

NaCl concentrations present in the isolation enviornment of Caldalkibacillus sp. LMLD03, 

compared to the NaCl levels in the isolation environments of C. thermarum.  
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The temperature growth range for Caldalkalibacillus sp. LMLD03 was somewhere between 37 

°C and 60 °C differing to the temperature range for other members of the genus, of 42 °C to 

65 °C (Xue et al., 2006: Zhao et al., 2008).  

 

The variation of temperature appears to have a significant effect on the growth of 

Caldalkalibacillus sp. LMLD03, with the uneven growth and development of particulate matter 

and spores at higher and lower temperatures. This would indicate that this organism has a 

relatively limited temperature growth range and the application of temperatures beyond 45 ˚C  

could initiate spore formation. These spores would then require the presence of more 

favourable conditions to return to a vegetative state. The optimal growth temperature for 

Caldalkalibacillus sp. LMLD03 most likely occurs between 45 °C and 50 °C, lower than the 

type strain optima, although uneven growth made this difficult to determine.  

 

The growth limit for Caldalkalibacillus sp. LMLD03 between pH 7.5
45 

˚
C
 and 10.3

45 
˚
C
 was 

greater than recorded for the other members of genus Caldalkalibacillus of between pH 6.4 – 

10 (Xue et al., 2006: Zhao et al., 2008). Again this may indicate an adaptation of this strain to 

a highly alkaline environment in contrast to the isolation environment of other species of 

Caldalkalibacillus. The optimal pH for Caldalkalibacillus sp. LMLD03 appeared to be between 

at least pH 9
45 

˚
C
 and pH 10

45 
˚
C, 

cultures with at a pH either side of these values produced 

such uneven growth indicating that a pH >10
45 

˚
C
 or at 7.5

45 
˚
C
 was detrimental to the growth 

and may induce the production of spores, this may suggest that this an alkaliphilic strain, 

requiring a high pH. Caldalkalibacillus sp. LMLD03 also altered the medium pH when starting 

pH was >9.6
45 

˚
C
 to pH ~9

45 
˚
C
. This would indicate a preferred pH of between 9 - 9.6

45 
˚
C
, in 

line with the environmental pH of 9 from which it was sampled.  

 

Considering the similar growth range of Caldalkalibacillus to the type strains of the genus and 

the growth data recorded in this study, Caldalkalibacillus sp. LMLD03 could be defined as a 

halotolerant, moderately halophilic, facultative alkaliphilic moderate thermophile. 

4.8.7.  Response of novel bacterial isolates to environmental pH 

The identification of the alteration of medium pH by the organisms was very 

interesting and shows that the organism may have been capable of creating a more suitable 

pH when that present was unfavourable. Many alkaliphilic organisms can occupy 

environments of a neutral to slightly acidic pH (Arora, 1998: Seckbach, 1999: Yumoto et al., 

2010) and change the surrounding pH, through alkalisation or acidification of their local 

environment. This process produces more optimal conditions for those particular organisms 

and extends the range of environmental niches they can occupy. The ability to grow in a 

broad range of conditions is highly beneficial providing these organisms with an advantage 

over those with a more restricted growth range. Of the isolates studied Idiomarina sp. 

LMLD01 and Planococcus sp. LMLD02 would be interesting strains for further survivability 
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studies for the reasons discussed in section 4.1.1-3. Caldalkalibacillus sp. LMLD03 appears 

to respond negatively to changes in salinity, pH and temperature. However, its tolerance to 

desiccation is still of great interest providing it can be reanimated from the spore form.  

 

In astrobiology understanding the growth ranges of ‘tolerant’ organisms is highly relevant, 

these organisms are equipped to cope with changes environment conditions across a broader 

range of environmental conditions. For example, work on archaeal halophiles shows that they 

can lyse in the presence of low salinities, and so cannot survive even exposure to a salinity 

<1M NaCl. However these novel Lake Magadi isolates, can grow in salinities up to 15%, as 

well as at lower salinities. This would suggest that they would be more suited to surviving the 

sorts of changeable environments we may have existed on Mars. If survival studies on 

temperature/NaCl/pH tolerant strains indicates an ability to survive prolonged exposure to 

stressors such as UV irradiation and desiccation, then the study of the physiology of these 

strains would be of even more important in respect to astrobiology. The tolerance of these 

strains, plus four other novel isolates from Lake Magadi from Chapter 3 will be studied in 

terms of their desiccation and UV tolerance in Chapter 5. 

 

The comparisons of growth characteristics between novel strains and the database type 

strains would suggest that these strains are novel species, requiring further investigation. 

 

4.9. Conclusions  

 The isolates Idiomarina sp. LMLD01, Planococcus sp. LMLD02 and 

Caldalkalibacillus sp. LMDL03 demonstrate differences in their growth characteristics in 

comparison to other species of the closest genus match. This suggests that Planococcus sp. 

LMLD02 maybe a novel isolate of Planococcus in spite of its similar 16S rRNA gene 

sequence to Planococcus maritimus. 

 

The ecological ranges of the genera Idiomarina, Planococcus and Caldalkalibacillus have 

been extended to include soda lake environments, and specifically the hydrothermal system 

associated with Lake Magadi. These isolates generally demonstrate broader and higher 

growth range and optimum in terms of NaCl concentration, pH and/or temperature than 

previously demonstrated by strains of their respective genera.  

 

The novel isolates Idiomarina sp. LMLD01, Planococcus sp. LMLD02 and Caldalkalibacillus 

sp. LMLD03 are capable of altering the pH of their extracellular environment, either by raising 

or lowering the pH, although the mechanisms by which this is achieved is unclear.  

 

Having studied the tolerance of these strains to; temperature, pH and salinity, the tolerance of 

these isolates to other environmental parameters has then been conducted in Chapter 5. 
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When considering the potential for life, past or present, on planets such as Mars, the 

tolerance of life to desiccation and UV-C irradiation are important areas of research.  

 

4.10. Further work 

In addition to the characterisation methods employed in this chapter, an assessment 

of: the DNA–DNA similarity between the novel strains and members of the closest genus 

match through DNA–DNA hybridization, GC content and cellular fatty acid profiles would be 

beneficial. This would provide more details on the genotypic variation between the different 

strains.  

 

The specific pigments present in Planococcus sp. LMLD02 could be extracted and defined. 

Does Planococcus sp. LMLD02 contain the same types of antioxidant pigments as 

Planococcus maritimus or does it contain other pigments which assist with its ability to inhabit 

a soda lake environment. 

 

Further work on the characterisation of Caldalkalibacillus sp. LMLD03 is required in order to 

understand the initiation of spore formation in this isolate and how to reanimation the strain to 

a vegetative state. This capability to form spores could provide the strain with an ability to 

withstand factors such as desiccation.  

 

This work focused upon maintaining two environmental factors (pH and temperature) whilst 

varying another (salinity), however it has not examined the interaction between these factors. 

For example, does pH tolerance increase as salinity and or temperature decreases. It is 

necessary to understand the interaction between different environmental conditions and how 

these affect the growth range of an organism.   
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Chapter 5 

Tolerance of isolates from Lake Magadi to desiccation and 

UV-C irradiation 

 

This chapter focuses on the response of seven novel strains isolated in Chapter 3, to 

desiccation and UV-C (245nm wavelength) irradiation. Lake Magadi experiences periods of 

desiccation and high light intensities due its equatorial location and therefore may yield 

organisms with adaptations which provide them with desiccation and UV-C 

tolerance/resistance. Studies on the desiccation and UV-C resistance in bacteria and archaea 

have been conducted by other researchers on thermophiles and hyperthermophiles (Gérard 

et al., 2001: Beblo et al., 2009: Beblo et al., 2011), methanogens (Fetzer et al., 1993: 

Kendrick and Kral, 2006: Morozova and Wagner, 2007: Morozova et al., 2007), isolates from 

Antarctica (Dartnell et al., 2010) and halophiles (Mancinelli et al., 2004: Kottemann et al., 

2005a: Baxter et al., 2007a), however, the response of alkalitolerant or alkaliphilic strains 

appears to have been overlooked.  

 

5.1. Conditions on Mars 

Organisms on present day Mars nearer the subsurface would encounter an 

environment which is desiccating, with high UVC flux and high levels of Ionizing radiation (IR). 

Desiccation resistance is an important factor to study in relation to the habitability of Mars for 

two reasons, firstly, the surface of Mars at present, and during its history has experienced 

desiccation, possibly including desiccation in association with hyper saline environments 

(Mancinelli, 2005b). The second factor is the correlation between IR and desiccation due their 

relationship to oxidative stress (Mattimore, 1996: Makarova et al., 2001: Fredrickson, 2008). 

The response of isolates to IR could not be assessed in this chapter, but inferences regarding 

an organism’s potential resistance can be made, identifying isolates which may be of 

particular interest for future IR resistance studies. Although UV-C radiation is not as 

significant a detrimental factor as IR, it is still a noteworthy issue causing extensive cellular 

damage. UVC flux is up to three times higher on Mars than on Earth (Schuerger et al., 2006) 

and should be considered when addressing the potential for life on Mars (Patel et al., 2002), 

although its direct effects are mostly limited to the upper surface of the planet (Osman et al., 

2008).  

 

5.2. Effects of desiccation and UVC radiation 

Exposure to desiccation and radiation  induces double strand breaks (DSB) in the 

DNA helix, however, as discussed in Chapter 1, section 1.5.3.3-4, the ability of an organism 

to survive desiccation or irradiation is not simply a factor of the amount of damage to its 

genome (Daly et al., 2007). The subsequent survival of the organism is dependent upon its 
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ability to repair the damaged DNA, through the presence of functional repair proteins (Daly et 

al., 2007).  

It has been proposed that ionising radiation resistance could be a secondary effect of 

resistance mechanisms to other forms of oxidative stress such as desiccation and UV 

radiation (Mattimore, 1996; Fredrickson, 2008). Evidence supporting the concept of a 

relationship between desiccation and radiation resistance includes the isolation of more 

radiation resistant organisms from arid soils compared to non-arid soils (Fredrickson, 2008; 

Slade, 2011), plus the observations that desiccation sensitivity also occurs in IR-sensitive D. 

radiodurans mutants (Mattimore, 1996). This is a simplistic idea however, and resistance is 

clearly a complex phenomenon. The repeated exposure of E. coli to IR can develop a 

radiation resistance, but it remains sensitive to desiccation, it also true that not all desiccation 

resistant organisms are also resistant to radiation (Slade, 2011). 

 

The survival of bacteria and archaea on the surface of Mars would rely, in part, to their 

resistance to desiccation and UV-C radiation. Mars chamber studies provide details of the 

effects of a combination of factors, such as desiccation, UV-C irradiation and temperature, but 

the specific relationship between a particular environmental stress and the subsequent 

response cannot be easily untangled. Culture-based studies on single isolates which allow 

the assessment of the effects of stressful conditions separately (desiccation, then UV-C 

radiation), which can lead onto combined studies in Mars Chambers (Chapter 6) is an 

important part of increasing the understanding of the potential habitability of Mars. 

 

5.3. Aims of this chapter  

 

1. To test desiccation resistance of 7 Lake Magadi isolates over a short period (3 days) and 

over an extended period of up to 28 days 

2. To test the UV-C resistance of 7 Lake Magadi isolates 

3. To identify any correlation between UV-C and desiccation resistance in 

alkalitolerant/alkaliphilic, halotolerant/halophilic strains from Lake Magadi 

4. To test if any of the novel isolates from Lake Magadi make suitable model organisms for 

studying the potential for identifying alkali/halophilic organisms on Mars. 

 

5.4. Methodology 

 

5.4.1. Growth media 

Due to the different growth requirements of the control strains and the novel isolates 

different growth media have been used, each suitable for that particular strain. Tryptone 

Glucose Yeast (TGY) medium was chosen for the culturing and maintenance of D. 

radiodurans (Battista, 1997), Nutrient broth 2 (NB2) medium was used to culture E. coli and 

the AP+ growth medium designed in Chapter 3 (section 3.4.2) was used for the novel 
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isolates. In addition, an AP+ 20% medium which has not been described before but utilises 

the same basic medium with the addition of 3.4M NaCl.  

 

5.4.2. Lake Magadi isolates and control strains 

Seven isolates (isolated in Chapter 3), five bacteria: Idiomarina sp. LMLD01, 

Planococcus sp. LMLD02, Caldalkalibacillus sp. LMLD03 (characterised and described in 

Chapter 4), Bacillus sp. LMLD04 and Salinicoccus sp. LMLD05, and two archaea: 

Natronococcus sp. LMLD06 and Natrialba sp. LMLD07 (Isolated in Chapter 3) were grown 

over varying periods of time and in different culture media (Table 5.1).  

 

 

All strains were maintained and starter cultures inoculated from plates incubated at 37 °C, 

except D. radiodurans, a desiccation, UV-C resistant control strain for which agar plates are 

Table 5.1. Growth medium and incubation time for 10 isolates for desiccation and UV-C 

tolerance studies. Isolates marked with * denotes archaea. † denotes control strains. 

Isolate 

G
ro

w
th

 

m
e

d
iu

m
 

Incubation 

time for 

starter 

culture 

Closest database strain 

match 

%
 m

a
tc

h
 

Idiomarina sp.LMLD01 AP LS Over night 
Idiomarina seosinensis 

strain CL-SP19. 

NR_025826.1 

93 

Planococcus sp. LMLD02 
AP- 

6.8% 
Over night 

Planococcus maritimus 

strain SS-06 

(EU624446.1) 

98 

Caldalkalibacillus sp. LMLD03 
AP- 

6.8% 
Over night 

Caldalkalibacillus 

uzonensis NR_043653.1 
93 

Salinococcus sp.LMLD04 AP LS Over night 
Salinicoccus alkaliphilus 

X2B. GU397409.2 
99 

Bacillus sp.LMLD05 
AP- 

6.8% 
Over night 

Bacillus aurantiacus K1-10 

AJ605772.2 
97 

Natronococcus sp. LMLD06* 
AP-

15% 
7 days 

Natronococcus occultus 

JCM 8859. NR_028255.1 
99 

Natrialba sp.LMLD07* 
AP- 

15% 
6 days 

Natrialba wudunaoensis 

strain Sua-E42 

EU672838.1 

99 

Escherichia  coli DH1 (Rec-)† NB2 Over night N/A 

N
/A

 

Escherichia  coli W3110 (Rec+)† NB2 Over night N/A 

N
/A

 

Deinococcus radiodurans† TGY 5 days N/A 

N
/A
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incubated at 30 °C. All isolate starter cultures were grown at 200 rpm and 37 °C, except 

Caldalkalibacillus sp.LMLD03 which was incubated at 45 °C and D. radiodurans which was 

incubated at 30 °C. Caldalkalibacillus sp.LMLD03 grew optimally at 45 °C and D. radiodurans 

grows optimally at 30 °C. Three control strains were used for comparison: two strains of E. 

coli, E. coli W3110 (Rec+) and E. coli DH1 (Rec-), and D. radiodurans as a radiation and 

desiccation tolerant strain. The E. coli strains differ by the presence (Rec+) or absence (Rec-) 

of the RecA gene and therefore provide interesting comparisons to the novel strains (refer to 

Chapter 1, section 1.6.3.4). D. radiodurans was included due to its known radiation and 

desiccation tolerance as discussed above and in Chapter 1, section 1.6.3.3. 

 

5.4.3. Growth curve for novel isolates 

The stationary phase of growth was ascertained for Salinicoccus sp. LMLD04, 

Bacillus sp. LMLD05, Natronococcus sp. LMLD06 and Natrialba sp. LMLD07 as these novel 

strains were not studied in Chapter 4. The protocol undertaken in this chapter was similar to 

that used in Chapter 4. Starter cultures were incubated in the media and for the length of time 

outlined in Table 5.1. These cultures were used to inoculate 50ml of the appropriate broth. 

The flasks were double foiled to reduce evaporation when incubated for long periods of time. 

An OD reading was taken every 2 hours over a 24 hour period, as described in Chapter 4 or 

every 6 to 24 hours if the growth study was conducted for longer than 24 hours. The OD 

reading was then plotted against time in Microsoft Excel, as in Chapter 4 in order to ascertain 

when the strain entered the stationary phase of growth. 

 

5.4.4. Buffers  

Phosphate buffered saline (PBS) which contained 1M KH2PO4, 1M K2HPO4 and 5M 

NaCl or 15% Halo Buffer which contained 0.1M Na2CO3, 0.1M NaHCO3 and 2.6M NaCl were 

used to resuspend the  cells. 

 

5.4.5. Desiccation experiment setup 

Starter cultures were incubated to the stationary phase of growth (Chen, 1973: 

Fredrickson, 2008: Chaibenjawong, 2011). Triplicates for each strain were spun down at 

11000 rpm at 4 °C for 10 minutes. The supernatant was removed and the cells resuspended 

in 10 ml of PBS for all cultures, except Natronococcus sp. LMLD06 and Natrialba sp. LMLD07 

which were resuspended in15%Halo buffer; a buffer suitable for haloalkaliphilic archaea 

which has a pH of 10 and a salinity of 15% (w/v) NaCl. 

 

100 μl of the cell suspension was pipetted onto a 4 cm diameter tissue culture dish and 

shaken to disperse the cell suspension on the surface of the dish. The tissue culture dishes 

were then placed into sterile Nalgene containers, with 68g of CaCl2 desiccant (Dartnell et al., 

2010). The Nalgene container lid was tightly closed to prevent atmosphere interaction (Figure 

5.1.). Data for seven time points was collected; 24 hours, 48 h, 72 h, 168 h (7 days), 336 h 
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(14 days), 504 h (21 days) and 672 h (28 days), three tissue culture dishes were removed for 

analysis. 

At each data point 1 ml of appropriate buffer (PBS or 15%Halo buffer) was added to the 

culture dishes which were tilted on an adjustable tilt rocking platform for 10 minutes, at 10 tilts 

per minute. 1 ml of buffer was used for cell resuspension to ensure the cells which were 

desiccated to the culture dish surface, were fully resuspended. This procedure was the 

equivalent of diluting the original cell density by 10, therefore this was the lowest dilution which 

could be examined in this experiment. A dilution series was then produced for each triplicate 

to ascertain the proportion of cell survival at each time point for each strain. 

Controls for contamination were run in parallel in each Nalgene container, testing for 

contaminants on the 3rd, 14th and 28th day. These controls were tissue culture dishes with 

100 μl of sterile buffer (PBS or 15% Halo buffer). The controls were treated in exactly the 

same way as the samples, and plated onto the same type of growth medium as the strain 

being studied. 

 

 

Figure 5.1. Equipment used for desiccation and UV experiments. A. Tissue culture dish and 

paper clip ‘flea’, used to agitate sample in UV experiments, with Eppendorf tube for scale. B. 

Nalgene container containing CaCl2 desiccant and the tissue culture dishes.  

 

5.4.6. UV-C experiment setup 

The cultures were prepared as in paragraph 1, section 4.3.4.1. 1200 μl of the 

resuspended cells were added to tissue culture dish. A cell density of at most 10
6
 cells per ml 

was achieved by diluting the cell suspension with either PBS or 15% Halo Buffer. An 

autoclaved paperclip was used as a flea (Figure 5.1). The culture dish was placed in the 

centre of a magnetic stirrer to ensure the cells were dispersed within the sample.  

 

The UV-C flux from the UV-C germicidal lamp (254nm) used was such that every minute of 

lamp exposure equated to 6.8 seconds of Mars surface flux (Patel pers. comm.). A sample 

was taken at the time points: 5 seconds, 10 seconds, 15 seconds, 30 seconds and 55 

seconds irradiation, the radiation dose and Mars surface flux that these exposure times 
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equate to are outlined in Table 5.2. The samples and lamp were contained within a blackout 

card to eliminate visible light. 

 

Table 5.2. Sample irradiation time, resulting UV-C dose and equivalent Mars UV-C flux.  

Time (seconds) Irradiation dose (Jm
-2

) 
Mars surface flux 

(seconds) 

5 10 0.7 

10 20 1.4 

15 30 2.2 

30 60 4.3 

55 110 7.9 

 

The sample was first irradiated for 5 seconds, the lamp was turned off and a sample 

removed. The lamp was then turned on again for a further 5 seconds, therefore totalling 10 

seconds exposure, and another sample was removed. The lamp was turned on for a further 5 

seconds, totalling 15 seconds exposure and a sample removed. Following this, the lamp was 

turned on for 15 seconds, equating to 30 seconds total exposure and finally 25 seconds, 

totalling 55 seconds total exposure. 100 μl of the sample was removed at each point and 

placed in an Eppendorf tube, and covered with foil to exclude the light for exactly hour to 

ensure sample continuity.  

 

In order to ensure that only dark repair of any UV-C-induced dimers would occur, all light was 

excluded from the samples during the 1 hour cell recovery which was incubated at room 

temperature (~25 ºC). Photoreactivation of cells is related to the amount of visible light 

exposure (Maloy, 1994), there was no quantifiable light source available to ensure a unified 

light intensity across all samples. As a result, all samples were maintained in dark. A dilution 

series was then made at each time point, for each sample triplicate. 50 μl of the dilution was 

plated onto the appropriate agar (See table 5.1), the plates were then wrapped in foil and 

incubated at 37 °C or 30 °C.  

 

5.4.7. Calculating cell survival fraction 

Using Microsoft Excel the numbers of cells per ml were calculated for a blank control 

of untreated cell suspension. The numbers of cells per ml were then calculated after each 

treatment (either desiccation or UV-C) and divided by the blank control number of cells per 

ml, producing a survival fraction for the viable cells.  

 

5.4.8. Calculating cell death gradient 

The Survival fraction for each strain at each time point was plotted on a logarithmic 

scale in Microsoft Excel. For the desiccation study a trend line was fitted to the first four data 

points (days 0-3). An exponential trend line was fitted to all the data points for the UV-C study. 

The gradient of cell death, which equated to rate of cell death, was calculated in Microsoft 
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Excel fitting an exponential trend line to the data points. A high and therefore steep gradient 

represents a rapidly decreasing viable cell density. 

 

5.5. Results 

 

5.5.1. Growth curves for novel isolates 

The growth characteristics of Idiomarina sp. LMLD01, Planococcus sp. LMLD02 and 

Caldalkalibacillus sp. LMLD03 have been studied in Chapter 4, a growth study was conducted 

for the novel strains not characterised in that Chapter. Both Salinicoccus sp.LMLD04 and 

Bacillus sp. LMLD05 reached the stationary phase by 12 hours (Figures 5.2.A.B.). The 

archaea strains took longer to reach the stationary phase, with Natrialba sp.LMLD07 reaching 

stationary phase by 37 hours, followed by Natronococcus sp.LMLD06, taking 73 hours 

(Figures 5.2.C.D). 

 

 Figure 5.2. Growth curves for Salinicoccus sp. LMLD04, Bacillus sp. LMLD05, 

Natronococcus sp. LMLD06 and Natrialba sp. LMLD07. Error bars are 1x standard error. 

 

5.5.2. Desiccation resistance of isolates 

 

5.5.2.1. Effect of desiccation on the survival of control strains: E. coli DH1, E. coli 

W3110 and D. radiodurans 

The survival fractions after desiccation were recorded and are plotted in figure 5.3. A 

survival fraction gradient of -2.53 was recorded over the first 3 days desiccation for E. coli 

DH1. A survival fraction gradient of -2.15 was recorded for E. coli W3110, however, the rates 

between the two E. coli strains were not statistically different from one another p=0.627 (using 

ANOVA statistical test and Tukey post hoc analysis, p<0.05 was considered as significant- 
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See chapter 2). D. radiodurans demonstrates a gradual decline in survival fraction with a 

gradient of -0.74 and a final cell count of 2.12x10
2
. The gradients for both E. coli strains were 

statistically steeper the gradient of D. radiodurans, p>2.5x10
5
. The final viable cell counts for 

each E. coli DH1 and W3110 were 1.15x10
4
 and 2.14x10

4 
respectively, which were not 

significantly different from one another, nor were either significantly different from            D. 

radiodurans p>0.991. 

 

Figure 5.3. Survival fraction of three control isolates: E. coli DH1 (Rec-), E. coli W3110 (Rec+) 

and D. radiodurans Error bars are 1x standard error.  
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5.5.2.2. Idiomarina sp. LMLD01 

Idiomarina sp.LMLD01 demonstrated that desiccation for two days had a statistically 

significant effect upon survival. The largest decrease in viable cells occurred after 1 day of 

incubation, with a decline in the survival fraction to 4.21x10
4
 (0.04%). Figure 5.4 shows that 

this decrease was quite sharp, with a gradient of -3.17. This drop was not a significantly 

steeper decrease in survival compared to E. coli DH1, p=0.081, but was a statistically steeper 

gradient than recorded for E. coli W3110 and D. radiodurans, p<0.002. After 3 days the rate 

levelled off, with a gradient of -0.279. The starting cell density of 3.23x10
7 

cells per ml 

dropped to 1.55x10
3
cells per ml after 28 days desiccation. The viable cell count after 28 days 

for Idiomarina sp. LMLD01 was not statistically different to that recorded for either of the       

E. coli strains, or the D. radiodurans strain, p=0.121. 

 

Figure 5.4. Survival fraction of Idiomarina sp.LMLD01 over 28 days compared to E. coli DH1, 

E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.2.3. Planococcus sp. LMLD02 

Planococcus sp.LMLD02 had a starting cell density of 6.29x10
8 

cells per ml. The 

survival curve of this strain demonstrated a decrease in viable cells count over the first three 

days desiccation (Figure 5.5), with a gradient of -0.62. The rate cell death was significantly 

lower than for either of the E. coli strains, p=1.5x10
5
. The rate of cell death for Planococcus 

sp. LMLD02 was not significantly different to the survival fraction gradient recorded for D. 

radiodurans p=0.975. There was a decline in the number of viable cells after 2 days 

desiccation to a fraction of 8.53x10
1
. However there was no statistically significant difference 

in the viable cell numbers after 2 days desiccation, compared to the initial cell count of the 

sample. A further decline in the viable cell count, to a survival fraction of 1.36x10
1
, occurred 

after 3 days incubation. The rate of cell death decreased between 3 and 28 days, with a 

gradient of -0.011. Planococcus sp. LMLD02 had a viable cell count of 16.78x10
7
per ml, after 

28 days desiccation, which was significantly greater than the cell count after 28 days for any 

of the control strains. 

 

Figure 5.5. Survival fraction of Planococcus sp.LMLD02 over 28 days compared to E. coli 

DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.2.4. Caldalkalibacillus sp. LMLD03 

The overnight cultures for Caldalkalibacillus sp.LMLD03 achieved a cell density of 

4.37x10
5 

cells per ml. The results of the desiccation study showed that no colonies formed 

even after 1 day’s incubation. This may be due to: either, that the isolate did not survive the 

desiccation treatment; or, that the isolate formed spores. Chapter 3 showed that 

Caldalkalibacillus sp. LMLD03 is a spore former, and that spore formation could be initiated 

by factors such as changes in: pH; salinity and temperature.  

 

In order to ascertain if this strain was forming spores efforts were made to reanimate any 

spores which might be present in the sample. This was attempted using three different 

methods, firstly by heat shocking the cells in PBS, at 70 °C for 30 minutes, secondly by heat 

shocking the cells in PBS at 95 °C for 10 minutes (Curran and Evans, 1945). Finally an 

aliquot of the desiccated cells were incubated at 37 °C with 10mM Alanine (Hudson, 2001). 

None of the treatments tested yielded any colonies; this may indicate that the required 

conditions for the spore reanimation for Caldalkalibacillus sp.LMLD03were not identified or 

that no cells survived. For this reason, this isolate was removed from any subsequent 

experiments and no data could be gained for the desiccation resistance or UV-C tolerance of 

this strain. 
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5.5.2.5. Salinicoccus sp. LMLD04 

Results showed that there was no significant drop in Salinicoccus sp. LMLD04 cell 

number following 1 days desiccation, p<0.005 (Figure 5.6). The rate of cell death measured 

for the first three days desiccation was -0.74, which was not significantly different to that 

recorded for D. radiodurans, p=0.999, but was significantly shallower than both E. coli strains, 

p=4.7x10
5
. As with both E. coli strains and D. radiodurans, the rate of cell death levels off 

between 3 days and 28 days, with a gradient of -0.021.After 28 days the strain maintained a 

viable cell density of 3.74x10
7
compared to the starting cell count. The cell count after 28 days 

was not significantly different to the final cell count recorded for either E. coli strains or          

D. radiodurans.   

 

Figure 5.6. Survival fraction of Salinicoccus sp.LMLD04 over 28 days compared to E. coli 

DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.2.6. Bacillus sp.LMLD05 

The starting cell density for this strain was around 1.85x10
8
 cells per ml. Bacillus 

sp.LMLD05 demonstrated no significant drop in viable cell numbers after 1 day, p=0.112. 

However, there was a significant drop, by two orders of magnitude in the survival fraction 

between 1 and 2 days (Figure 5.7) from 7.29x10
1 

to 2.67x10
3
. After 2 days, the survival 

fraction remained fairly constant, with a lower rate of cell death compared between 2 and 3 

days, and the final viable cell density after 28 days was 2.01x10
5
cells. This final cell density 

was not significantly different from either E. coli strains, or to D. radiodurans. The rate of cell 

death of -1.6 for Bacillus sp. LMLD05was significantly shallower than E. coli DH1, p=0.05 but 

significantly steeper than recorded for D. radiodurans, p=0.025. The rate of cell death for 

Bacillus sp. LMLD05 was not significantly different to that recorded for E. coli W3110 p=0.213.  

 

Figure 5.7. Survival fraction of Bacillussp.LMLD02 over 28 days compared to E. coli DH1, E. 

coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.2.7. Natronococcus sp. LMLD06 

The starting cell density for Natronococcus sp. LMLD06 was 2.4x10
6 

cells per ml, 

which significantly decreased to 4.4x10
5 

cells per ml after 1 day p=1.5x10
9
. There was 

however no significant difference between the survival fraction after 1 days desiccation, when 

compared to the cell count for any subsequent time point, p≥0.620.The rate of cell death for 

this isolate of -0.83, was significantly shallower than the gradient for either E. coli strains, 

p=1x10
4
, but not significantly different from D. radiodurans p=0.998. As with the control 

strains, the rate of cell death levelled off after 3 days. The final cell count was 8.17x10
2
, which 

was not significantly different to the final cell count for any of the control strains, p<0.122. 

 

Figure 5.8. Survival fraction of Natronococcus sp.LMLD02 over 28 days compared to E. coli 

DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.2.8. Natrialba sp.LMLD07 

This strain starts with a cell density of 4.6x10
6
. The drop in survival fraction after 1 

days desiccation to 1.21x10
0 

(Figure 5.9) was not significantly different from the survival 

fraction of 1x10
0
at time 0, p=0.235. After 2 days desiccation, a significant drop in the survival 

fraction occurred, down to 1.69x10
1
p=1.989x10

8
. There was then no significant difference in 

the survival fraction between 2 days and 28 days incubation.  

 

The rate of cell death was calculated as -0.83, which was significantly shallower than that 

calculated for E. coli DH1 and E. coli W3110, p≤1x10
4
, but was not significantly different to 

that recorded for D. radiodurans, p<0.988.No data points could be obtained for time points, 

day 7 or 14. An error with dilution series produces uneven results. The final cell count of 

4.61x10
4 
was not significantly different between E. coli strains, or D. radiodurans p≥0.051.  

 

Figure 5.9. Survival fraction of Natrialba sp. (LMLD07) over 28 days compared to E. coli DH1, 

E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 

 

5.5.2.9. Comparison of the desiccation resistance of isolates 

Plotting the survival fraction after 28 days against the survival gradient, or rate of cell 

death, for the first 3 days of desiccation showed, a trend of a lower survival fraction after 28 

days, in association with a steep rate of cell death over the first 3 days (Figure 5.10).  

 

Idiomarina sp. LMLD01 plotted with the steepest slope gradient, which was significantly 

steeper than any novel strain tested here, p<9.6x10
6
. It also had the lowest proportion of 

viable cells after 28 days, but this was not found to be significantly lower, except when 

compared to Planococcus sp. LMLD02. The rate of cell death recorded for Bacillus sp. 

LMLD05 was lower than for Idiomarina sp. LMLD01, therefore implying a greater resistance to 
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the process of desiccation than these two strains, p<9.6x10
6
, but it was steeper than any 

other novel strain tested, p≤0.025. 

 

Planococcus sp. LMLD02 had the highest survival fraction after 28 days and the shallowest 

survival gradient, both of which were significantly different to all strains tested, p≤0.012, 

except Salinicoccus sp. LMLD04, Natronococcus sp. LMLD06 and D. radiodurans, where 

p≥0.051. The rate of cell death was not significantly different when comparing the gradient 

between different between these four strains, p=0.975, and these all have significantly lower 

rate of cell death compared to the other strains tested, p≤0.004.  

 

 

Figure 5.10.The survival gradient over first 3 days desiccation for the novel isolates and 

control strains against Survival fraction after 28 days. Error bars are 1x standard error. 

Diagonal line is line of best fit. 

 

When comparing the rate of cell death between the pigmented (Planococcus sp. LMLD02, 

Salinicoccus sp. LMLD04, Natronococcus sp. LMLD06, Natrialba sp. LMLD07 and                 

D. radiodurans) and non-pigmented strains (Idiomarina sp. LMLD01, Bacillus sp. LMLD05,    

E. coli DH1 and E. coli W3110) in this study, there was a significant difference, p=0.0045.  

 

5.5.3. The effect of UV-C irradiation on the viability of the novel Lake Magadi isolates 

 

5.5.3.1. The effect of UV-C irradiation on the viability of the control strains E. coli DH1, 

E. coli W3110 and D. radiodurans 

E. coli DH1 was the least tolerant of the three control strains tested, and was unable 

to survive a dose higher than 10 Jm-
2
, no colonies formed after a dose of 20 Jm

-2 
(Figure 

5.11). This was followed by E. coli W3110 which survived a dose of at least 30 Jm
-2

 but not of 

60 Jm
-2

. There was a shallow rate of cell death up to 20 Jm
-2

, followed by a steeper rate of 
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cell death between 20 and 30 Jm
-2

for E. coli W3110. Finally, cells of D. radiodurans remained 

viable even after sample was exposed to the highest UV-C dose tested (110 Jm
-2

), with a 

survival fraction of 4.4x10
2
. The survival gradient for the E. coli DH1 was -1.06 which was 

significantly steeper than the survival gradient recorded for E. coli W3110 of -0.25 p=1.5x10
8
. 

The survival gradient for D. radiodurans was calculated as -0.12, which was significantly 

shallower than the survival gradients recorded for E. coli DHI p=1.9x10
9
, but not significantly 

different to E. coli W3110 p=0.561.  

 

 

Figure 5.11.Survival fraction of E. coli DH1, E. coli W3110 and D. radiodurans up to 110 Jm
-2

. 

Error bars are 1x standard error. 
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5.5.3.2. Idiomarina sp. LMLD01 

Idiomarina sp. LMLD01 was able to tolerate a UV-C dose up to 20 Jm
-2 

but not a dose 

of 30 Jm
-2

, for which no colonies formed, indicating it was more tolerant to UV-C irradiation 

than E. coli DH1, but less tolerant than either E. coli W3110 or D. radiodurans (Figure 5.12). 

The rate of cell death calculated for Idiomarina sp. LMLD01 was -0.59, which was significantly 

shallower than that recorded for E. coli DH1,p=1.7x10
5
, but significantly steeper than 

recorded both E. coli W3110 and D. radiodurans, p<0.002. 

 

Figure 5.12. Survival fraction of Idiomarina sp.LMLD01 up to 110 Jm
-2

 compared to E. coli 

DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.3.3. Planococcus sp. LMLD02 

This strain was capable of surviving a dose of UV-C irradiation up to 30 Jm
-2

 but not a 

dose of 60 Jm
-2

, no colonies formed on plates inoculated with 60 Jm
-2

 dose sample (Figure 

5.13). The survival curve for Planococcus sp. LMLD02 largely followed the same trajectory as 

the survival curve for D. radiodurans until 30 Jm
-2

, at which point the curves diverge. The 

survival gradient for this strain was calculated as -0.18, which was significantly shallower than 

that for E. coli DH1, p=1.7x10
9
 but not significantly different to the survival gradients for E. coli 

W3110 or D. radiodurans p>0.749.   

 

Figure 5.13. Survival fraction of Planococcus sp.LMLD02 up to 110 Jm
-2

 compared to E. coli 

DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.3.4. Salinicoccus sp. LMLD04 

This strain differed to those tested before it by its ability to survive up to a UV-C dose 

of at least 110 Jm
-2

, with a survival fraction of 3.93x10
3 

(Figure 5.14). The rate of cell death 

was calculated as -0.14, which was significantly shallower than recorded for E. coli strain 

DH1, p=1.6x10
9
, but not significantly different from the survival gradient for D. radiodurans or 

E. coli W3110, p≥0.436.  

 

Figure 5.14. Survival fraction of Salinicoccus sp.LMLD04 up to 110 Jm
-2

 compared to E. coli 

DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.3.5. Bacillus sp. LMLD05 

Bacillus sp. LMLD05 was able to tolerate UV-C doses of up to 30 Jm
-2

 but not a dose 

of 60 Jm
-2 

(Figure 5.15). The rate of cell death of -0.46 for Bacillus sp. LMLD05 was not 

significantly different to that recorded for E. coli W3110, p=0.105. However, it was significantly 

different to a gradient of -1.06 for E. coli DH1 and -0.12 for D. radiodurans p≥0.003.  

 

Figure 5.15. Survival fraction of Bacillus sp.LMLD05 up to 110 Jm
-2

 compared to E. coli DH1, 

E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 
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5.5.3.6. Natronococcus sp. LMLD06 

This strain had a starting cell density of 3.57x10
4
and could withstand a UV-C dose of 

up to at least 110 Jm
-2

, in line with both Salinicoccus sp. LMLD04 and D. radiodurans. Figure 

5.16 shows a higher survival fraction after a dose of 110 Jm
-2

 (5.94x10
2 

cells per ml) for 

Natronococcus sp. LMLD06, than the survival fraction recorded for D. radiodurans of 

1.89x10
4
at 110 Jm

-2
. The rate of cell death of -0.02 for this strain was significantly shallower 

than that recorded for either E. coli strains, p≤0.014, but not significantly different to the 

survival gradient for D. radiodurans, p=0.413.  

 

Figure 5.16. Survival fraction of Natronococcus sp.LMLD06 up to 110 Jm
-2

 compared to E. 

coli DH1, E. coli W3110 and D. radiodurans. Error bars are 1x standard error. 

 

5.5.3.7. Natrialba sp. LMLD07 

Colonies did form on all UV-C doses for this isolate, however problems with the 

plating of this strain after irradiation and highly uneven colony counts meant meaningful data 

could not be obtained.  

 

5.5.3.8. Comparison of the UV-C tolerance 

The rate of cell death for Idiomarina sp. LMLD01 was significantly steeper than the 

gradient calculated for any other novel strain p≤0.037.The survival curve for Bacillus sp. 

LMLD05 was significantly steeper than for any of the other novel strains tested (p≤0.037) 

except E. coli W3110, p=0.211. 

 

The survival gradient calculated for Planococcus sp. LMLD02 was not significantly different to 

the survival gradients for D. radiodurans, Salinicoccus sp. LMLD04, Natronococcus sp. 

LMLD06, nor E. coli W3110, p≥0.126. In turn, E. coli W3110, D. radiodurans and Salinicoccus 

sp. LMLD04 are not significantly different from one another p>0.126.The survival gradient 
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calculated for Salinicoccus sp. LMLD04 and D. radiodurans were not significantly different 

from the survival gradient E. coli W3110, p>0.436, however, these strains were able to 

survive a UV-C dose up to 110 Jm
-2

 which E. coli W3110 was not able to do. 

 

5.5.4. Desiccation resistance gradient against UV-C tolerance gradient for control 

strains and novel Lake Magadi isolates  

The isolates Caldalkalibacillus sp. LMLD03 and Natrialba sp. LMLD07 (Refer to 

sections 5.3.2.4 and 5.3.3.8 of this Chapter respectively) have been excluded from this 

comparison due to insufficient data. Therefore eight strains have been compared in terms of 

their UV-C tolerance and desiccation resistance. The desiccation and UV-C survival gradients 

are shown in table 4.3. 

 

 

Those strains plotting towards the upper right corner (more positive x and y axis values) of the 

graph have a higher desiccation resistance and higher UV-C tolerance (Figure 5.17). Those 

isolates plotting towards the lower left corner (more negative x and y axis values) have a 

lower desiccation resistance and lower UV-C tolerance. There is a strong positive (value >0.7 

(Saha and Paul, 2010)) relationship between shallow desiccation gradient and shallow UV-C 

gradient with a correlation coefficient of 0.76. Planococcus sp. LMLD02, Salinicoccus sp. 

LMLD04, Natronococcus sp. LMLD06 and D. radiodurans cluster together and plotting to the 

right of the graph.  

 

Table 4.3 Survival gradient for desiccation after 3 days, percentage survive after 28 days 

desiccation and survival gradient for UV-C tolerance for each isolate. * denote archaea 

strains. † denote control strains. – denotes absence of data. 

Isolate Colour 

Survival 

gradient for 

desiccation  

% survival 

after 

desiccation 

UV-C  

Survival 

gradient  

Idiomarina sp. (LMLD01)  Cream -3.18 0.00003 -0.59 

Planococcus sp. (LMLD02)  Orange -0.62 11.7 -0.18 

Salinicoccus sp. (LMLD04)  Pink -0.74 8.4 -0.14 

Bacillus sp. (LMLD05) 9-10 Cream -1.60 0.16 -0.39 

Natronococcus sp. (LMLD06)* Pink -0.83 8.2 -0.02 

Natrialba sp. (LMLD07)* Pink -0.83 0.01 - 

Escherichia  coli DH1 (Rec-)† Cream -2.15 0.01 -1.06 

Escherichia  coli W3110 (Rec+)† Cream -2.17 0.02 -0.25 

Deinococcus radiodurans† Pink -0.74 2.2 -0.12 
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Figure 5.17 Desiccation resistance gradient plotted against UV-C tolerance gradient. Bacterial 

strains are blue colours, archaea strains are green and control strains are red. Error bars are 

1x standard error. Diagonal line is the line of best fit. 

 

5.6. Discussion 

The focus of this study has been to assess the tolerance of seven novel strains 

isolated from the soda lake, Lake Magadi, to desiccation and UV-C radiation. The novel 

strains were compared to three control strains, two control strains of E. coli and one control 

strain of D. radiodurans. The desiccation survival data for nine strains was acquired, due to 

the absence of growth for Caldalkalibacillus sp. LMLD03 and for eight strains for UV-C 

tolerance due to the repeated uneven growth of Natrialba sp. LMLD07. The survival gradient 

for each of strain was obtained for the first 3 days of desiccation, and then between 3 and 28 

days desiccation. This was judged necessary due to the apparent two stage rate of cell death 

observed in other studies. The UV-C survival tolerance gradient was produced using all the 

data points available. It was hypothesised that the novel isolates from lake Magadi would be 

more resistant than E. coli, but less resistant than D. radiodurans to desiccation and UV-C 

irradiation.  

 

The resistance to desiccation and tolerance of UV-C (and IR) has been tested for many spore 

forming strains of Bacillus, such as B. subtilis and B. odysseyii. The resistance to these 

conditions has also been studied in strains including D. radiodurans, E. coli, Micrococcus 

luteus, Pseudomonas fluorescens, Staphylococcus aureus, Halobacteria salinarum and 

Streptomyces sp. (Arrage et al., 1993b; Setlow and Setlow, 1996; La Duc et al., 2004; 

Kottemann et al., 2005a; Chaibenjawong, 2011; Kerney and Schuerger, 2011; Dartnell et al., 

2010; Osman et al., 2008). These strains have been isolated from a variety of environments, 

including subsurface soils, at depths of 150-500m, Antarctic Dry Valley soils, spacecraft 

assembly facilities, salt mines and from humans. Dartnell et al. (2010) demonstrated that the 

isolates from exposed, desiccating areas of the Antarctic Dry Valleys, were more resistant to 
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desiccation than the isolates from protected areas. This suggests that those isolates from 

naturally dry and relatively high levels of radiation would yield a variety of organisms which 

can demonstrate high levels of resistance, this would include desiccating, saline 

environments. Survival studies on organisms from saline/alkaline, soda environments are 

limited; the survival of haloarchaeon of the Halobacteria salinarium, isolated from a salt mine, 

showed it was able to survive desiccation, IR and vacuum, which is thought to be in part due 

to adaptation to the environment from which it was isolated (Kottemann et al., 2005b). The 

initial isolation and identification of strains which can survive such conditions it is then 

possible to explore what mechanisms they employ to survive. 

 

5.6.1. Testing the desiccation and UV-C tolerance of novel bacteria and archaea from 

Lake Magadi 

The desiccation survival fraction curves for all isolates demonstrated a reduction in 

the rate of cell death, generally following three days desiccation. This slowing down after an 

initial period of more rapid cell death has been seen in other studies on the effects of 

desiccation on survival, for example, in the response of the Antarctic dry valley isolates 

Streptomyces sp. and Bacillus sp. (Dartnell et al., 2010). A relationship between cell density 

and cell survival in relation to desiccation has been demonstrated with Pseudomonas syringe, 

where increase in inoculum density was shown to have a positive influence on the 

demonstrated resistance to desiccation (Wilson and Lindow, 1994; Monier and Lindow, 2005). 

It is possible, that in this study the density of cells in the sample was such that cell layering 

occurred as the sample desiccated, therefore cells on top provide protection to the cells 

beneath, explaining the slowing down in cell death observed in the survival curve of these 

samples. In order to explore this further the experiment would need to be repeated with 

different cell densities. This would confirm whether a positive correlation exists between cell 

survival and cell density.  

 

The potential that a higher cell density can promote cell protection and enhance survival 

against both desiccation and UV would suggests that the presence of a soil matrix would also 

significantly enhance survival. Therefore, supporting the hypothesis that the subsurface of 

Mars would be the most likely place to look for evidence of life; providing an environment in 

which extant life is protected, or at least where evidence of life is protected from decay. 

 

5.6.2. Rate of cell death during desiccation and UV-C radiation 

Idiomarina sp. LMLD01 was the most sensitive strain tested in terms of desiccation 

and UV-C tolerance. Several strains of Idiomarina extracellular polysaccharides and work by 

Ophir and Gutnick demonstrated the role of extrapolysacchrides in the protection of cells from 

desiccation, with those organisms which form extrapolysacchrides more resistant to 

desiccation (Ophir and Gutnick, 1994). After incubation for several days at 37 °C, Idiomarina 

sp. LMLD01 would form a large muccoidal mass on the solid growth medium (see Chapter 3). 

With this in mind, Idiomarina sp. LMLD01 may have been expected to have survived 
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desiccation better than it did. However, it is possible that the growth period of 24h was not 

sufficient for this strain to produce enough extrapolysacchrides material for protection, by the 

time it was desiccated or irradiated. Further work on the survival of this organism following 

different incubation times is necessary for a more complete understanding its ability to 

produce extracellular polysaccharides (Chapter 3, section 3.1.2) and if there is benefit 

provided to Idiomarina sp. LMLD01 by its presence. 

 

The absence of colonies of Caldalkalibacillus sp. LMLD03, even after 1 day desiccation may 

suggest that this strain maybe highly sensitive to the desiccation conditions imposed. 

Alternatively, it cannot be ruled out that this strain is forming spores as discussed in Chapter 

3, and thereby surviving in this state, a common survival technique employed by Bacilli. The 

failure of the spore reanimation techniques tested to result in colony formation cannot be 

interpreted as evidence of complete cell death in this strain. It may instead indicate that this 

isolate requires different conditions for reanimation than those used in this study, and so 

Caldalkalibacillus sp. LMLD03, could potentially be surviving these stress factors in the form 

of a spore. Further work on the process of reversing spore formation in this strain is required 

for meaningful tolerance data to be obtained. 

 

Bacillus sp. LMLD05 was most closely related to Bacillus aurantiacus, a spore forming strain 

of Bacillus (Section 5.4.2. and Chapter 3) (Borsodi et al., 2008). When considering the spore 

forming behaviour of Caldalkalibacillus sp. LMLD03 (See Chapter 4) and the absence of any 

colony forming units of Caldalkalibacillus sp. LMLD03 after 1 days desiccation, then an 

absence of Bacillus sp. LMLD05 colonies after incubation may have also been expected. 

Instead, there was a decline in the number of colony forming units until 3 days desiccation. It 

is possible that either these conditions are inducing spore formation for this strain, or simply 

these conditions are inducing a decline in the number of viable cells. The resistance to 

extreme conditions demonstrated by species of Bacillus is generally associated with the 

ability of members of this genus to form spores; however, this strain was not shown to 

produce spores. The comparable resistance of Bacillus sp. LMLD05 with both E. coli control 

strains was not expected as we had hypothesised that the strains from Lake Magadi would all 

be more tolerant of UV-C radiation and desiccation than the either of the E. coli control 

strains. This indicates that not all strains from saline, desiccating environments are 

necessarily better adapted to withstand extremes of these conditions, than organisms not 

isolated from such environments. Bacillus sp. LMLD05 and Idiomarina sp. LMLD01 the 

colonies of both isolates are cream coloured, and so lack a strong pigmentation, a factor 

which may contribute to their lower survival capacity when compared to the strongly 

pigmented strains.   

 

The novel strains which demonstrated the lowest rate of cell death under desiccating 

conditions were Planococcus sp. LMLD02, Salinicoccus sp. LMLD04, Natronococcus sp. 
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LMLD06 and Natrialba sp. LMLD07 which had a rate of cell death which was not significantly 

different to D. radiodurans, indicating that these strains are able to survive the process of 

desiccation as well as the desiccation tolerant strain D. radiodurans. This data for archaea 

correlates with a study of  Natrialba magadii ATCC 43099, which also demonstrated a high 

resistance to desiccation (Abrevaya et al., 2011). In turn, the slower decrease in viable cell 

count for these strains compared to Bacillus LMLD05, Idiomarina LMLD01 and the E. coli 

strains suggests that Planococcus sp. LMLD02, Salinicoccus sp. LMLD04, Natronococcus sp. 

LMLD06 and Natrialba sp. LMLD07 have superior protection mechanism/mechanisms against 

desiccation. These mechanisms are likely to involve protein protection, against the effects of 

desiccation and UVD radiation. Preservation and the continued function of proteins results in 

the retention of repair mechanisms which in turn allows for the repair of DNA damage, caused 

by desiccation (Chapter 1, section 1.5.3.3.). It is not clear what mechanisms these novel 

isolates employ which would require more in depth characterisation.  

 

Of those strains tested for UV tolerance, Bacillus sp. LMLD04, Idiomarina sp. LMLD01 and E. 

coli DH1 also demonstrated the lowest tolerance. Conversely, E. coli W3110 demonstrated a 

rate of cell death which was not significantly different to the novel strains Planococcus sp. 

LMLD02 and Salinicoccus sp. LMLD05 or the control strain D. radiodurans. However, this 

measure does not take into account the highest dose which each strain can withstand. With 

the data available here, it is not possible to identify the highest UV dose Planococcus sp. 

LMLD02 can survive, or identify if that upper limit is greater than demonstrated by E. coli 

W3110. Despite a similar survival gradient Salinicoccus sp. LMLD04 could survive doses of at 

least 110 Jm
-2

, in line with D. radiodurans (which E. coli could not), and although Planococcus 

sp. LMLD02 cannot survive doses this high, it is possible that it could survive a higher dose 

than E. coli W3110 (somewhere between 31 Jm
-2 

and 59 Jm
-2

).  

 

The archaeon Natronococcus sp. LMLD06 demonstrated a shallower survival gradient when 

irradiated with UV than any other strain tested, and was able to survive doses of at least 110 

Jm
-2

. Although no data was obtained in this study, a UV resistance study was conducted by 

Abrevaya et al. (2011) on halophilic archaea, including (as mentioned above) Natrialba 

magadii, this demonstrated that the UV resistances of  D. radiodurans and  Natrialba magadii 

were comparable up to a dose of 150 Jm
-2

, above which D. radiodurans demonstrated a 

greater survival fraction than the archaea (Abrevaya et al., 2011), indicating that studies 

should be made of relatives of Natrialba magadii, as these may also exhibit a high resistance 

to UV.  

 

The comparison of a moderately halophilic archaeon and an extremely halophilic archaeon by 

Abrevaya et al, (2011) suggested that there is a link between greater desiccation, UV 

resistance and extreme halophilic. This link would suggest that organisms, such as those 

isolated from Lake Magadi which are tolerant of higher salinities would be better adapted to 
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resist the detrimental factors assessed here, than organisms from a low salinity environment. 

The accumulation of KCl is a strategy which is employed by many halophiles to reduce the 

effects of osmotic pressure on cells, in a highly saline environment (Oren, 2001: Siddiqui and 

Thomas, 2008). The cells of some organisms, including Halobacteria salinarium contain 

intracellular salts such as; KCl, which have been noted to reduce the effects of oxidative free 

radicals, potentially providing a link between halophily/halotolerance and resistance to 

oxidation damage.  

 

Although not all isolates demonstrated levels of resistance comparable to D. radiodurans the 

results of this chapter, plus evidence from other studies would suggest that halophilic and 

halotolerant archaea and bacteria should be the focus of more in depth astrobiological 

studies.  

 

5.6.3. Correlation between desiccation and UV-C tolerance, and pigmentation 

As mentioned earlier, the resistance exhibited by Halobacteria salinarium is thought 

to be fundamentally due to the hyper-saline environments from which it is isolated (Kottemann 

et al., 2005b). It is thought that this organism protects itself from DNA damage through the 

presence of red membrane proteins. Pigmentation is understood to be linked with UV-C 

resistance by absorbing the UV light and providing protection against free radicals (ROS) and 

cell membrane damage (Krinsky, 1979: Carbonneau et al., 1989: Arrage et al., 1993b: 

Warnecke et al., 2005: Grinstead and Lacey, 1973: Tian et al., 2009: Armstrong, 1997: Tian 

and Hua, 2010). Effective hydroxyl radical scavenging carotenoid pigments (such as 

bacterioruberin) have been identified in Halobacteria salinarium and other pigmented 

organisms from hypersaline environments. In addition, carotenoids (such as deinoxanthin) 

have been attributed to the resistance demonstrated by D. radiodurans (Kottemann et al., 

2005b: Tian et al., 2009). Although pigmentation is not the sole protection mechanisms used 

by halophilic organisms it is an important factor (as mentioned in Chapter 1, section 1.5.3.).  

 

The exact mechanisms by which these organisms protect themselves against oxidative stress 

are unclear. Planococcus sp. LMLD02, Salinicoccus sp. LMLD04, Natronococcus sp. 

LMLD06 and Natrialba sp. LMLD07 are all brightly pigmented strains (orange or pink). Further 

work would be required to identify the pigments which are present, and to ascertain exactly 

what mechanisms each of the novel strains employs to combat the oxidative stress 

experience during desiccation and UV-C irradiation. The results of this study do demonstrate 

a correlation between pigmentation, desiccation resistance and UV-C tolerance in these 

isolates. It is possible that pigmented organisms from naturally desiccating environments may 

be better adapted to deal with factors such as oxidative stress than unpigmented strains from 

these environments and therefore would make useful model organisms. However it should be 

noted that this is a relatively small sample size presented in this study means that the 

inclusion of more strains would make this result more robust. It is also unclear if these strains 
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would have superior survival ability in comparison to pigmented strains which have not been 

isolated from a saline/alkaline environment.  

 

5.6.4. Implications for the presence of evidence for extinct/extant life on Mars  

The ability to tolerate desiccation and levels of UV-C irradiation are key factors which 

could influence the search for and potential for life on Mars, which would experience both. 

Through the study of the resistance of strains from Lake Magadi we can further characterise 

the tolerance of alkaliphilic/alkalitolerant, halophilic/halotolerant strains.  

 

Highly saline environments are often associated with high levels of desiccation, evaporative 

environments can also be highly alkaline as solutes concentrate. It is possible that similar 

situations have occurred on Mars and would potentially only be habitable for organisms with 

similar adaptations to those at Lake Magadi.  

 

The results of this chapter would support the hypothesis that pigmented strains survive 

desiccation and UV-C irradiation better than non-pigmented strains, and promotes the 

concept that pigmented strains from soda lakes should be the focus of more survival studies 

and astrobiological analysis. In addition to the greater resistance of pigmented strains, the 

presence of strong pigments in these organisms could potentially make identification of their 

presence (extinct or extant evidence) easier. Pigments (such as bacterioruberin and 

deinoxanthin) will produce characteristic signatures which remote instruments such as the 

PanCam could detect; this will be discussed further in Chapter 7.    

 

The next step following the assessment of the individual effects of desiccation and UVC 

radiation on novel strains from Lake Magadi is to evaluate the effects of the combined factors. 

This will be the focus of Chapter 6 where the response of one isolate and a complex soil 

community from Lake Magadi will be assessed. 

 

5.7. Conclusions  

This work increases the dataset available on the desiccation and UV-C tolerance of 

bacteria and archaea, in particular of organisms which are at least alkalitolerant and 

halotolerant.  

 

Two novel strains from Lake Magadi, Planococcus sp. LMLD02 (Figure 5.5 and Figure 5.13) 

and Salinicoccus sp. LMLD04 (Figure 5.6 and Figure 5.16), pigmented isolates which vary in 

terms of pH tolerance and salinity tolerance, with broad NaCl range up to at least 15% NaCl 

survived desiccation and UV-C irradiation better than, or equally as well as, D. radiodurans. 

 

In addition, the pink haloarchaeon Natrialba sp. LMLD07 demonstrated a resistance to 

desiccation which was comparable to D. radiodurans, and the pink haloarchaeon 

Natronococcus sp. LMLD06 could survive both desiccation and UV radiation (up 110 Jm
-2

) to 
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a greater extent than D. radiodurans (Figure 5.8 and Figure 5.16) under these experimental 

conditions (See section 5.3.4, Table 5.4).  

 

A correlation between UV-C and desiccation and pigmentation was identified, providing 

further supporting the concept that there are similarities in the repair mechanisms employed 

for desiccation and UV-C resistance and that pigmentation plays a role in resistance against 

oxidation stress.  

 

The geology of Mars is indicating an increasing number of environments which were at one 

time neutral-alkaline in pH and/or saline. Terrestrial models for life on Mars should include 

resistant organisms which are resistant to desiccation and UV-C irradiation and could be 

tolerant of high salinities and varying pH, and would probably be pigmented. The analysis of 

samples from different environments aids with the identification of better analogue sites. The 

relationship between desiccation resistance, halophily and radiation tolerance would suggest 

that environments with high salinity are important analogue sites to study in relation to life on 

Mars. This is both in terms of understanding where and what to look for in the search for any 

evidence of native life on Mars, but also in relation to understanding the possible 

contamination of Mars by past and future missions.  

 

5.8. Further work 

This work only scratches the surface of what could be conducted using these strains. 

As mentioned earlier an overall increase in the dataset would be useful, providing more 

information of the survival of sorts of organisms from soda lake environments. This increase 

in sample size could include a higher number of the novel bacterial/archaeal strains isolated 

in Chapter 3 from Lake Magadi.  

 

The comparison of species of the same genus isolated from non-soda environments would 

explore whether those species from soda lake environments have a superior tolerance to UV-

C and desiccation.  

 

All the strains in these experiments were kept in the dark as it was not possible to quantify the 

light intensity to which the cells could have been subjected to. Using a 1 hour dark incubation 

method meant that the survival gradient recorded for each strain was likely to be lower than if 

it was incubated in the light (Maloy, 1994), therefore this data could potentially represent the 

lower limit of UV-C tolerance in this strains. The repetition of this experiment, with incubation 

in quantifiable light intensity for 1 hour following irradiation would provide a contrasting set of 

data for each strain. This would allow a quantifiable comparison of the effectiveness of each 

mechanism against the other, for each strain.   

 

Following on from the study of desiccation and UV-C tolerance, studies of the response of 

these strains to very low temperatures, varying pressures and IR would increase our 
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understanding of the individual effects of these stress factors on the types of organisms 

isolated from Lake Magadi.  

 

Assessing the effects of the NaCl concentration of the growth medium on the resistance 

would be interesting, considering the connection between the NaCl concentration of the 

growth medium and pigmentation in species of Planococcus mentioned in Chapter 4.  In 

addition, deviation from the optimal growth conditions of an isolate can have an effect upon 

resistance (Trigui et al., 2011).  
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Chapter 6 

Response of a single isolate, and a complex soil community 

to simulated Martian conditions 
 

This chapter assesses the effects of simulated Martian conditions on the novel isolate 

Planococcus sp. LMLD02 isolated in Chapter 3, and the complex soil community of sample 

1A sampled from the shores of a lagoon at Lake Magadi and analysed in terms of its diversity 

in Chapter 3. A Mars simulation chamber can be considered simply as an extreme 

environmental stress chamber. These chambers are a method of assessing the combined 

effects of factors such as low temperature, freeze thaw cycles, UV-C irradiation, an anoxic 

atmosphere and hypobaria (low pressure) on a particular isolate or community. Culture based 

Mars chamber studies are an important method of understanding organisms and community 

responses to multiple environmental factors and it is necessary to access both the individual 

effects and combined effects of simulated Martian stresses on bacteria and archaea (Pogoda 

de la Vega et al., 2007). Mars chamber simulations are necessary to help define the potential 

habitability of certain environments on Mars, demonstrating the limits of life.  

 

6.1. Mars Chamber studies 

Mars chamber studies have increased in complexity since the 1950s, from simple 

anaerobic jars (Kooistra et al., 1958) to the more sophisticated chambers which allow the 

combined influence and adjustment of a variety of parameter including, low temperatures, 

freeze thaw cycles, hypobaria, UV-C and a reducing, CO2 atmosphere (Olsson-Francis and 

Cockell, 2009). Previous work into Mars simulation experiments show that of these stress 

factors the most detrimental factors which can affect survival in these experiments are UV-C 

radiation, desiccation and freeze thaw cycling (Hansen et al., 2005: Hansen et al., 2009).  

 

It is understood that subsurface communities would have protection against the direct effects 

of UV-C radiation; however, UV-C-generated reactive oxygen species may still be a problem 

for subsurface organisms. Hypobaria and desiccation can induce the unfolding of mRNA, 

double and single strand breaks, decreased enzyme affinity and an inability to maintain 

membrane fluidity (Diaz and Schulze-Makuch, 2006). Hypobaria has also been shown to 

inhibit cell growth and endospore germination in some species of Bacillus (Schuerger et al., 

2006).  

 

Cellular damage can also be caused by low temperatures, through the piercing of cell 

membrane by ice crystals. The process of freeze thawing is another factor which could be 

experienced on Mars, temperatures can cycle from well below zero to above zero in some 

equatorial areas resulting in freeze thawing cycling of at least the surface and near 

subsurface. The process of freeze thawing is a technique which is used in bacterial and 
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mammalian cell lysis (Ausubel, 2001) and is a potentially a significantly detrimental factor 

which could affect the survival of organism present in the soil surface/subsurface. Exposure to 

these conditions could result in a decrease in viability, unless the organisms have suitable 

mechanisms and/or the environment in which they placed provide sufficient protection against 

all the environmental factors.  

 

Mars chamber studies have involved a variety of different analytical techniques to assess the 

effects of simulated conditions. Culture based analyses include assessing the survival fraction 

of cells before and after treatment, which will provide an indication of what proportion of the 

isolate or culturable community can survive incubation (Hansen et al., 2005). Colonies from 

community studies can subsequently be sequenced, in order to identify exactly what 

organisms have survived. These isolates can then be physiologically characterised in order to 

understand the methods they employ to survive such conditions.  

 

Community-level physiological profiling (CLPP) can be achieved using Biolog
tm

 Ecoplates, 

assessing changes in the metabolic activity of a soil community due to stresses applied. 

Differences in the metabolic activity following treatment can be identified, and therefore 

differences in carbon use patterns before and after incubation can be assessed. If the 

organisms in a sample respire a carbon source, such as glucose or tween 20, then a dye 

present in the well is reduced, which results in a colour change from colourless, to a shade of 

purple (Biolog, 2010). If the community has been affected by a treatment and therefore has 

changed after incubation, then changes in the pattern of carbon usage and degree of dye 

reduction (variation in the intensity of colour change) would be expected. This method can not 

only show differences in which carbon sources are utilised, but also provide a method of 

quantifying changes in diversity which may occur after a treatment (Chapter 1). 

     

6.1.1. Single isolate survival studies 

The individual study of isolated organisms provides an insight into the survivability of 

a particular organism and excludes any effects may be introduced by the presence of other 

isolates. Mars chamber studies have been conducted to assess the responses of single 

isolates to simulated conditions (individually and in combination), these have varied in terms 

of the way the isolates are prepared or expose, such as; distributing the isolate in a matrix of 

pre-sterilised soil (Hagen, 1967), by dispersing cells onto aluminium coupons (Mancinelli, 

2000: Smith et al., 2009a) or by dispersing cells onto glass disks (Cockell, 2005). The use of 

a matrix such as soil provides an insight into the effects on an isolate in an ‘environment’, 

which may be considered as more realistic than simply exposing a strain in a liquid medium or 

after being dried onto a slide.  

 

Studies to date have focussed on a variety of different bacteria including strains of Bacillus (in 

particular B. subtilis), D. radiodurans and E. coli, as well as some organisms from hypersaline 

environments (Imshenetsky et al., 1973: Koike et al., 1992: Koike et al., 1996). Smith et al. 



        209 

Chapter 6- Response of a single isolate, and a complex soil community to simulated Martian conditions 

(2009a) studied the survival of Psychrobacter cryohalolentis, which was isolated from 

hypersaline cold temperature (-20 °C) environment. It was hypothesised that the organism 

would be particularly capable of withstanding low temperatures and desiccation due the 

conditions present in the sampling environment, but instead, the simulated conditions induced 

a decrease in the number of CFU. However, when the strain was placed into a 

medium/salt/matrix (MSM) and then subjected to UV-C, low temperatures, pressures and an 

anoxic atmosphere, an increase in survival was demonstrated. In contrast, other strains from 

hypersaline environments have demonstrated an ability to survive incubation under simulated 

Martian conditions believed to be in part due to adaptations to the hypersaline environment 

from which they were sampled (Johnson et al., 2011). The assessment of more bacteria from 

saline environments will contribute to our understanding of the effects of simulated Martian 

conditions in association with salinity.  

 

In addition to studying isolates from the ‘natural environment’, Mars chamber studies have 

also been conducted on single strains isolated from spacecraft clean-rooms, such as Serratia 

liquefaciens (Berry et al., 2010). The protocols employed to sterilise space craft at present 

include dry heat treatments and vaporous hydrogen peroxide which may actually 

preferentially select for those organisms which are resistant to desiccation and radiation, 

therefore can cope with extreme protein and DNA damage. It is possible that these are the 

organisms which may have the greatest chance of surviving on the surface of Mars (Johnson 

et al., 2011). With this in mind, the question is what proportion of isolates from environments 

which are naturally subjected to oxidative stress can survive the combine stress factors which 

could be experienced on Mars.   

 

6.1.2. Complex soil community survival studies 

Fewer studies simulation studies have involved complex communities (Olsson-

Francis and Cockell, 2009). Investigations have been conducted into the response of samples 

including permafrost (Hansen et al., 2009), soil (Hansen et al., 2005), basaltic lava (Cousins, 

2010) and gypsum surface cracks from evaporite basin (Boston et al., 2009). These studies 

have demonstrated varying levels of community response to the simulated conditions, but 

have demonstrated that viable cell can be cultured from Mars chamber incubated samples 

(Hansen et al., 2005: Hansen et al., 2009). Considering the studies which demonstrate high 

survival rates for some single isolate from hypersaline environments, there is scope for work 

in relation to the response of communities which have been isolated from these 

environments.  

 

The intention of this chapter is to firstly focus upon Planococcus sp. LMLD02 which due to the 

UV-C and desiccation resistance it displayed in Chapter 5, may be expected to also 

demonstrate a tolerance again the combined effects of sub-zero temperatures, desiccation, 

anoxic atmosphere and hypobaria. The response of a soil community studied in Chapter 3 to 

the combined factors of UV-C radiation, freeze thaw cycles, hypobaria anoxic atmosphere 



        210 

Chapter 6- Response of a single isolate, and a complex soil community to simulated Martian conditions 

and desiccation will then be assessed, with the hypothesis that this community will be able to 

tolerate these extreme conditions. The study of both a complex community and of a single 

isolate provides a more rounded study of saline alkaline environments as a potential location 

for the isolation of model organisms for astrobiological research. 

    

6.2. Aims of this chapter 

 

1. To investigate the survival of Planococcus sp. LMLD02 in a matrix of; JCS Mars-1 soil 

simulant, NaCl, Na2CO3 and NaHCO3  

2. To investigate the survival of Planococcus sp. LMLD02 under the multiple stress factors 

of temperature, hypobaria and an anoxic atmosphere 

3. To investigate the survival fraction of soil community from a soda lake after incubation 

under the multiple stress factors of freeze thaw cycles, hypobaria, a CO2 atmosphere and 

UV-C radiation 

 

6.3. Methodology 

 

6.3.1. Single isolate Mars chamber experiment  

Planococcus sp. LMLD02 was chosen for Mars chamber analysis because it was a 

relatively easy organism to grow, with colonies appearing after incubation for one day. It is 

halotolerant and alkaliphilic, being able to grow in up to 15% NaCl, at a pH of at least 6 and 

up to pH 10.3 and a temperature of at least 10 °C up to 40 °C, as described in Chapter 4. In 

addition, this strain was chosen due to its ability to survive desiccation and UV-C irradiation to 

a similar or greater extent than other strains tested in Chapter 5. It was also chosen due to its 

strong pigmentation, which could be of interest as a biomarker. 

 

 The effects of simulated Martian conditions on the survival of any species of Planococcus, or 

on the survival of a soda lake soil community have not been studied previously. E. coli DH1 

was used as a control strain as in Chapter 5. 

 

6.3.1.1. Simulant preparation  

The Martian regolith simulant JSC Mars-1, which is a <1 mm size fraction of a 

palagonitic tephra from the Pu’u Nene cinder cone, Hawaii was used as a suspension matrix 

(Allen et al., 1997). The JSC Mars-1 is considered a close spectral match to the bright regions 

of Mars (Allen et al., 1997) and was chosen because it was an available matrix, although it is 

recognised that the Mars has a variety of surface geology. This was combined with 6.8g 

NaCl, 2.72g of Na2CO3 and 0.57g of NaHCO3, 90.67 ml of H2O per 100g of JSC Mars-1 

simulant to create a salt, carbonate, simulant matrix (SCSM). This SCS matrix slurry was then 

dried in lyophilizer for 2 days. The drying of the SCSM would probably result in the formation 

of halite and sodium carbonate precipitates. The simulant was then autoclaved and stored on 
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the bench until used. The JSC Mars-1 simulant was chosen as a matrix for the cells as this is 

believed to be similar to the dust covering the surface of the planet.  

 

6.3.1.2. Isolate experimental setup 

Three biological replicate overnight cultures of Planococcus sp. LMLD02 and E. coli 

DH1 were centrifuged for 10 minutes at 11000 rpm and removing the supernatant. TE buffer 

was added, gently vortexed to resuspend the cells, and centrifuged again for 10 minutes. The 

supernatant was again removed and a final 10 ml volume of TE buffer was added. The SCS 

matrix and suspended cells were combined in the proportions of 10 ml of TE buffer 

suspended cells, added to 10g of SCS matrix; this was dried in the lyophilizer overnight. The 

dried cell and SCS matrix was placed into sterile Nalgene containers 3 cm diameter by 4 cm 

depth and levelled off (Figure 6.1A). The survivability of each isolate was tested three fold, 

firstly survivability in the altered simulant, secondly the survival after drying in the altered 

simulant and finally survival after the Mars chamber treatment.    

 

The Mars chamber sample triplicates were kept on ice until used. The samples were placed 

into the Mars chamber the CO2 atmosphere pumped in and the chamber was pressurised. 

The chamber was placed into the freezer unit to maintain the temperautre at -40 °C (Figure 

6.1.B). After 7 days incubation the samples were secured with fresh sterile lids and kept on 

ice until analysed. The samples were diluted up to 10x10
6
, both before and after treatment 

with Planococcus sp. LMLD02 plated onto 6.8% NaCl agar and E. coli DH1 onto NB2 agar. 

 

Figure 6.1 A. Sample container containing Planococcus sp. LMLD02, and the SCS matrix. B. 

Mars chamber unit, scale bar represents ~30 cm C. Mars chamber experimental set up for 

Planococcus sp. LMLD02 

 

The Planococcus sp. LMLD02/SCS matrix samples were incubated for 7 days in the Mars 

chamber at a static temperature of -40°C, 6 mbar pressure and an anoxic atmosphere 

comprised predominantly of Carbon Dioxide, with 2.7% Nitrogen, 1.6% Argon, 0.13% 

Oxygen, and 0.07% Carbon Monoxide.  

 

6.3.2. Complex soil sample Mars chamber experiment 

The effect of simulated Martian conditions on the complex soil community present in 

soil sample 1A from Lake Magadi was studied. The lake waters nearby were measured at 

32.9°C with a pH of 9.78 (Chapter 2); however the temperature of the soil was not 



        212 

Chapter 6- Response of a single isolate, and a complex soil community to simulated Martian conditions 

ascertained. As mentioned in Chapter 2, evaporation at Lake Magadi exceeds precipitation; 

the lake is recharged during the rainy season so that the lake levels will rise to a maximum 

and then decline through the year. This results in a band around the lake which is under water 

for some of the year, but dries out as the lake level drops. During years when the rainy 

season fails this region will remain dry for a prolonged period of time and will subject the 

organism present to periods of desiccation.  

 

6.3.2.1. Soil sample preparation 

The soil used, soil sample 1A was mixed thoroughly by using a vortex at high speed 

for 30 minutes to homogenise the sample. A subsample of the untreated soil 1A was removed 

as an untreated soil sample 1A control (Figure 6.2.a). The rest of the soil was dried in a 

lyophilizer overnight and the soil sample 1A was again mixed to homogenise. A subsample of 

dried soil sample 1A was then removed and analysed as a dried soil sample 1A control 

replicates (Figure 6.2.b). The bench control replicates (Figure 6.2.c) and Mars chamber 

replicates (Figure 6.2.d) were also taken from this dried soil and then subjected to the 

treatments described. 

 

 

Figure 6.2. Soil sample preparation 

 

6.3.2.2. Soil community experimental setup 

The prepared Mars chamber soil sample 1A (at the point this is simply the dried soil 

sample 1A from section 6.2.2.1) was placed into sterilised Nalgene containers, 3cm wide and 

4cm deep and the top flattened off. Three samples were placed into the Mars chamber, the 

final control samples were left with loosened lids on the bench for 7 days as a soil sample 1A 

bench control.  

 

The Mars chamber soil sample 1A triplicates were placed in an aluminium box wrapped in an 

insulating shroud of MLI, comprised of kapton, a polyimide film used as an insulator under 

high vacuum, and aluminium (Figure 6.3). 
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The Mars chamber soil samples were sub-sampled as 4 horizons, horizon 1 was 0-6mm, 

Horizon 2 was 6-12mm, horizon 3 was 12-22mm and horizon 4 was 22 to 32mm depth. 

These depths were chosen as a depth of 6mm was the shallowest depth of soil which 

provided sufficient material for Biolog
TM

 Ecoplate analysis.  

 

 

Figure 6.3 Mars chamber set up for complex soil community experiment. Scale bar =1.5 m.  

 

6.3.2.3. Complex community Mars simulation conditions 

The samples were subjected to freeze thaw cycles between around +18 °C and -67 

°C, using liquid nitrogen to cool the vessel. Once the liquid nitrogen ran out, the chamber was 

simply allowed to return to room temperature. Pressure was maintained at 6 mbar and the 

same anoxic atmospheric gas composition outlined in section 6.2.5.5.1. A 450W Xenon-arc 

lamp emitting >350nm wavelength was used to irradiated the sample with UV-C radiation. 

The samples were irradiated with UV-C radiation for one hour a day equating to the UV-C 

dose for one Martian sol.  

 

Unlike other Mars chamber studies there was no temperature gradient through the soil 

sample. The shroud of copper foil was used to conduct the change in temperature throughout 

the whole sample so that the possible secondary effects of UV-C into lower layers could be 

studied with only the limited effect of a temperature gradient.  

 

6.3.2.4. Sample preparation 

100 µl of each soil sample was suspended in PBS and 100 µl was plated onto each 

growth medium. 

 

6.3.2.5. Community level physiological profiling (CLPP) using Biolog
TM

 Ecoplates 

The principle of the Biolog
TM 

Ecoplate in this study is to assess the metabolic activity 

of the soil community before and after incubation. Each plate contains 96 wells which contain 
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31 individual carbon sources, plus a water control well (in triplicate) (Figure 6.4). The 

presence of metabolic activity results in the reduction of the yellow tetrazole dye present in 

the well, into violet formazan (Garland, 1997) (Chapter 1, section 1.6.1).   

 

2g of untreated soil or 1.5g of dried soil was added to 5ml of 6.8% (w/v) NaCl and pH 10 

buffer, with ten 5 mm glass beads which was then vortexed for 2 minutes. This buffer was 

chosen to mimic the pH from the environment predominantly directed by the carbonate in the 

system and a salt concentration which may be utilised by halotolerant and some halophilic 

organism. The slurry was centrifuged for 5 minutes at 43000 rpm. 100 μl of the supernatant 

was added to each well. The plate was wrapped in Parafilm sealing film and incubated at 37 

°C for 18 days. One plate was used per sample triplicate (total of 3 plates per treatment).     

 

 

Figure 6.4. Biolog
TM

 Ecoplate carbon source well key (Biolog, 2010).  

 

Two methods can be used to acquire the data from Biolog
TM

 Ecoplates, either by using a 

plate OD reader, or by manually scoring the presence or absence of colour change in wells. 

The OD readings at 590nm were taken for each plate after 5, 7 14 and 18 days the plates 

was read at 590nm on a FLUOstar OPTIMA - Fluorescence Plate Reader (Weinbauer and 

Hofle, 2001). The colour development for each well can be determined by subtracting the OD 

for the water negative control, from the OD for each well divided by the number of substrates 

(Choi and Dobbs, 1999). 

 

The method of manually binary scoring well colour change produces a Biolog
TM

 Score for 

each treatment by allocating a score of 1 to a well where colour change occurs (Shah and 

Belozerova, 2009) and 0 to a well where no colour change occurs. This Biolog
TM

 Plate score 

can be calculated for each triplicate. The Biolog
TM

 Score is calculated by averaging the 
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Biolog
TM

 plate score for each treatment to provide a standard error for each carbon source 

across the biological and experimental replicates. Each carbon type can score a maximum of 

1 for each treatment.      

 

6.3.3. Survival fraction 

The survival fraction was calculated as described in Chapter 2, section 2.3.1.8. In this 

chapter, the survival fraction for the dried soil replicates were calculated from the untreated 

soil replicates CFU. The survival fractions for the bench control replicates and the Mars 

simulation chamber sample replicates were calculated from the dried soil CFU, as the dried 

soil was what was used for these samples (See this chapter, section 6.2.2.1). 

 

6.3.4. Statistical tests 

Where conducted, student’s t-Tests were calculated using Microsoft Excel assuming 

two-tailed distribution with unequal variance. ANOVA statistical tests were conducted as 

outlined in Chapter 2, section 2.4.2. The results were considered as significant when p<0.05, 

when using either statistical test. 

 

6.4. Results  

 

6.4.1. Response of Planococcus sp. LMLD02 to simulated Martian conditions  

The initial studies showed that the introduction of Planococcus sp. LMLD02 cells into 

a slurry of the SCSM had no significant effect on the number of CFU after 7 days incubation 

on the bench, p=0.316 (Figure 6.6). Drying the cells in the SCS matrix appeared to have had 

a small effect on the cell count, however this again was not significant, p=0.949. Finally, the 

incubation of Planococcus sp. LMLD02 in the SCS matrix, under the simulated Martian 

conditions chosen in this study for 7 days demonstrated a slight increase in the number of 

CFU cells per ml, however this was not significantly different p=0.244.  

 

Figure 6.5. Difference in the viability of Planococcus sp. LMLD02 following; its combination 

with the SCS matrix, its combination with the SCS matrix drying cell/SCS matrix and 
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incubation on the bench for 7 days and its combination with the SCS matrix drying cell/SCS 

matrix and incubation under simulated Martian conditions for 7 days.  

 

6.4.2. Response of E. coli DH1 to simulated Martian conditions  

The process of lyophilising introduced airborne contaminants to the sample which 

could easily grow on the nutrient agar. These contaminants were not present on the AP+ 

plates used for Planococcus sp. LMLD02, most likely due to the high salinity and pH of this 

growth medium. The problem of contamination on the negative control plates could not be 

avoided, and for this reason no further studies of E. coli DH1 as a control could be made in 

this study. 

 

Figure 6.6. Number of viable cells calculated for E. coli DH1, before and after drying 

treatment. Error bars are 1 x standard error. 

 

6.4.3. Response of complex soil community under simulated Martian conditions 

 

6.4.3.1. Temperature profile of Mars chamber 

 The original temperature cycling between -40 °C and around +20 °C was not 

achievable with this experimental setup. The method of cooling the chamber with liquid 

nitrogen resulted in the lowest temperature averaging at -51.64 °C (± 0.6 °C), reaching as low 

as -67.25 °C (Figure 6.7). Fluctuations in temperature occurred below 0 °C averagely 

between -26.19 °C (± 0.3 °C) and -51.64 °C (± 0.6 °C), with the highest temperature peak 

below 0 °C at -14.97 °C. The chamber was below 0 °C for a total of 132 hours.  

 

The processes of bringing the chamber up to room temperature relied upon running out of the 

liquid nitrogen, so the chamber was simply no longer being cooled rather than the chamber 

being actively warmed up. The aluminium box with MLI insulation wrapped (Section 6.2.2.2.) 

ensured that the three samples were equally insulated and the temperature of the plate was 

conducted through the samples themselves. The chamber went above 0 °C a total of 8 times 

including the initial cooling and final bringing up to temperature spending 3.73 hours above 0 

°C.  The temperatures above 0 °C during the cycling process were averagely up to +9.73 °C, 
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with the highest temperature recorded at +18.03 °C and the lowest temperature above 0 °C 

recorded at +2.5 °C. The conditions provided freeze thaw cycling and cycling below zero 

which organism may experience on the surface or shallow subsurface of Mars. 

 

 

Figure 6.7. Temperature profile for Mars chamber over 7 day (168 hour) period, showing 

cycling down to as low as -67.25 °C and up to 18.03 °C. 

 

6.4.3.2. Survivability of complex soil community  

A comparable number of viable, culturable cells were calculated for the untreated soil 

sample 1A when inoculated onto the AP+0.7% NaCl agar and AP+6.8% NaCl agar, with 

6.6x10
4
 CFU/ml and 6.7x10

4
 CFU/ml respectively. A culturable viable cell count an order of 

magnitude lower was calculated when the soil sample 1A was inoculated on the AP+15% 

NaCl medium (Table 6.1).  

 

Colony morphology did not vary significantly following the different treatments. The colonies 

which formed on the AP+15% NaCl medium were generally smaller than  on the other growth 

media, not developing colonies any bigger than 5mm. Colonies on all growth media, following 

any treatment were generally yellow, cream or whitish, with a few brown colonies present 

(Figure 6.8). There did not appear to be any clear decrease in colony size when comparing 

before and after treatment.  
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Table 6.1 Colony description and cell density calculated for each growth medium and each 

treatment.  

Growth 

medium 
Treatment 

Colony 

shape 

Cell 

density 

(CFU/ml) 

Diameter 

(mm) 
Colony colour Figure 

AP+0.7%  Untreated Round 6.6x10
4
 3-150 Mostly yellow or 

cream, with some 

colonies 

orange/brown, 

transparent or 

opaque 

6.8.A.1 

AP+6.8%  6.7x10
4
 2-4 6.8.A.2 

AP+15%  8.77x10
3
 1-3 6.8.A.2 

AP+0.7%   Dried Round 1.06x10
4
 3-150 Yellow or cream  6.8.B.1 

AP+6.8%   6.2x10
3
 1-4 

Mostly, white or 

cream and 

translucent, some 

dark brown 

colonies 

6.8.B.2 

AP+15%   3.0x10
3
 1-3 Cream or yellow 6.8.B.3 

AP+0.7%   Bench 

control 

Round 1.37x10
3
 2-10 Colourless or light 

yellow 

6.9.C.1 

AP+6.8%   2.42x10
3
 2-5 6.9.C.2 

AP+15%   4x10
2
 <5 6.9.C.3 

AP+0.7%   
Mars 

Chamber 

 

Round - 

 
2-20 

Yellow, with a few 

brown colonies 
6.10 

AP+6.8%   - 2-15 

Light yellow or 

cream with a few 

brown colonies 

6.10 

AP+15%   - 1-2 Cream or white 6.10 

 

Figure 6.9.shows the morphology of the colonies which formed on AP+6.8% medium when 

inoculated with; the untreated soil sample 1A (Figure 6.8.A.1), the dried soil sample 1A 

(Figure 6.6.A.2) and the Mars chamber horizons 1 to 4 soil sample 1A (Figure 6.9.B1-4). The 

colonies which formed on the AP+6.8% NaCl medium were generally cream or light yellow in 

colour, with a couple of brown colonies. The colony morphology was not appear to differ on 

the AP+6.8% medium when comparing the horizons of the Mars chamber soil sample 1A, but 

these horizons did have fewer colonies than the dried soil sample 1A (Figure 6.6.A.2 and B1-

4). The AP+15% medium inoculated with Mars chamber soil sample 1A were cream/white 

coloured, with no strongly pigmented colonies. 
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Figure 6.8 (A) Untreated soil sample 1A on; (A.1) AP+0.7% (LS) medium 10
3
 dilution, (A.2) 

AP+6.8% medium 10
2
 dilution, (A.3) AP+15% medium 10

1
 dilution. (B) Dried soil sample 1A 

control soil (FDS) all 10
1 

dilution, on; (B.1) AP+0.7% medium, (B.2) AP+6.8% medium, (B.3) 

AP+15% medium. (C) Bench soil sample 1A control soil, all 10
1 

dilution on; (C.1) AP+0.7% 

medium, (C.2) AP+6.8% medium, (C.3) AP+15% medium. 

 

 

Figure 6.9. (A) Untreated soil sample 1A on; (A.1) AP+6.8% medium, (A.2) Dried soil sample 

1A control on AP+6.8% medium. (B) Mars chamber soil sample 1A Horizons (B1-4) 

correspond to horizons 1 to 4 on AP+6.8% medium. 
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6.4.3.2.1. Survival fraction of CFU on AP+0.7% medium solid medium  

Using ANOVA and Tukey Post-hoc test (Chapter 2, section 2.4.2), the survival 

fraction of cells able to grow on 0.7% (w/v) NaCl agar plates indicated a significant decrease 

(p<0.05 was considered significant, raw data see appendix J) in the survival fraction after 

drying, when compared to the untreated soil sample 1A, p=0.0027 (Figure 6.10.A). A 

significant decrease in the survival fraction of cells cultured on the 0.7% NaCl medium for the 

bench soil sample 1A control was observed when compared to the dried soil sample 1A 

control on the same growth medium, p=2.2x10
4
 (Figure 6.10.B). 

 

Figure 6.10. Survival fraction for culturable community on AP+0.7% NaCl medium (A) 

Survival fraction (calculated from the untreated soil sample 1A culturable cells per ml) of 

culturable soil community for the untreated soil sample 1A and dried soil sample 1A control. 

(B) Survival fraction (calculated from the dried soil sample 1A control culturable cells per ml) 

of dried soil sample 1A control, bench soil sample 1A control and for four depths in the Mars 

chamber soil sample 1A replicates. Arrow highlights point with no significant difference to the 

dried soil control using ANOVA and Tukey Post-hoc test (Chapter 2, section 2.4.2). A p<0.05 

was considered as significant. Error bars are 1 x standard error. 

 

There was also a significant decline in survival fraction between the dried soil sample 1A 

control and the Mars chamber soil sample 1A, Horizons 1, 2 and 3, p<0.001 (Figure 6.11.A). 

In contrast, there was no significant difference between the survival fraction of the cells able 

to grow on 0.7% NaCl in the dried soil sample 1A control, and the Mars chamber soil sample 

1A, Horizon 4, p=0.066. There was no significant difference between the survival fractions of 
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the bench soil sample 1A control, compared to the Mars chamber soil sample 1A, Horizons 1 

to 3, p>0.855, however the survival fraction for Mars chamber soil sample 1A, Horizons 4 was 

significantly higher than the bench soil sample 1A control, p=0.034.  

 

6.4.3.2.2. Survival fraction of CFU on AP+6.8% medium solid medium  

As with the culturable cell count on AP+0.7% medium there was a significant 

decrease in the survival fraction (calculated as described in Chapter 6, section 6.3.3.2.1) of 

organisms able to grow on AP+6.8% medium for the dried soil compared to the wet soil 

colony count, p=0.002 (Figure 6.11).  

 

 

Figure 6.11. Survival fraction for culturable community on AP+6.8% NaCl medium (A) 

Survival fraction (calculated from the untreated soil sample 1A culturable cells per ml) of 

culturable soil community for the untreated soil sample 1A and dried soil sample 1A control. 

(B) Survival fraction (calculated from the dried soil sample 1A control culturable cells per ml) 

of dried soil sample 1A control, bench soil sample 1A control and for four depths in the Mars 

chamber soil sample 1A replicates. Arrows highlight points with no significant difference to the 

base control (A. wet soil or B. dried soil control) using ANOVA and Tukey Post-hoc test 

(Chapter 2, section 2.4.2). A p<0.05 was considered as significant. Error bars are 1 x 

standard error. 

 

There was no significant difference in the survival fraction calculated for the dried soil sample 

1A control when compared to that calculated for the bench soil sample 1A control on 

AP+6.8% medium, p=0.082. There was a significant difference between the survival fraction 
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calculated for dried soil sample 1A control and the Mars chamber soil sample 1A replicates 

for Horizons 1, 2 and 4, p>0.019. Only the survival fraction calculated for the Mars chamber 

soil sample 1A, Horizon 3 was not significantly lower than the dried soil sample 1A control, 

p=0.328, although it was not statistically different from the bench soil sample 1A control, 

p=0.935 (Figure 6.11). There was no significant difference between the survival fraction 

calculated for any of the Mars chamber horizons and the bench soil sample 1A control, 

p>0.098. 

 

6.4.3.2.3. Survival fraction of CFU on AP+15% medium solid medium 

There was a significant drop in the survival fraction calculated from the AP+15% 

medium colony count, for the dried soil sample 1A control, p=0.00006. There was then no 

significant change in survival fraction calculated from the AP+15% medium colony count after 

the Mars chamber treatment, or after the bench incubation, when compared to the survival 

fraction calculated for the dried soil sample 1A control, p>0.081.  

 

 

Figure 6.12. Survival fraction for culturable community on AP+15% NaCl medium (A) Survival 

fraction (calculated from the untreated soil sample 1A culturable cells per ml) of culturable soil 

community for the untreated soil sample 1A and dried soil sample 1A control. (B) Survival 

fraction (calculated from the dried soil sample 1A control culturable cells per ml) of dried soil 

sample 1A control, bench soil sample 1A control and for four depths in the Mars chamber soil 

sample 1A replicates. Arrows highlight points with no significant difference to the wet soil 

control using ANOVA and Tukey Post-hoc test (Chapter 2, section 2.4.2). A p<0.05 was 

considered as significant. Error bars are 1 x standard error. 
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6.4.3.3. Biolog
TM

 Ecoplate analysis 

 

6.4.3.3.1. Carbon usage of soil community before and after each treatment 

Biolog
TM

 Ecoplates were used to ascertain any changes in types of carbon sources 

metabolised by the culturable community after each treatment compared to the untreated soil 

sample 1A community (Figure. 6.16). See section 6.2.2.5, Figure 6.4 for carbon source map.  
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Figure 6.13. Biolog
tm

 Ecoplate for; Untreated soil, Dried soil control, Mars chamber horizon 1, Mars chamber Horizon 4 and Dried bench contol. The the third 

assay replicate for rample replicate B has been darkened as this was not used in the analysis, due to a positive colour change in the control water well.    
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Due to the presence of opaque precipitant at the bottom of the wells it was not possible to 

read the plates using a Fluorescence Plate Reader; therefore the manual method of positive 

or negative score for colour change was used. As a result, the diversity of the community, 

assessed by the degree of colour change in the wells and changes in the development of 

colour before and after incubation, could not be accurately studied in this chapter. A positive 

colour change in the water control occurred in one replicate of the triplicate untreated soil B, 

so this was excluded from analysis. The degree of colour change could not be quantified in 

this study due to problems with precipitants in the wells. 

 

The innoculation of the Biolog
tm

 Ecoplate with the untreated soil control resulted in the 

positive colour change in 18 of the wells (Figure 6.15). This differed to the 10 carbon sources 

utilised by the viable culturable community present in the dried soil control. The number of 

different carbon sources which recorded a positive colour change dropped further to 6 

different carbon sources for the Ecoplates incolulated with Mars chamber soil Horizon 4, and 

only 4 different carbon sources were demonstrated a positive colour change when the plate 

was inncolated with soil from Horizon 1. Finally, the Biolog
tm

 Ecoplates innoculated with the 

bench soil control only demonstrated a positive colour change for 5 different carbon sources. 

 

 

Figure 6.14 Number of different carbon sources utilised after each treatment across 

replicates. Error bars are 1x standard error. 

 

The only carbon source to be utilised after every treatment was D-xylose, suggesting that the 

community which can utilise this carbon source is capable of remaning viable after all 

treatments (Table 6.2). A positive colour change was recorded in the Pyruvic acid methyl 

ester, Tween 40, Tween 80, beta methyl- D-glucoside, D-manitol, N-acetyl-D-Glucosamine, L-

arginine, L-asparagine, L-phenylanine and Glyl-L-glutamis acid wells, but only when 

inoculated with the untreated soil sample 1A (Figure 6.16).  
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The carbon sources utilised by the two horizons of the Mars chamber soils differed by the fact 

that Horizon 4 was able to utilise putrescine and phenylethylamine in addition to alpha 

cyclodextrin, D-xylose, D-galacturonic acid and I-threonine which was utilised by Horizon 1 

(Table 6.2).   

 

Table 6.2 Carbon sources utilised in the Biolog
TM

 Ecoplate by the viable culturable 

community in the untreated soil, and after each treatment.  

Treatment  Carbon source 

Untreated 

Pyruvic acid methyl ester, Tween 40, Tween 80, alpha cylodextrin, 

glycogen, d-cellobiose, alpha D lactose, D-xylose, D-manitol,          N-

acetyl-D-Glucosamine, D-galacturonic acid, 4-hydrobenzonoic acid, 2-

hydroxybutryic acid, L-asparagine,L-Serine, I-threonine, L-

phenylanine, Glyl-L-glutamis acid 

Dried control 

d-cellobiose, alpha D-lactose, D-xylose, D-galacturonic acid,           2-

hydroxybutryic acid, 4-hydrobenzonoic acid, L-Serine,I-threonine, 

Phenylethylamine, Putrescine 

Mars chamber 

soil Horizon 1 
alpha cylodextrin, D-xylose, D-galacturonic acid, I-threonine 

Mars chamber 

soil Horizon 4 

alpha cylodextrin, D-xylose, D-galacturonic acid, I-threonine, 

Phenylethylamine, Putrescine 

Bench control alpha cylodextrin, d-cellobiose, alpha D lactose, D-xylose, glycogen 

 

The carbon sources utilised by the dried and bench control were a smaller subset of the 

carbon sources utilised by the untreated soil community, and were a slightly different variety 

of carbon sources differ to those utilised by the community viable in the Mars chamber soil 

samples. In addition, innoculation with the dried control resulted in the additional positive 

response in the  phenylethylamine and putrescine wells.  

 

No colour change occured after innoculation with any soil type in the; Beta methyl-D-glucose, 

L-erthritol, D-glcoasminic acid, Glucose alpha phosphate, D.L alpha gylcerol phosphate, D-

galactonic acid lamder lactose, Lamder hydroxybutryic acid, Itaconic acid, alpha ketobutryic 

acid, malic acid or L-arginine wells (Figure 6.16).  
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Figure 6.15. Graph of Biolog
TM

 score for each carbon source, value of 1 indicate presence of colour change for that carbon type in all wells across all 

triplicates, value of 0 means no colour change for that carbon type in any wells across any triplicates
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6.4.3.3.2. PCA analysis of Biolog
tm

 Ecoplate data 

PCA analysis of the Biolog
tm

 Ecoplate data showed that the untreated soil sample 1A 

control replicates all plotted with a positive axis 1 value and plotted away from the data points 

representing the other treatment replicates (Figure 6.17). The replicates for the other 

treatments all plot in a similar area with a negative axis 1 value, with the exception of one 

dried soil sample 1A control datum point. The position of this datum point was calculated from 

the dried soils sample 1A control replicate with the highest Biolog
tm

 Ecoplate score. However, 

this point is still separated from the the untreated soil sample 1A control points.  

 

Figure 6.16. PCA analysis of Biolog
TM

 Ecoplate plate well response data. Axis 1 explained 

55% of the variance and axis 2, 15% of the variance. 

 

6.4.3.4. Identification of cultures 

Colonies from the Mars chamber and control plates were sequenced to identify those 

organisms capable of surviving the drying and Mars chamber incubation. A total of 51 isolates 

were successfully sequenced from three different NaCl concentrations. 30 isolated strains 

were most closely related to members of the phylum Firmicute, 14 were related to members 

of the phylum Proteobacteria and 1 isolate was related to members of the phylum 

Bacteroidetes (Figure 6.19). The sequences were then run through the Greengenes 16s 

rRNA gene database to obtain the near neighbours and nearest neighbours for each 

sequence as described in Chapter 3. Partial sequences ~840bp in length were used and 

sequencing was conducted in the forward direction. The description of each isolate 

sequenced is given in table 6.3. The culturable diversity of the untreated soil sample 1A 

control is displayed in Figure 6.19 and was described in Chapter 2.  

 



        229 

Chapter 6- Response of a single isolate, and a complex soil community to simulated Martian conditions 

 

Figure 6.17. (A) Proportions of cultured genera after Mars chamber incubation. (B) 

Proportions of cultured genera isolated from the untreated soil. Genera of the phylum 

Firmicute in shades of red, genera of the phylum Proteobacteria in shades of blue and genera 

of the phylum Bacteroidetes in purple. 

 
6.4.3.4.1. Isolates related to members of the phylum Firmicute  

The highest proportion of isolates was for the phylum Firmicute, with 23 isolates being most 

closely related to members of the genus Bacillus (Figure 6.20) and 7 isolates were related to 

members of the genus Alkalibacterium, relatives of which were not isolated from the untreated 

soil (Table 6.3). The proportion of Bacillus strains isolated after incubation is comparable to 

the proportion isolated from the untreated soil.  

The Bacillus isolates were closely related to organisms identified in a range of locations, all of 

which were either saline or alkaline environments. The closest cultured database strains 

separated into 10 different species of Bacillus, one isolate, 0.7%_B1-1F, from horizon 1 was 

most closely related to B. alkalinitrilicus a spore forming organism, isolated form high salt, 

poorly drained marsh land in Russia (Table 6.3). 
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Figure 6.18. The Lake Magadi isolates closely related to members of the phylum (pink) 
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Firmicute, their near neighbour and nearest neighbour matches (black) using Greengenes 

alignment software (DeSantis et al., 2006). Numbers at each node are the percentage 

bootstrap value of 1000 replicates. Bootstrap >45%. 

 

Isolates related to strains from Lake Elementia, a soda lake in Kenya have been cultured. In 

addition, relatives of B. hemicellulosilyticus, an obligatory alkaliphilic, spore forming 

bacterium, B. okhensis from salt pan and B. wakoensis which are both alkaliphilic, 

halotolerant strains (Nogi et al., 2005: Nowlan et al., 2006) and Bacillus sp. from 

calcite/gypsum rock were also isolated. This suggests that some strain from this environment 

may be capable of living in both an alkaline soil and an environment where gypsum can form. 

Isolate 0.7_B4-1F was most closely related to an uncultured organism from hydrocarbon 

contaminated saline-alkali soil and the closest strain match to Bacillus arseniciselenatis. B. 

arseniciselenatis is an obligatory anaerobic strain and is capable of reducing arsenate 

(AsO4
3−

) to arsenite (AsO3
3-

), and can use selenate (SeO4
3−

) and Fe III as ion acceptors 

(Switzer Blum et al., 1998: Zavarzina et al., 2009). This species was first isolate from Mono 

Lake, a shallow saline, alkaline lake in California which differs to Lake Magadi by its higher 

calcium concentration. Calcium levels in Mono Lake allows for the precipitation of calcium 

carbonate columns or tufas. Mono Lake has been studied as an analogue environment on 

Mars, with the concept that with the evaporation rates exceeding precipitation or water input 

then the bodies of water would become highly saline and possibly have a high pH (Forsythe 

and Zimbelman, 1995: McDonald et al., 1999). Strains related to B. arseniciselenatis were 

isolated from a sample from the northern end of Little Magadi and Lake Magadi (Chapter 3). 

Strains related to B. vedderi JaH were isolated from every horizon of the soil cores, on both 

the 0.7% and 6.8% NaCl agar plates. There was a similarity of 95% to 97% between B. 

vedderi JaH and the isolated strains from the Mars chamber. B. vedderi is a spore forming 

organisms first isolated from mud associated with bauxite processing waste and was isolated 

from samples to the south of Lake Magadi in Chapter 3 (Agnew et al., 1995). 

 

Several isolates including 6.8%_B1-1B and 15%_C1-1A were most closely related to Bacillus 

aurantiacus which is an orange pigmented, alkaliphilic and moderately halophilic strain first 

isolated in Hungarian soda lakes (Borsodi et al., 2008). Four strains of B. agardhaerens were 

isolated from the upper most horizon of the soil core and were isolated on both the 6.8% and 

the 15% NaCl, but it was not isolated on the 0.7% medium. The type strain is an obligate 

alkaliphile isolated from undefined ‘soil’ and is capable of utilising D-xylose as a carbohydrate 

substrate (Nielsen et al., 1995). 
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Table 6.3. BLAST database closest relatives and closest cultured species based on 16S rDNA similarity (Accession code).  

Isolate 

S
e
q
u
e
n
c
e
 

le
n
g
th

 
 

ID closest relative 
  

%
 m

a
tc

h
 

 
ID closest cultured strain relative 

 

%
 m

a
tc

h
 

0.7%_B1-1C 831 Hailaer soda lake bacterium F24 (AF275702.1) 99 Alkalibacterium psychrotolerans JCM 12281 (AB294176.1) 99 

0.7%_B1-1F 823 Bacillus sp. ISO_06_Kulunda (EU676884.1) 99 Bacillus alkalinitrilicus* ANL-iso4 (EF422411.1) 98 

0.7%_A2-1D 844 Hailaer soda lake bacterium F24 (AF275702.1) 98 Alkalibacterium psychrotolerans JCM 12281 (AB294176.1) 98 

0.7%_A2-1E 833 Bacillus sp. GSP69 (AY553128.1) 94 Bacillus alcaliinulinus AM31 (AB018595.1) 94 

0.7%_A2-1F 818 Bacillus sp. Zby6 (GU583650.1) 97 Bacillus vedderi* JaH (NR_026526.1) 96 

0.7%_B2-1E 817 Bacillus sp. E-127 (FJ764772.1) 98 Bacillus pseudofirmus* sRAB (AB595898.1) 96 

0.7%_B2-1F 
  

918 
Hailaer soda lake bacterium F24 (AF275702.1) 98 

Alkalibacterium psychrotolerans  IDR2-2 (NR_024830.1) 97 
Alkalibacterium sp 10011 (EU432578.1) 98 

0.7%_A3-1A 824 Bacillus okhensis  (DQ026060.1) 98 Bacillus wakoensis* (AB043851.1) 98 

0.7%_B4-1D 824 
Uncultured Bacillus sp. clone ENR_before_Playa 
(EU676872.1) 

98 Bacillus cohnii* D7023 (FJ161329.1) 98 

0.7%_B4-1 1F 828 Bacterium clone Bms_CK325 (HQ697807.1) 98 Bacillus arseniciselenatis* DSM 15340T (AJ865469.1) 97 

6.8%_B1-1 818 bacterium clone LCKS000B19 (EF201718.1) 97 Bacillus vedderi* JaH (NR_026526.1) 97 

6.8%_B1-1B 827 Hailaer soda lake bacterium T10 (AF275707.1) 99 Bacillus aurantiacus * K1-10 (AJ605772.2) 97 

6.8%_B-1C 
  

811 
 

Bacillaceae bacterium halo-2 (EU581836.1) 99 
Bacillus agaradhaerens* DSM 8721 (NR_026142.1) 98 

Bacterium 103NT4 (X92163.1) 98 

6.8%_A2-1 818 bacterium clone LCKS000B19 (EF201718.1) 97 Bacillus vedderi* JaH (NR_026526.1) 97 

6.8%_A2-1D 829 
Bacillus cellulosilyticus* DSM 2522 
(CP002394.1) 

96 Bacillus vedderi* JaH (NR_026526.1) 95 

6.8%_B3-1D 827 Hailaer soda lake bacterium F24 (AF275702.1) 97 Alkalibacterium psychrotolerans JCM 12281 (AB294176.1) 97 

6.8%_B3-1G 815 Bacillus hemicellulosilyticus* (AB043846.1) 99 Bacillus krulwichiae* T-28 (HQ202852.1) 95 

6.8%_C3-1B 822 Hailaer soda lake bacterium F24 (AF275702.1) 99 Alkalibacterium psychrotolerans JCM 12281 (AB294176.1) 98 

6.8%_C31E 829 Bacillus cellulosilyticus* DSM 2522 (CP002394.1) 98 Bacillus vedderi* JaH (NR_026526.1) 97 
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Table 6.3. continued 

Isolate 
S

e
q
u
e
n
c
e
 

le
n
g
th

 

 
ID closest relative 
  

%
 m

a
tc

h
 

 
ID closest cultured relative 
  

%
 m

a
tc

h
 

6.8%_A4-1C 830 Hailaer soda lake bacterium F24 (AF275702.1) 98 Alkalibacterium psychrotolerans JCM 12281 (AB294176.1) 98 

6.8%_A4-1B 820 
Hailaer soda lake bacterium F24 (AF275702.1) 98 

Alkalibacterium psychrotolerans IDR2-2 (NR_024830.1) 97 
Alkalibacterium sp. 10011 (EU432578.1) 98 

6.8%_A4-1E 828 Bacillus cellulosilyticus* DSM 2522 (CP002394.1) 95 Bacillus vedderi* JaH (NR_026526.1) 95 

6.8%_B4-1 844 Bacterial species 3E1 (X92162.1) 86 Bacillus saliphilus 6AG 1 (NR_025554.1) 88 

6.8%_C4-1C 827 Bacterium clone LCKS000B19 (EF201718.1) 98 Bacillus vedderi* JaH  (NR_026526.1) 98 

15%_C1-1A 824 Hailaer soda lake bacterium T10 (AF275707.1) 99 Bacillus aurantiacus* K1-10 (AJ605772.2) 97 

15%_C-1A 816 Bacillus sp. X5B(2010) (HQ433452.1) 94 Bacillus clarkii* DSM 8720 (NR_026141.1) 94 

15%_C-1B 815 Bacillus sp. clone EK CK628 (JN038220.1) 97 Bacillus agaradhaerens* Mi102(GQ121032.1) 98 

15%_C3-1B 817 Bacillaceae bacterium halo-2 (EU581836.1) 99 Bacillus agaradhaerens* DSM 8721 (NR_026142.1) 98 

15%_C3-1C 811 Bacillus agaradhaerens* (AB211544.1) 99 Bacillus agaradhaerens*IB-S7 (FN432808.1) 98 

15%_A4-1B 826 Hailaer soda lake bacterium T10 (AF275707.1) 99 Bacillus aurantiacus* K1-10 (AJ605772.2) 97 

15%_Ccontrol
C 

811 Bacillus sp. clone ML615J-19 (AF454300.1) 91 Caldalkalibacillus uzonensis* JW/WZ-YB58 (DQ221694.1) 91 

15%_Ccontrol
B 

819 Bacillus sp. ISO_02_Chiprana (EU676882.1) 99 Bacillus polygoni YN-1 (NR_041571.1) 99 

15%_FD_A1-
1C 

830 Bacterium clone LCKS000B19 (EF201718.1) 97 Bacillus vedderi* JaH (NR_026526.1) 97 

15%_C1_FD 810 Bacillus sp. clone EK CK628 (JN038220.1)  97 Bacillus agaradhaerens* Mi10-62 (GQ121032.1) 98 

15%_A1-1FD 816 Bacillus sp. X10-7 (HM598405.1) 99 Bacillus saliphilus 6AG 1 (NR_025554.1) 96 

6.8%_B3-1B 815 Aquiflexum sp. DL6 (JF812063.1) 96 Fodinibacter sp. S2  (FR681898.1) 92 

0.7%_A2-1B 811 Gamma proteobacterium E-410(FJ764791.1) 98 Idiomarina seosinensis CL-SP19 (NR_025826.1) 93 

0.7%_B2-1A 800 Halomonas sp. 4AB3 (HM587243.1) 95 Halomonas campisalis HB10.1(GU228480.1) 95 

0.7%_B2-1C 811 Gamma proteobacterium E-410(FJ764791.1) 99 Idiomarina seosinensis CL-SP19 (NR_025826.1) 93 

0.7%_A3-1D 815 Halomonas sp. 4AB3 (HM587243.1) 94 Halomonas campisalis HB10.1(GU228480.1) 94 

0.7%_B4-1B 821 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis HB10.1(GU228480.1) 99 
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Table 6.3. continued 

Isolate 
S

e
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e
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ID closest relative 
  

%
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ID closest cultured relative 
  

%
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a
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h
 

0.7%_B4-1E 822 Halomonas sp. 4AB3 (HM587243.1) 95 Halomonas campisalis HB10.1(GU228480.1) 95 

6.8%_B1-1C 831 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis HB10.1(GU228480.1) 97 

6.8%_B1-1D 794 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis LL6 (DQ077911.1) 99 

6.8%_A2-1E 814 Gamma proteobacterium E-410(FJ764791.1) 99 Idiomarina seosinensis strain 2PR51-17 (EU440983.1) 92 

6.8%_B3-1E 812 Idiomarina sp. JK38 (EF554896.1) 99 Idiomarina salinarum ISL-52 (EF486355.1) 93 

6.8%_B3-1F 795 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis LL6 (DQ077911.1) 99 

6.8%_C3-1A 794 Uncultured clone TX1A_96 (FJ152648.1) 97 Halomonas salina 5-5-10 (GU113001.1) 97 

6.8%_A4-1A 772 
Uncultured alpha proteobacterium clone WN-HSB-
198 (DQ432305.1) 

98 Rhodobaca barguzinensis VKM B-2406 (EF554833.1) 97 

6.8%_C4-1A 794 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis LL6 (DQ077911.1) 99 

15%_C1-1C 788 Halomonas sp. E-069 (FJ764763.1) 100 Halomonas venusta strain NBSL25 (FJ973522.1) 99 
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Strain 15%_C-1A was a 94% match for an uncultured Bacillus sp. strain from a hypersaline 

lake and 94% similarity to B. clarkii an obligate alkaliphile, 6.8%_B4-1 had the lowest 

database match of any isolate from the Mars chamber. This strain has 86% match to a 

bacterial strain from Lake Elementia and an 88% match to Bacillus saliphilus a haloalkaliphilic 

organism which does not form spores. B. saliphilus is a haloalkaliphilic bacterium with a wide 

salinity tolerance. This low database match would indicate that this is a new species and 

possibly a new bacterial genus.   

Those strains related to the genus Alkalibacterium were most closely related an unidentified 

Hailaer soda lake bacterium from an Inner Mongolian soda lake and/or Alkalibacterium from 

mud volcanoes in China. The closest strain matches to these isolates were strains of 

Alkalibacterium psychrotolerans, with between 97% and 99% match, isolated from the indigo 

fermenting process. A. psychrotolerans is a non-spore forming bacterium and an obligate 

alkaliphile and a facilitative anaerobe, which can utilise D-Xylose and D-Arabinose (Yumoto et 

al., 2004). Strains of Alkalibacterium and in particular close relatives to A. psychrotolerans 

were commonly cultured isolates from several samples in Chapter 3.  

Two strains from the control plate were closely related to Caldalkalibacillus uzonensis and B. 

clarkii with none of the Mars chamber isolates sequenced being related to these two strains of 

Bacilli. Isolates of the class Bacilli and specifically of the family Bacillaceae were isolated from 

each horizon of the Mars chamber samples. The isolates from the dried soil were most 

closely related to strains present in hypersaline lakes, petroleum contaminated soil and from 

soda soil with 97% to 99% match). The dried isolates were most closely related to cultured 

isolates of B. vedderi, B. agardhaerens and finally B. saliphilus. Only strains from the controls 

were described as most closely related to B. saliphilus and the other two strains were the 

most common closest database match to the Mars chamber isolates. 

 

6.4.3.4.2. Isolates related to members of the phylum Proteobacteria and Actinobacteria 

The 15 isolates of the phylum Proteobacteria were of the genus Halomonas, 

Idiomarina or Rhodobaca, with strains related to these genera being isolated from many 

samples in Chapter 3. Interestingly, the proportion of isolates closely related to Idiomarina 

increased, whilst the proportion of isolates related to Halomonas decreased. 8 isolates 

matched to Halomonads were most closely related to Halomonas campisalis. All these strains 

were most closely related to the same strain for closest relative, and again for the closest 

cultured relative (See table 6.3). H. campisalis is an obligatory alkaliphilic halophile 

(Boltyanskaya et al., 2004), but the type strain is not able to utilise D-xylose as a 

carbohydrate substrate. H. campisalis is able to grow over a very wide range of NaCl 

concentrations (Table 6.3) and was commonly isolated in Chapter 3.  
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Figure 6.19. The Lake Magadi isolates closely related to members of the phylum (pink) 

Proteobacteria and Bacteroidetes, their near neighbour and nearest neighbour matches 

(black) using Greengenes alignment software (DeSantis et al., 2006). Numbers at each node 

are the percentage bootstrap value of 1000 replicates. Bootstrap value > 50% are shown. 

 

H. campisalis has been isolated from a variety of environments including bioreactors treating 

Bayer liquor (Boltyanskaya et al., 2004), alkali soil and the soda, lake Lonar Lake (Joshi et al., 

2008) and does not form spores. A strain closely related to; uncultured clone from saline 

alkaline soil, a close relative to the cultured strain H. salina, a strain related to a Lake 

Elementia strain of Halomonas sp. and to the cultured strain H. venusta were also identified. 

Four strains most closely related to Idiomarina were isolated from second and third horizons. 

Three strains were most closely related to Gamma Proteobacterium from Lake Elementia with 

98% - 99% similarity and are most closely related to the cultured strain Idiomarina 

seosinensis with 92% - 93% similarity. The other isolate related to Idiomarina had 99% 

similarity to Idiomarina sp. isolated from a Hungarian soda lake, and 93% similarity to the 

cultured strain Idiomarina salinarum. These are non-spore forming strains which can grow at 

a range of salinities. 
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Strain 6.8%_A4-1A was most closely related to alpha proteobacterium clone from an 

alkaline/hypersaline lake in Egypt with 98% similarity. This strain was most closely related to 

the cultured strain Rhodobaca barguzinensis isolated from a soda lake with 97% similarity, 

Rca. barguzinensis is a purple non-sulphur bacteria (Boldareva et al., 2008). 

 

Finally strain 6.8%_B3-1B is most closely related to a red bacterium Aquiflexum sp. (96% 

match) a member of the phylum Bacteroidetes, isolated from Lonar Lake (Brettar et al., 2004). 

Lonar Lake is a saline lake with a pH of 9.8 (Kanekar et al., 2008). Members of the genus 

Aquiflexum do not require NaCl to grow but their growth is improved in its presence up to 6% 

NaCl and can grow on a range of temperatures from 4 °C to 40 °C and a pH 7 to pH 9 (Brettar 

et al., 2004). Strain 6.8%_B3-1B only has a 92% match to a cultured isolate, Fodinibacter sp., 

cultured from a salt mine, which is of the phylum Actinobacteria. Fodinibacter species so far 

are non-spore forming (Wang et al., 2009) and the genera Aquiflexum and Fodinibacter do 

not use D-xylose (Brettar et al., 2004). Isolates closely related to these strains were also 

isolated from samples in Chapter 3. 

 

The phylogenetic relationship of the isolates most closely related to strains belonging to the 

phylum Proteobacteria are shown in figure 6.21. This shows that four of the strains most 

closely related to strains of H. campisalis (99%) cluster together. The Halomonas strains 

which have a lower database match than 99% to H. campisalis, cluster separately, as do 

Halomonas strains related to other species of the genus.  

 

The two strains LS_A2-1B and LS_B1-1C cluster with strains from soil from the former Lake 

Texcoco and marine sediments, including deep sea sediments. Isolate 6.8%_B3-1E and 

6.8%_A2-1E were more closely related to strains from soda pond environments (Kiesel et al., 

2007) and isolates from mud volcanoes in Xijiang. 6.8%_A4-1A is most closely related to 

strains from alkaline/saline/soda lakes in Serbia (Boldareva et al., 2008) and Egypt. Finally 

6.8%_B3-1B clustered closely with strains of Aquiflexum, including two uncultured clones 

from Anderson Lake, a saline, alkaline arsenic enriched system.    

 

6.4.3.5. Comparison of the cultured Mars chamber isolate ladder, to the DGGE profile of 

samples from Chapter 3 

Finally, cultured isolates from the Mars chamber were used to produce a cultured 

ladder (Table 6.4), which was run along with the samples analysed in Chapter 3. This was 

done in order to identify any if any bands which are comprised of the strains which survived 

the Mars chamber treatment, are also present in other samples from Lake Magadi.  
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The isolates 6.8%_B3-1F and 0.7%_A2-1E from the Mars chamber contribute to bands 

marked in royal blue in Figure 6.22. This band can also be traced in the samples 2A, 58, 72.2, 

113, 125 and 94. The strain 15%_110A, related to H. pantelleriensis from Chapter 2 also 

migrates to this position. The band containing the strain 15%_CcontrolB, related to B. 

polygoni (Figure 6.22, light brown dashed line) is present in almost all samples, except 

sample 72.2 which was from the lagoon area of the lake.  

 

Isolates 0.7%_B2-1A and 6.8%_B3-1B migrate to the same position in the gel (Figure 6.22, 

purple dashed line), isolates 6.8%_106A, related to C. uzonensis, isolate 0.7%_58C, related 

to B. cohnii and strain 6.8%_86C, related to Idiomarina, from Chapter 3 also migrate to this 

same position. This indicates that the resolution of the gel is limited to a certain extent. The 

band corresponding to these strains can be traced in samples 72.2, 76, 133, 125 and 94. 

 

Figure 6.20. DGGE gel of the bacterial community of soil, biological material and rock 

samples around Lake Magadi. Royal blue dashed line and  denotes bands in corresponding 

location to the band for 6.8%_B3-1F, 0.7%_A21E and (Table 6.4 K, Light brown dashed line 

and  denotes bands in corresponding location to the band for 15%_ControlB (Table 6.4 I), 
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Purple dashed line and  denotes bands in corresponding location to the band for 0.7%_B2-

1A and 6.8%_B3-1B (Table 6.4.M). Pink dashed line and  denotes bands in corresponding 

location to the band for 6.8%_B1-1B (Table 6.4.N). Dark red dashed line and   denotes 

bands in corresponding location to the band for 0.7%_B4-1F and 0.7%_B4-1D (Table 6.4.O).  

L denotes ladder lane 

 

The band containing isolate 6.8%_B1-1B (Figure 6.22, pink dashed line), related to B. 

aurantiacus was identified in samples 76, 133, 86 and 94, three strains most closely related to 

this species of Bacillus were isolated from the Mars chamber samples.   

 

Finally, the strains 0.7%_B4-1F and 0.7%_B4-D, which were more closely related to two 

species of Bacillus, B. alkalidiazotrophicus and B. cohnii contribute to a band which could be 

traced in samples 72.2, 133 and 94. 

 

6.5. Discussion 

When considering which terrestrial environments and organisms might be best suited 

for analogue studies, it would be logical to select those that inhabit environmental conditions 

which may have been similar to those on past and present on Mars. Organisms living in those 

environments would require cellular adaptations, for example, adaptations against different 

types of oxidative stress, which would also be beneficial on Mars. This chapter has assessed 

the effects of simulated Martian conditions on the survivability of a halotolerant, alkaliphilic 

novel isolate, and a complex soil community from a saline alkaline environment, which had 

not previously been studied in an astrobiological context.  

 

6.5.1. Survival of Planococcus sp. LMLD02 

The data presented in this chapter demonstrates that Planococcus sp. LMLD02, 

isolated from the northern end of Little Magadi (see Chapters 2 and 3), can survive short term 

exposure to at least some of the extreme conditions which would be experienced on Mars. 

Some degree of survival by Planococcus sp. LMLD02 after incubation under simulated 

Martian conditions was expected due to the desiccation and UV resistance it exhibited in 

Chapter 5 Sections 5.3.2.9 and 5.3.3.4. Studies conducted on other non-spore forming 

strains, including Deinococcus radiodurans, Escherichia coli and Psychrobacter cryohalolentis 

have also demonstrated that the bacteria were able to survive incubation under various 

simulated Martian conditions (including desiccation, anoxic atmosphere and low pressure), 

although they did display a decrease in viability (Section 6.1.1, this Chapter) (Pogoda de la 

Vega et al., 2007: Smith et al., 2009a: Berry et al., 2010). Planococcus sp. LMLD02, however, 

demonstrated no significant decrease in viability following incubation for 7 days. In order to 

fully understand the response of Planococcus sp.LMLD02 it would be necessary to compare 

this isolate against a control strain. The development of the drying procedure to eliminate 
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contaminants such as fitting a filter to the lyophilizer, or by using growth media to select 

specifically for the control strain could assist with this.  

 

The ability of Planococcus sp. LMLD02 to survive the simulated conditions may be a product 

of the fact that it is adapted to grow in a highly alkaline/saline environment. Studies have 

suggested that the resistance to simulated Martian surface conditions including freeze thaw 

cycles and UV radiation exhibited by some halophiles (Halorubrum chaoviator and 

Halobacterium salinarium (Chapter 5 section 5.4.2.)) is a factor of the hypersaline 

environment from which they are isolated (Kottemann et al., 2005b: Johnson et al., 2011: 

Gygli et al., 2009: Baxter et al., 2007b).  

 

The contrast between the decline in cell numbers during desiccation demonstrated in Chapter 

5 and the results described in this chapter could be the result of the SCSM providing 

protection to Planococcus sp. LMLD02, as discussed in Chapter 5, section 5.4.1. In addition, 

a study on D. radiodurans, comparing the individual effects of desiccation (71% survival) and 

temperature (72% survival) to their combined effects on cell viability, showed an increase in 

cell survival (98% survival) when the desiccation and temperature were combined. A similar 

pattern was also observed with E. coli, and it is thought the strains are responding 

synergistically to both stresses (Diaz and Schulze-Makuch, 2006).  

 

Low temperature resistance requires an ability to maintain membrane fluidity and continue 

metabolic activities and protein synthesis (Hebraud and Potier, 1999). The methods used to 

combat desiccation such as compatible solutes, can also play a role in limiting the effects of 

freezing conditions (da Costa et al., 1998). Mechanisms which are triggered by the presence 

of one factor can produce the additional advantage of protecting the organism against another 

stress which provokes similar cellular damage. The organisms could then benefit from the 

combined effects of several mechanisms which work synergistically and would result in a 

superior survival against the combined detrimental factors. Again, it is not clear what 

mechanisms are involved in the resistance of Planococcus sp. LMLD02, which would require 

in depth analysis of the functional genes and proteins.  

 

6.5.2. Response of complex soil community stress factors 

 
6.5.2.1. Effects of desiccation on a complex soil community 

Desiccating soil 1A resulted in a significant decrease in the number of colony forming 

units calculated from each growth medium, as well as a decrease in substrate utilisation 

identified through Biolog
TM

 Ecoplate analysis. However, this result is in contrast to what we 

might have expected considering the desiccating nature of the sampling environment and the 

response of Planococcus sp. LMLD02. Other studies assessing the effects of simulated 

Martian conditions on complex microbial communities have demonstrated a decrease in CFU 

and substrate utilisation following desiccation (Hansen et al., 2005) and in addition, Chapter 5 
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demonstrated a decrease in cell viability due to desiccation in both archaea and bacteria from 

Lake Magadi. This suggests that in spite of the desiccating conditions from which the soil was 

sampled, the community was still sensitive to the extreme desiccation of the simulated 

Martian environment. It is important to note however that the soil was not dry when it was 

sampled and so organisms which are not necessarily so desiccation resistant may also have 

been present and where then affected by the subsequent desiccation. The most detrimental 

factors of a simulated Martian environment on biology are desiccation, as well as freeze thaw 

cycles and UV-C irradiation, so a decline in viability and a decrease in carbon usage might 

have been expected. (Hagen, 1967: Hansen et al., 2009).  

 

There was no apparent difference in the survival fraction between the different NaCl 

concentrations incubated with the dried soil control, suggesting that those organisms able to 

grow in the presence of 15% NaCl were no more resistant to this method of desiccation than 

the community able to grow on 0.7% NaCl. Alternatively, it could be that the culturable 

community present in this soil sample have a broad NaCl growth range and so could grow on 

in the presence of all three NaCl concentrations (therefore were represented on all three 

media). This hypothesis maybe supported by the absence of any clear distinction between the 

genera and species of cultured organisms, identified on the three growth media in Chapter 3.  

To address this, the use of a growth medium with an even greater salinity, such as 25% may 

restrict growth to more extreme halophiles.  

 

Although the cell count does decrease, between 4-18% of the original culturable community 

were able to survive the drying process on the different NaCl concentrations. Therefore, some 

of the organisms present in soil samples from Lake Magadi would be able to survive 

desiccating conditions, such as those present on Mars. However, this is just one detrimental 

factor which these communities would face and the community which could survive 

desiccation would also have to withstand prolonged desiccation, along with hypobaric 

conditions, UV radiation and freeze thaw cycles.  

 

It is important to consider however that a drawback of culture based techniques is that 

typically the culturable community only represents <1%of the whole microbial community (as 

mentioned in Chapter 3). However, culture based do provide an initial indication of changes 

induced by environmental factors. The addition of culture independent techniques, such as 

Live/Dead
®
 staining would allow the assessment of viability survial for the whole microbial 

community and not just the culturable one. 

 

6.5.2.2. Combined effects of freeze thaw cycles, desiccation, hypobaria, UV-C radiation 

and anoxic atmosphere on complex soil community 

Incubation under simulated Martian conditions resulted in a significant decrease in 

the culturable community present in most horizons. However, there was no significant 

difference between the Mars chamber horizons, suggesting that the simulated Martian 
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conditions had a detrimental effect upon the culturable community down to a depth of at least 

23mm. This change in community after Mars chamber incubation was accompanied by a 

decrease in the number of carbonate substrates utilised. These community changes could 

have been due to the prolonged desiccation, freeze thaw cycles, hypobaria and/or UV 

radiation (be that a direct result, or due to the secondary effects of UV radiation, such as 

photochemcially produced free oxygen species) (Hansen et al., 2005). Significantly, the 

community able to grow on 15% NaCl appeared less affected by the simulated Martian 

conditions, with no horizon demonstrating a decline in cell count following incubation 

compared to the desiccated control. This would suggest that the community able to grow on 

this higher salinity is better adapted to survive the conditions outlined above than those able 

to grow on 0.7% or 6.8% NaCl. This could be because the adaptations required to grow at 

high salinity are also beneficial in the presence of these simulated Martian conditions.  

 

Mars chamber simulations are only able to reproduce the Martian environment to a certain 

extent. The absence of factors such as IR in the simulation means that the viability identified 

by Planococcus sp. LMLD02 and the complex soil community is probably only an upper limit. 

However, it still provides an indication of what maybe possible if an organism or community 

were protected from other factors. In addition these experiments were all conducted on a 

short, 7 day timescale due to the experimental constraints of running Mars chamber 

simulations for longer periods of time. 

 

6.5.2.3. Effects of bench control conditions on complex soil community 

This study showed that there was no significant difference between the bench control 

and the Mars chamber samples when incubated on 6.8% and 15% NaCl. This indicates that 

where a significant decline in viability occurred, the conditions experienced were no more 

detrimental than the ambient temperatures and humidity experienced on the bench. A decline 

in the culturable cell count was only demonstrated in the bench control incubated on the 0.7% 

NaCl medium, suggesting that the community able to grow on higher salinities were less 

affected by the conditions experienced on the bench than experience in the Mars chamber. 

This could suggest that these organisms are more tolerant of a range of environmental 

conditions, which could mean that they would be able occupy a broader variety of habitats on 

Mars.  

 

6.5.2.4. CLPP following each treatment 

A decline in the number of carbon sources utilised was recorded after desiccation and 

following the Mars chamber and bench treatment as mentioned above. Although the types of 

organisms isolated in the untreated soil and following the Mars chamber incubation were 

similar, the decrease in the number of single carbon sources which can be metabolised by the 

community does change. This could have been a reflection of changes in the metabolic 

activity of these isolates due to the conditions they have been exposed to. A positive 

response was noted in every xylose well, this carbon source is a major constituent of 
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hemicellulose plant cell wall material and one of the most abundant carbon sources in nature 

(Johnsen et al., 2009). Its metabolism following each treatment might be expected as it is a 

readily available carbon source and so that when a stress such as desiccation is applied, 

metabolism of a readily available carbon source would be beneficial. 

 

The use of Biolog
TM

 EcoPlates was problematic due to the low cell density of the untreated 

soil sample and the even lower cell densities recorded after treatment. The Biolog
TM

 

EcoPlates do provide useful data on changes in metabolism following desiccation and Mars 

chamber incubation and did provide details on changes in the metabolic profile of the soil 

community in this study, however they maybe more suitable for use with samples which have 

a high culturable cell density, at least in the untreated control.  

 

6.5.2.5. Isolates capable of surviving simulated Martian conditions  

Following, following Mars chamber incubation the isolates were most closely related 

to members of the main bacteria genera which were isolated from the untreated soil, Bacillus, 

Idiomarina and Halomonas (Chapter 3), plus isolates of the genera Alkalibacterium. This 

would suggest that although the culturable viability of the community decreases, 

representatives of the common culturable genera from soda lakes are capable of surviving 

exposure to some of the detrimental conditions which would be experienced on Mars, at least 

on a short time scale. In addition, the DGGE gel demonstrated that the band corresponding to 

strains isolated from the Mars chamber could be traced in a variety of samples from around 

Lake Magadi, again suggesting they maybe a common isolate present in a soda lake 

environment. However, it is possible that the band represents more than just the one species 

and sequencing of the band would be needed for confirmation (Chapter 3).  

 

The presence of isolates related to Alkalibacterium from the treated soil, despite the absence 

of any isolates from the untreated control (Chapter 3) demonstrates another limitation of 

culture based techniques. Despite attempts at complete sample homogenisation, it is still 

possible that the sample will not be completely homogenised, and that species in a 

community are not represented in a sample. It is also possible that the dynamics of the 

microbial community present in that particular sample restrict the growth of a certain isolate. 

An alternative would be to use a culture-independent method such as pyrosequencing to 

determine the community structure (as mentioned in Chapter 3). However, its application in 

this type of study has its own issues. Firstly the problem of sample homogenisation discussed 

above could still apply and secondly, due to the preservation of DNA under simulated Martian 

conditions (Hansen et al., 2005), sequencing after Mars chamber incubation could result in 

the identification of both viable and dead cells, where the DNA has been preserved.         

 

The strains which were isolated from the Mars chamber samples were related to halotolerant 

and alkaliphilic or alkalitolerant and indicate those organisms adapted to living in an alkaline 

environment are able to survive exposure to simulated Martian conditions, which is significant 
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considering the evidence for alkaline environments on Mars (Ehlmann et al., 2008b: Bishop et 

al., 2008: Ehlmann et al., 2010a: Ehlmann et al., 2010b).Provided with additional protection 

against ionizing radiation, and the availability of nutrients and water, then 

alkaliphilic/alkalitolerant halophiles could potentially survive on Mars, most probably in the 

subsurface.  

 

6.6. Conclusions  

Studies on the affects of simulated Martian conditions on soil communities from a 

soda lake environment have not been widley reported in the literature. The increasing 

evidence indicating the presence of  alkaline and saline environments on Mars means that 

studying the survivability, repsonse and biosignatures of the communities of such 

environments is necessary.   

 

A change in carbon usage was identified using Biolog
TM 

Ecoplates following desiccation and 

Mars chamber treatment however, Biolog
TM

 Ecoplates do have limited use in Mars chamber 

studies when utilising samples wich have a naturally low culturable cell count in the untreated 

samples.  The subsequent treatment may lower the cell count to a point where the Biolog
TM

 

Ecoplate cease to perform at their fullest potential.  

 

A decline in the number of colony forming units recorded on 0.7%, 6.8% and 15% NaCl 

growth media occurred following desiccation, along with a decline in the number of carbon 

sources being utilised. Desiccation was the biggest factor affecting survival of the complex 

soil community, the conditions in the Mars chamber including freeze thaw cycles and UVC 

radiation had no more effect upon the culturable cell viability than the bench conditions. The 

community able to grow on a medium of 15% NaCl was unaffected by neither the bench 

conditions nor the Mars chamber conditions. 

 

The isolate Planococcus sp. LMLD02 and species of the genera Idiomarina, Alkalibacterium 

and Halomonas (as part of a complex soil community) all demonstrated an ability to survive 

simulated Martian conditions for at least 7 days, and could be useful model organisms for 

further survival studies.  

 

Studying the response of a single isolate and a soil community to simulated Martian 

conditions or extreme environmental parameters are both important in adding to our 

understanding of the limits of life. The combination of colony counting, sequencing of isolates 

and Biolog
TM 

Ecoplates provides a more complete view of the effects of drying and simulated 

Martian conditions.  

 

6.7. Further work 

There are several lines of enquiry which could be pursued following this study using 

Mars chamber systems.  
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Firstly, Planococcus sp. LMLD02 survived  as well when placed into the SCSM, but does the 

presence of NaCl and carbonate in the simulant aid survival? If the presence of these 

minerals in a soil does enhance survival, then this would lend further support to the 

importance of identifying environments with such minerals (soda environments) when looking 

for past or present signs of life on Mars. Identification of such environments is the focus of 

Chapter 7. 

 

Secondly, an interesting comparison to this study would be to compare the response of  soil 

2A, sampled further from the lake edge to simulated Martian conditions. It may be that the 

culturable community present in this sample would be desiccated for a high proportion of the 

year, therefore it would be expected that those organisms from a naturally highly desiccating 

environment would be even more resistant to the types of stresses applied in this study. 

 

The survival of organisms following incubation under simulated Martian conditions is one 

aspect of considering the contamination of Mars and the possibility for any terrestrial life on 

Mars. However, it is not enough to simply look at survival, following the identification of 

organisms capable of survivng such conditions it is then necessary to identify and understand 

if any of those strains are capable of reproducing under these conditons, or if factors such as 

low temperature and hypobaria inhibit growth/germination in these isolates.   

 

Finally, the analysis of changes in the functional genes for strains after incubation under 

different extreme parameters would indicate how the organisms respond to these conditions. 

Functional gene arrays could be used to analyse the functional genes before and after 

incubation, looking at changes in biogeochemical processes including carbon, nitrogen or 

phosphorus cycling and resistance (He et al., 2008) in response to the environmental 

stresses imposed. This will be discussed in more depth in Chapter 8. 
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Chapter 7 

Testing PanCam multispectral filter sets on geological 

samples typical of alkaline environments 

 

The primary focus of both the ESA ExoMars mission and the NASA Mars Science Laboratory 

mission is to find evidence of present life and/or past life on Mars. Gaining an understanding of 

what types of life occupy  highly saline, alkaline and desiccating environments, and to what 

extent these organisms can withstand the types of environmental factors which would be 

experience on Mars has been the focus of this thesis so far. In the context of searching for 

signs of extraterrestrial life, it is vital that we have an understanding of exactly what types of 

environments should be the focus of missions and then understand how to identify those 

environments with the resources and equipment available to astrobiological missions. 

 

7.1. The role of multispectral imaging in Mars missions  

Multispectral imaging instruments have been present on past and present missions to Mars, 

such as the Beagle 2 Stereo Camera System, MSL MastCam filter set and MER PanCam 

instrument and for the future ExoMars mission (Chapter 1, section 1.8.3.1). The panoramic 

camera, instruments provide remote analysis of the surface geology. This system has an 

important role to play and on the ExoMars rover it is currently the only analytical instrument 

(apart from the ground penetrating radar system WISDOM), which does not rely upon the drill 

system (Cousins et al., 2010). The remote sensing instruments on a rover must provide the 

science team with sufficient information to allow for the priority scientific targets to be 

identified. The ability to do this remotely reduces the risk of wasting time and power on moving 

the rover to explore targets of no significant interest. It is therefore important that we 

understand the type and quality of multispectral data which may be produced during the 

missions. The NASA strategy of; “follow the water” when looking for life on Mars demands a 

focus by missions, upon minerals which form in association with water. 

 

Water is highly significant in the search for life as we know it. Any geological evidence for past 

or present existence of water, through mineralogical composition (i.e. the presence of OH or 

H2O), or those minerals which require water to form, but do not require liquid water to remain 

stable are prime targets for astrobiology missions (Bishop, 2005: Murchie et al., 2009: Cousins 

et al., 2010).  

 

7.2. Multispectral Imaging filter sets  

A multispectral camera system captures image data at specific wavelengths across the 

electromagnetic spectrum (Chapter 1, section 1.8.3.1). The images at different wavelengths 

are produced using a series of narrowband filters placed in front of the camera lens. The 
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panoramic camera instruments on the Pathfinder/Beagle 2, Mars Exploration Rover (MER), 

Mars Science Laboratory (MSL) and ExoMars can produce visible to near infrared 

multispectral images between 400-1010nm wavelengths (Smith et al., 1997: Bell et al., 2004: 

Griffiths et al., 2006: Malin et al., 2010: Cousins et al., 2010).  

 

The choice of the centre filter wavelengths for these filters is key to ensuring the maximum 

amount of information is gathered by the multispectral imaging instrument. The filter sets 

designed for missions to Mars, both past and present and are outlined in table 7.1. These filter 

sets have been designed based on a set of criteria related to mineral identification, for 

example, wavelengths of iron oxidation, Fe and/or H2O/HO absorptions features have been 

used, these being main features of interest for the Mars Pathfinder mission and the MER 

mission (Smith et al., 1997: Bell et al., 2003).  

 

The basis for the ExoMars PanCam filter set selection was to assist with the detection of 

environments of astrobiological interest in the Martian geological record, in particular hydrates 

minerals including phyllosilicates and sulphates.  The use of different criteria methods by each 

mission (Pathfinder, Beagle 2, MER, MSL, ExoMars) for the choice of filter wavelengths results 

in a series of subtlety different filter sets. (Figure 7.1). The 12 filters provisionally devised for 

Table 7.1. Filter centre wavelengths (λ) and bandpass in nm for the Pathfinder, Beagle 2, 

MER, MSL and ExoMars multispectral filter sets.  All data are in nm. N/D no data  

Pathfinder 

(Smith et 

al., 1997) 

Beagle 2 

(Griffiths et 

al., 2006) 

MER 

(Bell et al., 

2003) 

MSL 

(Malin et 

al., 2010) 

ExoMars F2-

12 

(Cousins et al., 

2010) 

ExoMars Ferric 

(Cousins, Pers. 

Comm.) 
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479 

530 

499 

671 

752 

801 

858 

897 

931 

966 

1002 

22 

28 

32 

21 

17 

18 

20 

34 

42 

32 

29 

28 

440 

480 

530 

600 

670 

750 

800 

860 

900 

930 

965 

1000 

22 

28 

32 

21 

17 

18 

20 

34 

42 

32 

29 

28 

432 

482 

535 

601 

673 

753 

803 

864 

904 

934 

1009 

- 

25 

27 

19 

17 

16 

20 

20 

17 

25 

24 

28 

- 

440 

525 

675 

750 

800 

865 

905 

935 

1035 

- 

- 

- 

12.5 

10 

10 

10 

10 

10 

10 

12.5 

12.5 

50 

- 

- 

440 

470 

510 

560 

590 

650 

710 

750 

820 

890 

960 

1000 

22 

26 

30 

27 

21 

18 

17 

18 

27 

38 

30 

28 

440 

500 

530 

570 

610 

670 

740 

780 

840 

900 

950 

1000 

N/D 
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the ExoMars PanCam instrument, filter set “F2-12” were designed using a suite of 

phyllosilicates, sulphates and a carbonate mineral (Cousins et al., 2010). Following this, an 

alternative “Ferric” filter set has been designed, using the ferric minerals haematite, goethite, 

ferrihydrate and magnetite (Cousins. Pers. Comm.)  

 

 

Figure 7.1 Distribution of centre wavelengths for each of the filter sets.  

 

Most distinguishing features for mineral samples occur beyond 1010nm (Cousins et al., 2010). 

The limitation of multispectral imaging to the range 400-1000nm, means that many spectral 

features beyond the VIS-NIR region are missed. It is therefore necessary to use a range of 

analytical techniques, which can work together to produce complementary data in order to 

identify both the mineralogy and lithology of the outcrops.  

 

ExoMars will use a Raman spectrometer (Ellery et al., 2004: Courrèges-Lacoste et al., 2007) 

and X-ray diffraction (Marinangeli et al., 2007) to assist with identification of mineralogy, (via a 

drill sample) at a site selected, based upon PanCam data. It is by the remote analysis and 

identification of sites of potential interest by the PanCam instrument, coupled with the in-situ 

analysis by other instruments, that an understanding of the geology and any potential 

biosignatures in the area can be obtained. 

  

7.3. Geology of alkaline/saline environments using Multispectral Imaging. 

Evidence of mineral deposits on Mars which are suggestive of alkaline or saline 

environments (or both), has been provided by in-situ rover analysis (Morris, 2010: Boyton, 

2009) and remote sensing observations (Ehlmann et al., 2008b). Minerals including 

carbonates, phyllosilicates and zeolites have been identified on the surface in varying 

quantities (Table 7.2) (Mustard, 2008: Boynton et al., 2009: Ehlmann et al., 2009: Morris, 

2010).  
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On Mars these minerals, which require alkaline aqueous environments to form, were 

predominantly deposited during the Noachian to early Hesperian periods (Ehlmann et al., 

2008b: Morris, 2010) and suggest that localised areas on the surface of Mars were once 

neutral to alkaline (Chapter 1, section 1.8.3.3). Another point of interest is that in some areas 

minerals have survived which we would have expected to have been eroded away if subjected 

to the acidic conditions hypothesised for the whole surface of the planet from the Hesperian 

period (Ehlmann et al., 2008b). This may indicate that Mars was not globally environmentally 

homogeneous and that areas of both acidic and alkaline environments could have been 

present on the planet since the Noachian (Ehlmann et al., 2008b).  

 

It is becoming clear that there would have been areas of more neutral/alkaline conditions on 

Mars until more recently (Morris, 2010). Analogue studies are being conducted in areas with a 

Table 7.2 Table of minerals identified or hypothesised to be present on Mars which indicate 

periods of neutral-alkaline aqueous alteration.  The table outlines the pH range for formation 

of each mineral on Earth, and where it has been identified on Mars.  

Mineral type Mineral name pH formation range 
Reference for identification or 

prediction of presence on Mars 

Zeolite 

Chabazite 
pH>9 (Gottardi, 

1985) 

Hypothesised to be present (Bish 

et al., 2003: Ruff, 2004b) 

Phillipsite 

pH 9-11 and stable 

at pH 7-10 at 5°C 

(Iijima and Utada, 

1966) 

Hypothesised to be present and 

possibly  identified phillipsite 

(Ruff, 2004b: Bishop, 2005) 

Analcime 
pH>9 (Iijima and 

Utada, 1966: Kalló, 

1988) 

Nili Fossae (Ehlmann et al., 

2009) 

Carbonate 

Siderite 

Neutral to alkaline 

pH (Ehlmann et al., 

2008b) 

Columbia Hills of Gusev crater 

(Morris, 2010) Nakhla meteorite 

(Bridges and Grady, 1999), 

Calcite 
Phoenix landing site (Boynton et 

al., 2009) 

Magnesite 
Columbia Hills of Gusev crater 

(Ehlmann et al., 2009) 

Phyllosilicate Montmorillonite 
pH>7.5 (Weaver, 

1989) 

Smectite clays in Mwarth Vallis 

(Mustard, 2008) and Nili Fossae 

(Ehlmann et al., 2009) 

Halide 

(evaporite) 
Halite 

pH1.7- >10 

(Jagniecki and 

Benison, 2010)  

Nakhla meteorite (Bridges and 

Grady, 1999) 
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less acidic pH (Ehlmann et al., 2011a), but there is much scope for further studies on alkaline 

environments with an astrobiological focus.    

 

7.4. Spectral features of minerals which can form under alkaline/neutral conditions 

 

7.4.1. Spectral features of carbonate minerals  

As discussed in Chapter 1, section 1.4, alkaline/saline systems can produce different 

minerals depending upon the water chemistry they precipitate from. Magnesite (MgCO3), 

calcite (CaCO3) and trona (Na3H (CO3)2·2H2O) all form in alkaline environments.  However the 

precipitation of sodium carbonate minerals such as trona requires very low levels of calcium 

and magnesium in the system (Warren, 2006). Therefore it is necessary to be able to 

distinguish between different types of carbonates. 

 

The iron carbonate siderite (FeO3) has distinctive absorption features around 600nm and 

1000nm that are attributed to the presence of iron (Figure 7.2.A). The diagnostic spectral 

features of trona are generally at wavelengths >1000nm, trona has a small absorption around 

1008nm (Drake, 1995) which could not be defined, water absorption features generally occur 

from about 950-1000nm (Figure 7.2.B) due to the OH stretching vibrations (Cousins et al., 

2010). Anhydrous carbonates such as calcite and magnesite (Figure 7.2.A) contain no distinct 

absorption features in the visible and NIR region (Drake, 1995).  

 

Figure 7.2. Database spectra for minerals which form under alkaline conditions, showing the 

position of iron (dashed line) and water features (dash and dotted line) within the spectra. (A) 

Example database reflectance spectra for iron carbonate Siderite (Baldridge et al., 2009b), 

zeolite mineral Erionite (RELAB-Spectral-Database, 2008) and phyllosilicate montmorillonite. 

(Clark et al., 2007) (B) Example database reflectance spectra for evaporite minerals Trona 

(Baldridge et al., 2009b), Thermonatrite (Baldridge et al., 2009b) and halite (Clark et al., 2007). 

 

A 
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The formation of evaporite carbonate minerals in playa environments is complex, with a range 

of minerals forming with varying levels of hydration (Warren, 2006). Table 5.3 outlines 

evaporite carbonates of differing hydrations which can form, with the spectral signature for 

each sodium carbonate species (except natrite) are shown in Figure 7.3.  

 

Table 7.3 Sodium carbonate species variation indicating differences between levels of 

hydration. 

Mineral Formula Reference 

Natrite Na2CO3 (Warren, 2006) 

Nahcolite NaHCO3 

Thermonatrite Na2CO3•H2O (Fall, 2005) 

Trona Na3(CO3)(HCO3)•2(H2O) (Crowley, 1991) 

Natron Na2CO3•10H2O 

 

The features in the reflectance spectra for these different species are limited but do show 

variation in absorption features around 650nm and 990nm, which is assigned as a hydration 

feature (Cousins, 2010). 

 

 

Figure 7.3. Reflectance spectra for different carbonate species;  Nahcolite, natron, trona (Clark 

et al., 2007) and thermonatrite (RELAB-Spectral-Database, 2008). 

 

7.4.2. Spectral features of evaporite minerals 

Saline minerals generally exhibit a number of diagnostic features in the near-infrared 

(700-25000 nm). However the mineral halite, which is potentially an important mineral for 

astrobiology, as discussed in Chapter 1, section 1.7.3.1, exhibits no diagnostic features 

between 440-1010nm (Figure 7.3.B) (Crowley, 1991).  
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Hydration and dehydration of a mineral has an effect on the structural properties of evaporite 

minerals (including hydrated carbonates) and on the reflectance spectra they produce 

(Crowley, 1991). The formation of evaporite minerals and the interaction of different minerals 

in a mixture of particles of different sizes is complicated. The combinations of different 

minerals show non-linear mixing relationships and all these factors can result in the 

displacement of features and is particularly evident in the VIS-NIR region (Crowley, 1991). For 

this reason it is important to study geological samples and the natural mixtures of minerals. 

 

7.4.3. Spectral features of zeolite minerals 

Zeolites are hydrated aluminosilicate minerals and have been described in Chapter 1, 

section 1.8.3.4.4. On Earth zeolites form in saline-alkaline lakes and soils, and commonly in 

hydrothermal systems  in basaltic and volcanic regions as well cold polar deserts (Hay, 1986: 

Cloutis, 2002). Zeolites can form through the gradual alteration of volcanic ash and tephra and 

require alkaline/neutral water to form (Warren, 2006).  

 

In general zeolitic water between the layered structure of the zeolites is responsible for the 

absorption bands in zeolite spectra (Cloutis, 2002). The Vis-NIR reflectance spectra of zeolites 

exhibit some key features, An absorption band at  970nm, attributed to the presence of the O-

H stretch which may be due to either bound or absorbed water in the zeolite structure (Cloutis, 

2002).  

 

The presence of iron in the form of FeO and/or Fe2O3 in a zeolite structure results in 

absorption features near 460nm, 600nm, 660nm, 700nm and/or ~900nm-920nm wavelengths 

(Cloutis, 2002) (Figure 7.1.A). A positive absorption edge from 400-600nm and absorption 

bands at 520nm and 900nm are due to the presence of ferric iron and a band around 1100nm 

is due to the presence of ferrous iron in some minerals (Bailin, 1991). The presence of ferric 

iron can also produce bands at 650nm and 950nm (Cloutis, 2006: Cousins et al., 2010). 

 

7.4.4. Spectral features of phyllosilicate (smectite) minerals  

The presence of clays on Mars is important not only for the indication of water present 

for their formation, but also due to their capacity to potentially preserve any organic material 

(Weaver, 1989: Mustard, 2008: Murchie et al., 2009). The phyllosilicate clay nontronite, an iron 

rich phyllosilicate with the typical formula of Ca.5(Si7Al.8Fe.2)(Fe3.5Al.4Mg.1)O20(OH)4 exhibits 

ferric absorption features around 480, 650 and 950nm (Stewart et al., 2006). Montmorillonite, a 

hydrated sodium calcium aluminium magnesium silicate hydroxide   

((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) may also contain iron within its structure. The 

spectrum for montmorillonite (both Na and Fe forms) contains no distinct absorption features in 

the 440-1010nm region, the only features being an increase in absorption from 440-750nm 

and a change in slope from 500-600nm (Figure  7.3.A) (Orenberg, 1992).  

 

http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Magnesium
http://en.wikipedia.org/wiki/Hydrogen


        253 

Chapter 7- Testing PanCam multispectral filter sets on geological samples typical of alkaline 

environments 

 

7.4.5. Spectral features of biological material 

It is important to remember that geological and biological material is not always distinct, 

for example, endolithic organisms occupy niches within the rocks themselves (Konhauser, 

2007). Analysis of those samples from Lake Magadi where endolithic organisms have probably 

colonised would provide important information on the spectral signatures produced in these 

associations. In addition biomats, although extremely unlikely to be discovered on the surface 

of Mars, will also provide information on the sorts of biosignatures such as preserved 

photosynthetic pigments, which organisms from soda lake environments produce (Ellery et al., 

2004). 

 

Absorption features occur between 450 nm and 520 nm which are attributed to chlorophyll and 

carotenoids, these compounds also result in a reflectance peak around 520 nm to 600nm 

(Figure 7.4). The maximum absorption for chlorophyll occurs at 630 nm to 690 nm  (Hale, 

2000). Liquid water in the structure can result in absorption overtones for water at 970 nm and 

towards 1190 nm (Toselli, 1992). Bacteriochlorophyll absorbs at wavelengths of 590 nm and 

800 nm (Sparks et al., 2009). The pigment bacterioruberin, identified in some halophilic 

archaea (Chapter 5, section 5.4.3), exhibit reflectance peaks around 497 nm and minor peaks 

at 533 nm, 475 nm, and 392 nm (Dummer et al., 2011).  

 

 

Figure 7.4 Reflectance spectra chlorophyll and bacteriochlorophyll, with adsorptions and 

reflection peaks labelled (Toselli, 1992: Hale, 2000: Sparks et al., 2009).  

 

7.5. Aims of this chapter 

 

1. To test filter sets designed for rover missions to Mars on a range of geological 

samples which form in alkaline environments 

2. To test the filter sets designed for rover missions to Mars on biological material from 

Lake Magadi 
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3. To identify those features present in each spectrum, which can be used to maximise 

the information from the data sets. 

4. To identify the filter set that is potentially most capable of identifying alkaline/saline 

forming minerals and biosignatures from organisms in these environments.  

 

7.6. Methods 

 

7.6.1. Samples from alkaline/neutral, saline environments   

A variety of samples have been used to test the ability of the filter sets designed for the 

Pathfinder/ Beagle 2, MER, MSL and ExoMars to detect and distinguish between minerals 

which form in alkaline/saline environments. Two sets of samples were used (Table 7.4) with a 

total of 15 samples. 

Table 7.4 Description and sampling location for each sample from Lake Magadi (group 1) and 

description of samples from Geology Collections UCL. 

Sample 
type 

Sample name Location and conditions Sample description 
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 M
a
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i 

SR1 North of Lake Magadi Weathered brittle and light rock 

GR1 South of Lake Magadi 
A dense but light rock, light green 
coloured with dark green bands 

MGS1 Trona platform 
Dark grey material with crystals of 
translucent/vitreous mineral 

MGS2 Trona platform 
Black and vitreous hard mineral. 
Massive 

MGS3 Trona platform 
Black and vitreous hard mineral 
with opaque white patches on the 
surface. Massive 

MGS11 Trona platform White/grey opaque mineral 

MGS17 Trona platform 
Vitreous brown/cream with 
monoclinic elongate crystals 

MudS41 
Mud flat area to south 
of Lake Magadi 

Brown, black dried and semi-
consolidated soil 

S133 
Embedded in the soil to 
the southern end of the 
lake 

Cream brittle material, has pink 
areas around the top and bottom. 
A harder white region is present in 
the middle of the sample. 

BM108 
Northern end of Lake 
Magadi, 64.4 °C and a 
pH of 9.   

Unconsolidated biological 
material, red in colour 

BM81 
North East, 82 °C, and 
a pH of 9.51, collected 
from a pool at 38 °C 

Dark green and dark pink biomat 
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GCS1  
(Siderite) 

- 
Carbonate pinky, brown sample 
with some bladed crystals. Fine 
grained 

GCS2 
(Magnesite) 

- 
Carbonate, white and opaque. 
Fine grained 

GCS3 
(Analcime) 

- 
Zeolite, pinky cream opaque with 
trapezohedral crystals and matrix 
remnants in some areas.  

GCS4 
(Phillipsite) 

- 
Zeolite, cream- grey colouration, 
translucent monoclinic crystals 
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Sample group 1, containing 9 geological samples and 2 biological samples were collected 

from around Lake Magadi or collected from the trona layer within the lake by the Magadi Soda 

Company. . Sample group 2 contained 4 samples, magnesite and siderite, two carbonates 

which form in alkaline/non-soda environment and two zeolites phillipsite and analcime, which 

are known to form around Lake Magadi but were not sampled. These were loaned from The 

Geological Collection, UCL.  

 

7.6.2. Sample preparation for SEM/EDS 

Sample SR1 was analysed as a powder. Sample MGS3 was mounted on a stub but not 

gold coated, this was to allow use of the sample after SEM/EDS analysis, these samples were 

not polished. Sample GR1 was impregnated with resin as the sample was very brittle and 

analysed as a polished thin section, again this was not coated before analysis.   

 

7.6.3. Sample preparation for multispectral analysis 

All samples were imaged as whole, untreated samples to provide a more natural 

spectra, it being noted that spectral differences, such as loss of absorption features, occur 

when samples are crushed (Drake, 1995).  

 

7.6.4. Multispectral imaging  

The process of multispectral imaging and subsequent analysis undertaken here follows 

the method outlined in Cousins et al. (2010). Images were gathered using a Foculus FO432SB 

camera (1.4Mpixles, 8- bits/pixel greyscale, 15° field of view lens, exposure time 1 ms to 65 s). 

The camera had a 1024 x 1024 pixel CCD which responded to wavelengths between 400 and 

1010nm. Connected to the camera was either a visible wavelength (440-750nm, bandpass 

20nm) CRI Varispec liquid crystal tuneable  filter (LCTF) or a LCTF covering the near infrared 

wavelengths (650 – 1100nm, bandpass of 10nm). Images were taken with the filters every 

10nm from 440nm-720nm (visible) and 710nm to 1010nm (near infrared).  

 

7.6.4.1. Multispectral image protocol 

Images were processed using the ImageJ program; (http://rsbweb.nih.gov/ij/), the 

reflectance spectra were calculated using: Reflectance = (T/C), where T is the brightness 

value for the target area of the sample, and C is the brightness value for the calibration target 

in the background of each image. The size of the region analysed from the target region varied 

depending upon the area of interest. Where appropriate a spectrum was sampled for different 

coloured regions of the sample. 

 

7.6.4.2. Reflectance spectra 

The full reflectance spectrum obtained was sub-sampled to the specific filter 

wavelengths, representing the filter set to be tested: a 12 point spectrum for Pathfinder, Beagle 

2 and ExoMars filter sets, an 11 point spectrum for the MER and a 9 point spectrum for the 
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MSL filter sets (Table 7.1). Each filter for the MER and MSL filters sets were represented by 

rounding up or down to the nearest 10nm.  

 

7.6.4.3. Spectral parameter plots 

Spectral parameter plots were used to identify variability between filter sets. Band slope and 

band depth are demonstrated in figure 7.5 (Farrand, 2008: Cousins, 2010). The spectral 

parameters analysed are described in table 7.5. 

 

 

Figure 7.5. Example of all spectral features analysed; slope (D to F) and band depth features 

(A, C, B and D, E, F) for analysis, indicating possible filter positions used for each analysis. 

For band depth analysis the wavelength and reflectance value for three points are used, a 

lower filter, an upper filter, (Figure 7.5, points A to B), and a central filter between the two 

(Figure 7.5., point C). The band depth was calculated as; Central filter reflectance value/ 

(a*Lower filter reflectance value) + (b*Upper filter reflectance value), where a= (Middle filter 

wavelength (in nm) - Lower filter wavelength) / (upper filter wavelength - lower filter 

wavelength) and b = 1-a.  
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7.6.4.4. Database reference spectra 

 

For each spectral parameter plot 2-3 reference spectra from either the USGS (Clark et al., 

2007), Aster JPL database (Baldridge et al., 2009b) or Brown University database (RELAB-

Spectral-Database, 2008) were also plotted. 

 

7.6.4.5. Calculating error score 

The absolute difference in reflectance between the whole spectrum and the estimate spectrum 

produced by each filter set was calculated to assess the quality of the sub-sampled spectra for 

each wavelength compared to the whole spectra at every 10 nm. The sum of the absolute 

difference for each 10 nm wavelength was the error score for that particular filter set and 

mineral. Low error score indicates a good fit of the whole spectrum compared to the estimated 

filter set spectrum. The error score for each mineral are then summed together to produce an 

average error score for each filter set.  

 

7.7. Results 

 

7.7.1. Detection of samples from alkaline/saline depositional environments from the 

Geological Collections- UCL  

 

 

  

Table 7.5 Spectral parameters used to assess the filter sets 

Parameter Filter set 
Filter sets used 

(nm) 

Description of 

possible explanation 

950-1000nm slope 

Pathfinder/Beagle 2 

MER 

MSL 

ExoMars F2-12 

ExoMars Ferric 

970-1000 

930-1010 

940-1010 

960-1000 

950-1000 

Presence of water or 

iron 

650nm band depth 

Pathfinder/Beagle 2 

MER 

MSL 

ExoMars F2-12 

ExoMars Ferric 

670 

670 

680 

650 

670 

Presence of Iron 

970nm band depth 

Pathfinder/Beagle 2 

MER 

MSL 

ExoMars F2-12 

ExoMars Ferric 

970 

930 

940 

960 

950 

Hydration feature in 

zeolites 
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7.7.1.1. Sample GCS1 

Sample GCS1 (Figure 7.6.A) was confirmed as the iron carbonate siderite,  the raman 

spectrum resembled the reference spectrum for siderite, with diagnostic fundamental 

vibrations around1089cm-
1
, 300cm-

1 
and 194cm-

1
 (Figure 7.6.B) (Bonelli, 2003).  

 

The reflectance spectrum shows a diagnostic emission feature at ~720nm (Figure 7.6.C). The 

multispectral features of sample GCS1 are dominated by ferric absorption features at ~460nm, 

~650nm and ~960nm (Figure 7.6.D). There was an increase in absorption from the 960nm to 

the 1010nm filters which is not apparent in the reference spectrum for siderite (Figure 7.6.C).  

 

Figure 7.6. (A) Sample GCS1. (B) Raman spectrum for GCS1 against RRUFF Project 

reference spectrum (Downs, 2006). (C) Comparison of GCS1 reflectance spectrum and a 

database reference spectrum (Baldridge et al., 2009b) both normalised to 1. (D) Reflectance 

spectrum for GCS1 and the sub-sampled spectrum for each filter set which have been offset 

for clarity. 

 

The only filter set to pick up the emission peak at ~720nm was the ExoMars F2-12 filter set 

(Figure 6.6.D). All the other filter sets miss this feature, although an overall trend of higher 

reflectance in this central region was generally picked up by all filter sets. The absorption 

features at 460nm and ~960nm are reproduced by most filter sets however the MSL filter set 

misses the 460nm absorption feature. Finally the 650nm absorption was only reproduced by 

the ExoMars PanCam F2-12 and Ferric filter sets.  
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7.7.1.2. Sample GCS2 

Sample GCS2 (figure 6.7.A) was confirmed as the magnesium carbonate magnesite 

(MgCO3) with fundamental vibrations at about 1092cm-
1
 316cm-

1
 and 204cm-

1 
(figure 6.7.B) 

(Bonelli, 2003).  

 

 

Figure 7.7(A) Sample GCS2. (B) Raman spectrum for GCS2 against RRUFF Project reference 

spectrum (Downs, 2006). (C) Comparison of GCS2 reflectance spectrum and a database 

reference spectrum normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum for GCS2 

and the sub-sampled spectrum for each filter set which have been offset for clarity.  

 

The reflectance spectra for sample GCS2-magnesite (figure 6.7.C, solid line) resembles the 

magnesite database spectra (figure 6.7.C, dashed line), however a higher relative reflectance 

occurs in the NIR wavelengths from ~790nm. In addition, the sample spectrum demonstrated a 

plateau ~650nm and the beginning of an absorption feature from ~960nm. (Figure 6.7.C)  

 

Figure 6.8.A shows the comparison of the database spectra from the USGS database 

(Baldridge et al., 2009b) for magnesite (figure 6.8.A, dashed line) with two spectra taken from 

sample GCS2. Other spectra obtained from different regions of sample GCS2 shows a larger 

absorption feature at ~730nm, indicated by a dashed line. This suggests possibly an additional 

trace element/mineral component within the magnesite, most likely an iron containing mineral. 

 

Microprobe analysis confirmed the presence of trace amounts of iron in the sample, although 

this was very low, with FeO content up to 0.033 ± 0.0005 mass percent. Reflectance 
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spectroscopy is capable of detecting trace amounts of iron down to 0.01wt% content (Gaffey, 

1985). Figure 6.8.B compares GCS2 whole spectrum 2 to the Aster Database spectrum 

(Baldridge et al., 2009b) for the nickel, iron carbonate gaspeite ((Ni.Fe.Mg)CO3). A mixing 

model example which includes 0.5% gaspeite and 95.5% magnesite results in a small 

absorption feature occurring ~730nm (figure 6.4B). The presence of iron and the 730nm 

absorption feature for GCS2-magnesite are both thought to indicate the presence of trace 

amounts of gaspeite (Cloutis pers. Comm.).   

 

 

Figure 7.8 Reflectance spectra of sample GCS2 (A) Comparison of the reference spectra for 

magnesite from the database with two sample spectra for GCS2. Solid line spectrum is the 

spectrum used for filter analysis in GCS2-magnesite. GCS2 whole spectrum 2 (dot dashed 

line) is a spectrum taken from another region of the sample. (B) Comparison of the database 

spectra for magnesite and gaspeite, with a mixing model which mixes the two minerals. All 

spectra have been normalised to 1. 

 

Due to the relatively featureless nature of the VNIR region in carbonate minerals all filter sets 

are capable of reproducing the sample spectrum (figure 6.7.D). All the filter sets reproduce the 

plateau and absorption edge seen in the whole spectrum. 

 

7.7.1.3. Sample GCS3 

Sample GCS3 (Figure 6.9.A) was confirmed as the sodium zeolite analcime 

(NaAlSi2O6·H2O), with fundamental raman vibrations at 484cm-
1
 (Bonelli, 2003), 1100cm-

1 
and 

300cm-
1
 (Figure 6.9.B).  

 

The overall shape of the reflectance spectrum (figure 6.9.C) resembles that of the database 

reflectance spectrum for analcime, although the absorption edge between 440nm and 600nm 

was much steeper than in the reference spectrum (Figure 6.9.C). Figure 6.9.D shows an 

increase in reflectance between 470nm and 610nm with a change in slope (shallower slope) 

from 610nm to 920nm. A distinct absorption feature occurs around 970nm and can be 

attributed to the second overtone of a H2O or OH absorption feature at 1400nm (Cloutis, 

A                

     B 
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2002). A small absorption feature was present around 480nm which may indicate the presence 

of iron which is often present in zeolites (Cloutis, 2002).   

 

 

Figure 7.9 (A) Sample GCS3. (B) Raman spectrum for GCS3 against RRUFF Project 

reference spectrum (Downs, 2006). (C) Comparison of GCS3 reflectance spectrum and a 

database reference spectrum normalised to 1  (Clark et al., 2007). (D) Reflectance spectrum 

for GCS3 and the sub-sampled spectrum for each filter set which have been offset for clarity.  

 

Only the Pathfinder/Beagle 2 filter sets are capable of reproducing the absorption feature at 

970nm (figure 6.9.D). The ExoMars F2-12 filter set does reproduce a slight absorption around 

970nm, however it was far less pronounced. This loss of detail in the MER, MSL and ExoMars 

Ferric filter set spectra was due to the spacing of filters in the 700-1010nm region. The 

Pathfinder/Beagle 2, MSL and ExoMars F2-12 filters all fail to reproduce the 490nm absorption 

feature present in this sample spectrum.  

 

7.7.1.4. Sample GCS4 

Sample GCS4 was described as phillipsite by the Geology Collections UCL and was 

analysed with Raman spectroscopy. The raman spectrum suggested it was a zeolite mineral; 

however is not easy to distinguish between phillipsite and analcime using Raman 

spectroscopy (Figure 6.10.B). It was not possible to sub-sample for XRD. 

 

The absorption seen at 970nm in the GCS4 sample was not present in the reference spectra 

for phillipsite used here, but was seen in analcime reference spectra (Figure 6.10.C). This 

feature was attributed to the presence of H2O or OH in the minerals structure (Cloutis, 2002). 
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The steep 440-600nm absorption edge and small absorption feature at 650nm may be due to 

the presence of iron in the structure (Cloutis, 2002).  

Figure 7.10 (A) Sample GCS4. (B) Raman spectrum for GCS4 against RRUFF Project 

reference spectrum (Downs, 2006). (C) Comparison of GCS4 reflectance spectrum and a 

database reference spectrum and normalised to 1 (Clark et al., 2007). (D) Reflectance 

spectrum for GCS4 the sub-sampled spectrum for each filter set which have been offset for 

clarity. 

 

As with the 970nm hydration feature in GCS3-analcime, only the Pathfinder/Beagle 2 filter set 

are able to reproduce the feature, with the other filter sets missing the feature completely 

(Figure 710.D). The small absorption at 650nm was picked up by all filter sets with the 

exception of the MSL filter set. This 650nm feature was slightly deeper than the absorption 

feature in a similar region seen in GCS1-siderite, this may explain why it was replicated in GC4 

but not GCS1-siderite.  

 

7.7.2. Detection of samples from Lake Magadi 

 

7.7.2.1. Sample GR1 

The XRD data indicates this light green sample with dark green bands (Figure 7.11.A) 

contains the zeolite mineral erionite ((Na2, K2, Ca)2Al4Si14O36·15H2O) and the evaporite halite 

(NaCl), with almost all peaks accounted for (Figure 7.11.B). EDS analysis of GR1 indicated the 

presence of 11.3 wt% iron and 1.99 wt% magnesium.   
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The reflectance spectrum for sample GR1-erionite exhibits an absorption features at about 

490nm, 650nm and possibly a small absorption ~940nm (Figure 7.11.C). The sample 

spectrum exhibits a greater increase in reflectance from 440nm to 560nm compared to that 

seen for the database reference. The absorption features are also much less pronounced and 

relatively shallower in the reference spectrum. The 490nm absorption feature was attributed to 

ferrous iron (Cloutis, 2002), with the 650nm feature the result of ferric iron in the sample 

(Cousins et al., 2010). The absorption at 940nm could be attributed to iron, a 940nm 

absorption is present in both ferric minerals goethite and hematite (Leone and Sommer, 2000: 

Bishop and Murad, 2005).   

 

A comparison of the reflectance spectrum taken from the dark banded area to the spectrum 

taken from the light banded area showed no differences in spectral features (figure 7.11C). 

 

 

Figure 7.11 (A) Sample GR1. (B) XRD spectrum for GR1 against RRUFF Project reference 

spectrum (Downs, 2006). (C) Comparison of GR1 reflectance spectrum and a database 

reference spectrum (Clark et al., 2007). (D) Reflectance spectrum for GR1 the sub-sampled 

spectrum for each filter set which have been offset for clarity.  

 

The MER and ExoMars F2-12 filter sets replicate the 490nm absorption feature in the 

spectrum which was missed by Pathfinder /Beagle 2 and MSL. The ExoMars Ferric filter set 

reproduces a very minor absorption in this region.  The emission feature at 560nm and the 

following 660nm absorption are distinctly replicated by both ExoMars filter sets (figure 7.8.D). 

These features are greatly diminished by the Pathfinder/Beagle 2 and MER filter sets although 

8 cm 
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a small absorption was replicated in the 660nm region. The 490nm absorption and the 560nm 

emission are both missed by MSL. The final feature around 940nm was replicated by all filter 

sets. 

 

7.7.2.2. Sample SR1 

Sample SR1, a light brown yellow sample (Figure 7.12.A) was analysed using XRD, 

which confirmed the sample contains the zeolite chabazite ((Ca, Na2, K2, Mg)Al2Si4O12·6H2O) 

and halite, with most peaks accounted for (figure 7.12.B). EDS analysis of SR1-chabazite 

indicated the presence of small amounts of calcium, 1.05 wt% and 2.1 wt% iron.   

 

The reflectance spectrum for SR1 has absorption features at 490nm, 650nm, due to iron and 

around 1000nm probably due to H2O or OH. The 650nm absorption corresponds to an 

absorption feature in the reference spectrum, however, the reference spectrum for chabazite 

lacks the strong absorption feature at 1000nm observed in the sample SR1.  

 

 

Figure 7.12 (A) Sample SR1. (B) XRD spectrum for SR1 against RRUFF Project reference 

spectrum (Downs, 2006). (C) Comparison of SR1 reflectance spectrum and a database 

reference spectrum, normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum for SR1 

and the sub-sampled spectrum for each filter set which have been offset for clarity.  

 

The ExoMars Ferric and F2-12 filter sets can replicate all of the spectral features for this 

mineral sample (Figure 7.12.D). The MER filter set can replicate the 490nm absorption band 

but still misses the feature around 650nm The Pathfinder/Beagle 2 filter sets are capable of 

16cm 
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reproducing the 1000nm absorption edge; however they miss the spectral features around 

490nm and 650nm.  

7.7.2.3. Sample MGS1 

XRD analysis suggests that MGS1 contains a mix of trona, thermonatrite, halite, 

montmorillonite and erionite (Figure 7.13.B). This sample could be an amalgamation of fine 

grained material blown onto the trona platform area within the lake along with larger crystals of 

broken up trona (Figure 7.13.A). The MGS1 sample spectrum was compared to the minerals 

trona and erionite (figure 7.13.C), the spectrum follows the steep increase in reflectance from 

440 to 600nm which was present in erionite (Cloutis, 2002). It also exhibits absorption features 

at 660nm and 940nm, which correspond to similar absorption features in erionite and could be 

due to iron, and 1000nm probably due to the presence of H2O in trona (Drake, 1995).  

 

Figure 7.13 (A) Sample MGS1. (B) XRD spectrum of MGS1 against RRUFF Project reference 

spectrum (Downs, 2006). (C) Comparison of MGS1 reflectance spectrum and a database 

reference spectrum, normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum for MGS1 

and the sub-sampled spectrum for each filter set which have been offset for clarity.  

 

All filter sets can replicate the absorption feature at 700nm equally well (figure 7.7.D). The 

emission peak at around 580nm was missed by the MSL filter set, but reproduced by all the 

other filter sets. The hydration feature around 1000nm was replicated by all filter sets.  

 

7.7.2.4. Sample MGS2 

XRD analysis confirms the sample as containing trona, thermonatrite and halite, with all 

peaks accounted for (figure 7.14.B). EDS analysis of the white are of the sample identified the 

 

A 
Sample MGS1  B MGS1 XRD spectrum  

D MGS1 Reflectance spectrum for each filter set C MGS1 Reflectance spectrum compared to database sample 

spectrum 
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presence of chlorine (45.8 wt %) as well as smaller amounts of potassium (0.98 wt %), 

aluminium (1.06 wt %) and iron (1.77 wt %). The darker area of the sample contains less 

chlorine (0.98 wt %), more iron (5.67 wt %) and fluorine (3.72 wt %) in comparison. It was not 

possible to obtain a reflectance spectrum from the two different regions of the sample as the 

spectrum was too noisy for any meaningful analysis to be conducted.  The spectrum from the 

darker area exhibits an absorption feature at about 650nm and again in the 1000nm region 

with an increase in absorption towards the 1010nm filter (Figure 7.14.C). The 1000nm 

absorption was similar to that seen in the reference spectrum of trona, however there is an 

absence of a 650nm absorption in trona (Figure 7.13.C). The 650nm absorption in the sample 

spectrum could be a factor of iron being present in the sample. 

 

The sub sampling to each filter set demonstrates they are all capable of replicating the 650nm 

and 1000nm absorption features, although the MER filter set does flatten off more around 

1000nm (Figure 7.13.D).  

 

 

Figure 7.14 (A) Sample MGS2. (B) XRD spectrum of MGS2 against RRUFF Project reference 

spectrum (Downs, 2006). (C) Comparison of MGS2 reflectance spectrum and a database 

reference spectrum, normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum for MGS2 

and the sub-sampled spectrum for each filter set which have been offset for clarity.  

 

7.7.2.5. Sample MGS3 

The composition of MGS3 was confirmed using Raman spectroscopy (figure 7.15.B) 

and most peaks align with the peaks present in the trona reference spectrum with fundamental 

vibrations occurring at 1060cm-
1
, 184cm-

1
 and 175cm-

1 
(Downs, 2006). The vibration seen in 
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the sample spectrum at ~156m-
1
 corresponds with the reference spectrum for thermonatrite, 

which has fundamental vibrations at 1062cm-
1
, 185cm-

1 
and 156cm-

1 
(Downs, 2006).  

 

Energy dispersive X-ray analysis indicated that the sample contained iron (2.44 wt %), with 

traces of magnesium (0.31 wt %).  The presence of sodium and chloride (37.88 wt%) would 

indicate that halite maybe present, however, halite has no activity in the raman spectrum 

(Edwards, 2006) and so its presence cannot be confirmed with this technique.  

 

 As with sample MGS2 it was not possible to take reflectance spectra from both the light and 

dark areas of the sample as the spectra were too noisy. The spectrum obtained (Figure 

7.15.C) shows a general increase in reflectance from 440 to 940nm, and an absorption feature 

from 940nm to 1010nm. It has a greater overall reflectance compared to the database 

reference spectrum for trona, but does exhibit the same absorption at the longer wavelengths. 

There was possibly an absorption feature around 670nm, however the spectrum for this 

sample has a degree of noise which makes any small absorption features difficult to discern.  

 

All filter sets can reproduce this spectrum equally well all reproducing the water hydration 

feature around 950nm to 1010nm (Figure 7.14.D).  

 

Figure 7.15 (A) Sample MGS3. (B) Raman spectrum of MGS3 against RRUFF Project 

reference spectrum (Downs, 2006). (C) Comparison of MGS3 reflectance spectrum and a 

database reference spectrum, normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum 

for MGS3 and the sub-sampled spectrum for each filter set which have been offset for clarity.  
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7.7.2.6. Sample MGS11 

XRD analysis identified that MGS11 contains trona and halite, with most peaks 

accounted for (Figure 7.16.B). The reflectance spectrum for sample MGS11 exhibits  a 

1000nm absorption feature which was the beginning of a feature occurs further into the NIR 

(Crowley, 1991) (Figure 7.16.C). This spectrum differs to the spectra for MGS2 and MGS3 by 

the absence of an absorption feature below 900nm. The reflectance spectrum for MGS11-

trona has similarities to the database reference spectrum for trona, with the overall trend of 

increasing reflectance from 440 to 830nm followed by a decrease in reflectance towards 

1010nm (figure 7.16.C).  

 

The filter sets for Pathfinder/Beagle 2, and ExoMars replicate the sample spectrum equally 

well, however MER and MSL filter sets reduce the amount of absorption seen in the 1000nm 

region and almost flatten the spectrum off in this area (Figure 7.16.D). 

 

Figure 7.16 (A) Sample MGS11. (B) XRD spectrum of MGS11 against RRUFF Project 

reference spectrum (Downs, 2006). (C) Comparison of MGS11 reflectance spectrum and a 

database reference spectrum, normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum 

for MGS11 and the sub-sampled spectrum for each filter set which have been offset for clarity.  

 

7.7.2.7. Sample MGS17 

The morphology of MGS17 differs to the previous samples with the crystals having a 

more elongate habit and which stick together (Figure 7.17.A). The raman spectrum of this 
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sample indicates that it is predominantly trona and thermonatrite with fundamental vibrations at 

1060cm-
1
, 184cm-

1
 175cm-

1 
and 156m-

1 
(Figure 7.17.B).   

 

The reflectance spectrum for this sample demonstrates absorption features around 490nm, 

650nm and ~1000nm (figure 7.17.D). The absorption feature around 1000nm again is likely to 

be due to water in the minerals structure. The absorption feature around 650nm may again be 

due to the presence of iron present in the waters from which the evaporite forms, washed in 

from the surrounding geology. This feature was very similar to the pronounced absorption in 

MGS1 sample spectrum (figure 7.13.C), and was absent from the reference spectra for trona 

(figure 7.17.C).  

 

Figure 7.17 (A) Image of sample MGS17. (B) Raman spectrum of MGS17 against RRUFF 

Project reference spectrum (Downs, 2006). (C) Comparison of MGS17 reflectance spectrum 

and a database reference spectrum normalised to 1 (Clark et al., 2007). (D) Reflectance 

spectrum for MGS17 and the sub-sampled spectrum for each filter set which have been offset 

for clarity.  

 

All filter sets are able to reproduce the absorption features at 1000nm, however the 650nm 

absorption band was only clearly replicated by the ExoMars F2-12 and Ferric filter set (figure 

7.17.D). The 650nm feature was only slightly reproduced by the Pathfinder/Beagle 2, MER and 

MSL filter sets. The 490nm absorption feature was also missed by several filter sets with only 

the MER and ExoMars Ferric filter sets reproducing it. 

 

7.7.2.8. MudS41 

MGS17 Reflectance spectrum for each filter D 

B MGS17 Raman spectrum  
 A Sample MGS17 
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The composition of MudS41 (Figure 7.18.A) was ascertain through XRD as a mixture of 

sanadine, a potassium feldspar mineral which forms at high temperatures in volcanic regions, 

the phyllosilicate montmorillonite and halite (Figure 7.18.B). Soils have a complex composition 

and so other minor components will be present in the sample which will influence the spectral 

features produced by the sample.  

 

The spectra for the sample in figure 7.18.C shows absorption features around 490nm and 

1000nm, the rest of the spectrum demonstrates an arched absorbance pattern with a peak 

around 860nm. All the filters are again capable of reproducing the 1000nm absorption feature, 

however again the small 490nm feature was only replicated by the ExoMars Ferric and F2-12 

filter sets (Figure 7.18.D). 

 

Figure 7.18 (A) Sample MUDS41. (B) XRD spectrum of MUDS41 against RRUFF Project 

reference spectrum (Downs, 2006). (C) Comparison of MUDS41 reflectance spectrum and a 

database reference spectrum normalised to 1 (Clark et al., 2007). (D) Reflectance spectrum 

for MUDS41 and the sub-sampled spectrum for each filter set which have been offset for 

clarity.  

 

7.7.2.9. S133  

S133 was characterised through XRD analysis as the hydrous sodium silicate mineral 

magadiite, hydrous sodium silicate mineral (NaSi7O13(OH)3·4(H2O)) which forms in alkaline 

brines (Figure 7.19.B) (Gunn, Pers. Comm.) (Warren, 2006).  
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The sample shows absorption features at 440nm and 500nm, 660nm with a small feature 

around 760nm, 970nm and an absorption towards 1000nm. The 970nm absorption was seen 

in both the middle region of the sample (II) and peach/pink area of the sample (I) (Figure 

7.19.C). This again is likely to be a hydration feature, as seen in GCS3 and GCS4.  

 

The other absorption features present occur in regions where features typical of biological 

pigments occur. The presence of carotenoid pigments could explain the absorption features 

between 400nm and 500nm (Lichtenthaler and Buschmann, 2001). Chlorophyll a and 

bacteriochlorophyll a absorb at 430nm-450nm,660nm, 760nm and 1020nm  (Lichtenthaler and 

Buschmann, 2001: Oren, 2009) (Figure 7.19 C and D). Bacterioruberin produces absorption 

peak at 497nm and could explain the 500nm feature (Dummer et al., 2011). 

 

The overall shape of the spectrum was replicated by most filter sets reproducing the main 

features around 440-500nm, 680nm and towards 1000nm. However the MSL filter set does 

not reproduce the 440-500nm absorption feature. The small feature at 760nm and 970nm are 

missed by all filter sets (Figure 7.19.D) as these are both shallow features.    

     

Figure 7.19 (A) Image of sample S133, with regions used for spectral acquisition. Scale bar is 

1.5cm. (B) XRD spectrum for S133, no reference spectrum available, both spectra are 

normalised to 1. (C) S133 reflectance spectrum of white middle areas of sample S133 (See A, 

II), against the peach/pink region of sample S133 (See A, I). (D) Reflectance spectrum for 

peach area of S133 then sub-sampled for each filter set and offset for clarity. Short dashed 

line indicates position of absorption due to carotenoids/chlorophyll, long dashed line indicates 

position of chlorophyll absorption region. Dot dashed line indicates absorption for 

bacteriochlorophyll. Dotted line indicates region of possible hydration absorption feature.  
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7.7.2.10. BM81 

A reflectance spectrum was acquired for both the green (I) and pink (II) regions of the 

sample and outlined in figure 7.34.B. The overall pattern of the spectra was largely similar with 

small absorptions occurring at 440-500nm, 600nm, and significantly larger absorptions at 660-

680nm, between 780nm and 900nm and towards 1010nm (Figure 7.33.B). The 440-500, 660, 

800 and 1010nm absorptions can all be attributed to bacteriochlorophyll a and/or chlorophyll a, 

with the absorption at 600nm and 850nm could be attributed to the presence of chlorophyll a 

(Oren, 2009).(Laisk, 2000: Lichtenthaler and Buschmann, 2001). The presence of carotenoids 

again may explain the 440-500nm absorption.  

 

Figure 7.20 (A) Image of sample BM81, with regions used for spectral acquisition. Scale bar is 

3cm. (B) BM81 reflectance spectrum of green area of biomat (See A, II), against the pink 

region of sample BM81 (See A, I). (C) Reflectance spectrum for pink area of BM81 then 

subsampled for each filter set and offset for clarity. Short dashed line indicates position of 

absorption due to carotenoids/chlorophyll, long dashed line indicates position of chlorophyll 

absorption region. Dot dashed line indicates absorption for bacteriochlorophyll. Dotted line 

indicates region of possible hydration absorption feature. 

 

The ExoMars Ferric filter set can reproduce the 660nm absorbance which was missed by all 

the other filter sets. The filter positions in the visible however result in the reproduction of an 

absorbance feature at ~510nm, but missed the large absorbance feature around 440-500nm. 

This was also the case for the MSL, MER and Pathfinder/Beagle 2 filter sets, however 

ExoMars F2-12 does replicate the feature to a certain extent. The 600nm absorbance was not 

C 
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replicated by any filter set.  Most of the features at wavelengths greater than 750 nm are 

reproduced by all filter sets. 

7.7.2.11. Sample BM108 

The reflectance spectrum for sample BM108 (Figure 7.21.A) showed absorptions at 

~450nm, 520nm, 600nm, 660nm, 760nm and ~850nm (Figure 7.21.B). There also appears to 

be the beginnings of an absorbance around 1010nm, this was only reproduced by the 

Pathfinder/ Beagle 2 filter sets (Figure 7.21.C). The ExoMars Ferric filter set reproduces 

520nm, 660nm, 850nm absorption bands along with the Pathfinder/Beagle 2 filter sets. The 

ExoMars F2-12 filter set reproduced the 440-500nm absorption and was the only filter set to 

do so, as well as the 660nm and 850nm features. No filter set was capable of reproducing the 

600nm absorption or that at 760nm, or the 630nm emission.  

 

 

Figure 7.21 (A) Image of sample BM108, with regions used for spectral acquisition. Scale bar 

is 2cm.  (B) BM108 reflectance spectrum of (C) Reflectance spectrum for BM108, then 

subsampled for each filter set and offset for clarity. Short dashed line indicates position of 

absorption due to carotenoids/chlorophyll, long dashed line indicates position of chlorophyll 

absorption region. Dot dashed line indicates absorption for bacteriochlorophyll. Dotted line 

indicates region of possible hydration absorption feature. 

 

7.7.3. Analysis of the capacity of each filter set to reproduce sample spectral features.  

Each filter set was scored one point for its ability to reproduce a key spectral feature in a 

sample (Table 7.6). The replication value is the sum for each filter set when 1 point is allocated 

for every key spectral feature present in each sample which the filter can replicate (Figure 7.7).  

The MSL filter set scores the lowest replication value with a score of 17 (Table 7.6).  
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Table 7.6 Table of key spectral features for each sample with a + or - symbol denoting a filter 

sets ability to replicate a feature. + scores 1 point, - scores 0 point. 

Sample Feature Pathfinder/Beagle 2 MER MSL ExoMars F2-12 
ExoMars 

Ferric 

GCS1 

490nm abs + + - + + 

650nm abs - - - + + 

720nm peak - - - + - 

960nm abs + + + + + 

GCS2 650nm abs + + + + + 

1000nm abs + + + + + 

GCS3 490nm abs - + - - + 

970nm abs + - - + - 

GCS4 650nm abs + + - + + 

970nm abs + - - + - 

MGS1 650nm abs + + + + + 

1000nm abs 

edge 

+ + + + + 

MGS2, 

MGS3 & 

MGS11 

1000nm abs 

edge 
+ + + + + 

MGS17 
490nm abs - + - + + 

650nm abs + + - + + 

1000nm abs 

edge 

+ + + + + 

GR1 

490nm abs - + - + + 

650nm abs + + - + + 

580nm peak - - - + + 

930nm abs + + + + + 

SR1 
490nm abs - + - + + 

650nm abs + + + + + 

1000nm abs 

edge 

+ + + + + 

MudS41 490nm abs - + - + + 

1000nm abs 

edge 

+ + + + + 

S133 

440-500nm 

abs 

+ + - + + 

680nm abs + + + + + 

760nm abs + + + + + 

970nm abs - - - - - 

1010nm abs + + + + + 

BM81 

440-500nm 

abs 

- - - + - 

520nm abs - - - - - 

600nm abs - - - - - 

850nm abs + + + + + 

1010nm abs + + + + + 

BM108 

440-500nm 

abs 

- - - + + 

520nm abs - - - - + 

600nm abs - - - - - 

680nm abs - - - - - 

780nm abs - - - - - 

850nm abs + + + + + 

1010nm abs + - - - - 

Replication value (out of 41) 25 27 17 33 31 
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The ExoMars F2-12 and Ferric filter sets both outperform the other filter sets with the ferric 

filter set scoring 30 but the F2-12 filter set performs the best, with a score of 33. The better 

performance of the F2-12 filter set was due to the reproduction of the 740nm peak in the 

GCS1 sample and the reproduction, although only by a small amount, of the 970nm absorption 

in the GCS3 and GCS4 samples. This would indicate that the filter distribution for the ExoMars 

filter sets are superior to the filter distribution of the other filter sets when looking to identify 

these sorts of mineral deposits. 

 

7.7.4. Error score   

The error score was calculated for each sample for the Pathfinder Beagle 2 filter set, MER 

ExoMars F2-12 and ExoMars Ferric filter sets. The program did not allow as few as 9 filters to 

be processed so the MSL filter set was omitted. The four sets which have been tested are the 

top performers in terms of their replication value. 

 

7.7.4.1. Error score calculated for different samples   

The Pathfinder/Beagle 2 and MER filter sets performed the worst for sample GCS1-siderite 

due to the loss of resolution at the 710nm emission peak. The samples GCS3-analcime and 

GCS4-phillispite score of 0.46 and 0.45 using the Pathfinder/Beagle 2 filter sets due to their 

ability to replicate the 970nm absorption feature, this contrast to the performance of either 

ExoMars filter sets for the two samples which scored over 0.5. The ExoMars filters perform the 

worst of all filter sets on the S81 biological sample, with an error score of 0.71 and 0.73 

compared to a value of 0.57 and 0.56 for the Pathfinder/Beagle 2 and MER filter sets 

respectively.  

 

Figure 7.22 Bar chart of error score for the Pathfinder/Beagle, MER and ExoMars F2-12 and 

Ferric filter sets, a score of 0 would indicate complete replication of the sample spectrum by 

the filter set. 

Generally the Lake Magadi samples MGS1, MGS2, MGS3, MGS11, MGS17 and the soil 

sample MudS41 produce an error score below 0.32 with all filter sets performing to a similar 
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degree. The lowest error scored for all filter sets was for MGS11, with a value <0.11. MGS11 

was a trona sample with a fairly featureless spectrum.  Samples GR1, SR1, S133 and GCS1 

produce a higher error score for each sample using the Pathfinder/Beagle 2 and MER filter 

sets, compared to the ExoMars filter sets.    

 

7.7.4.2. Error score calculated for each filter set   

The average error scores were calculated as 0.39 for the Pathfinder and Beagle 2 and 

the MER filter sets, 0.36 for the ExoMars F2-12 and finally 0.34 for the ExoMars Ferric filter 

set. This demonstrates that overall the ExoMars filter sets produce better estimated 

reflectance spectra for this suite of samples than the Pathfinder/Beagle 2 or MER filter sets. 

This confirms the findings through the replication value calculated for each filter set for the 

Pathfinder/Beagle 2 and MER filter sets, however does contrast to the replication value data 

for the ExoMars filter sets. This mainly due to the closer fit to the whole spectrum for each 

sample by the ferric filter set, in spite of the loss of some spectral features which are replicated 

by the ExoMars Ferric filter set. 

 

7.7.5. Spectral Parameter plots 

The parameters used were the 950 - 1000nm slope and the 970nm band depth in the 

region for hydration and bacteriochlorophyll absorption features, and the 650nm band depth 

for iron and chlorophyll absorption features.  

 

The samples are plotted the following sets; 

 

1. All samples to look for the capacity of the filter set to distinguish between different types of 

minerals which form in neutral-alkaline/saline environment. 

 

2. Only those samples containing carbonate or halide minerals to look at ability to distinguish 

between minerals of a similar type   

 

3. Only those samples containing zeolite or feldspar minerals again to look at the distinction 

between different minerals of a similar type 
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Figure 7.23 Plots of all samples together with the spectral parameters 440-600nm slope and 

960-1000nm slope for each filter set.  Solid line outlines the compositional group containing 

GCS1 samples. Dot - dashed line outlines BM81 compositional group. Those samples plotting 

in the grey area have a downwards slope from 960-1000nm and an absorption feature at 

970nm.   
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7.7.5.1. 970nm band depth versus 950nm – 1000nm slope spectral parameter plots  

Despite the presence of a 970nm absorption band in zeolites it was not possible to 

clearly distinguish between zeolites and sodium carbonates or magnesium carbonates using 

these parameters (Figures 7.24.A to E).  

The samples, which have or may have a biological component, show some distinction from 

one another and from the other samples. S133 plots indistinctly from the trona containing 

samples due to the increase in absorption from the 950nm to 1000nm filters and the lack of a 

970nm absorption feature occurs in sample S133 and MGS1, MGS2, MGS3, MGS11 and 

MGS17. Sample BM81 plots separated when using the MER, MSL or ExoMars Ferric filter 

sets. This was due to an emission peak around 960nm which these filters reproduce. The 

position of the filters in the Pathfinder/Beagle 2 and ExoMars F2-12 filter sets means that less 

of the emission was reproduced producing a more positive 970nm absorption value (Figure 

7.24 dot-dash line). 

 

  

7.7.5.1.1. Carbonate, halide and biomat samples using 970nm band depth and 950nm – 

1000nm slope parameters 

 There was some distinction between the different types of carbonates when using the 

Pathfinder/Beagle 2, MSL, MER or ExoMars Ferric filter sets. GCS1-siderite has a distinct 

absorption feature between 950nm and 1000nm. Where GCS1-siderite plots distinctly this was 

due to a more positive 950-1000nm slope value produced by the presence of a greater 

reflectance value at the higher wavelength filter (1010nm or 1000nm) compared to lower 

wavelength filter (930nm, 940nm, 950nm, 960nm or 970nm) by these filter sets. The only 

exception was when using the ExoMars F-12 filter set, in this case the samples plot 

overlapping the spectra for GCS3-analcime (Figure 7.25. dotted line).  

 

There was no compositional definition between GCS2-magnesite and the trona containing 

samples GCS1, GCS2, GCS3, GCS11 and GCS17 (figure 7.25, A-E). The samples which are 

morphologically similar, MGS2 and MGS3 again plot in a similar region with all filter sets.  The 

carbonates exhibit no absorption band specifically in the 970nm region, demonstrating more of 

a peak instead. The trona containing samples and GCS2-magnesite have an absorption edge 

in the 950 – 1000nm slope region, the beginning of an absorption featured occurring further 

into the near infrared.  

 

7.7.5.1.2. Zeolite and feldspar containing samples using 440-600nm and 970nm band 

depth parameters 

Distinction between zeolite minerals can be seen with these parameters using certain 

filter sets. The Pathfinder/Beagle and ExoMars F-12 filter sets plot GCS3-analcime separately 

from the other zeolites. The Pathfinder/Beagle 2, MER and MSL filter sets all plot GCS4-

philipsite/analcime distinctly from the other zeolites. Only the Pathfinder/Beagle 2 filter set can 

C MSL 

D ExoMars F2-12 

E ExoMars Ferric 

B MER 

A Pathfinder/Beagle 2 
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clearly separate those samples with a 970nm absorption feature (GCS3-analcime and GCS4-

philipsite see table 7.6) from those which do not (Figure 7.26.A, dotted line).  

 

This was because the Pathfinder/Beagle 2 filter sets actually have a filter at 970nm the others 

have filters between 10nm and 50nm away from this point, which results in the loss of 

information on the 970nm feature.  

 

Less distinction between the zeolite and mud samples can be seen when using either the 

ExoMars F2-12 or ferric filter sets when compared to Pathfinder/Beagle 2, MER or MSL filter 

set. When only considering the zeolite minerals (excluding MudS41) the Pathfinder/Beagle 2 

filter set plots each of the four zeolite samples separately from one another. The MER filter set 

also distributes the different sample types to a certain degree although does group GCS3-

analcime and GR1-erionite quite close together. Finally, although GCS4 was not confirmed as 

either analcime or phillipsite it does plot distinctly from GCS3, confirmed as analcime due to 

differences in 950nm – 1000nm slope, although the 970nm absorption values are similar.  
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Figure 7.24 Plots of all carbonate and biological samples (minus BM81) with the spectral 

parameters 970nm band depth and 950nm - 1000nm slope for each filter set.  Dot dash line 

outlines the region containing both carbonate and zeolite minerals in close association.  Solid 

line outlines the compositional group containing GCS1 samples. Those samples plotting in the 

grey area have a downwards slope from 960nm - 1000nm and an absorption feature at 

970nm.     
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Figure 7.25 Plots of all samples together with the spectral parameters 960nm - 1000nm slope 

and 970nm band depth for each filter set.  Dot dash line GR1 samples, dashed line outlines 

GCS3 spectra. Solid line outlines GCS4 spectra. Those samples plotting in the grey area have 

a downwards slope from 950nm – 1000nm and a 970nm absorption.  
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7.7.5.2. 650nm band depth versus 970nm band depth spectral parameter plots 

The previous section indicates the importance of the 970 nm absorption in zeolite 

minerals; we now will look at using this feature along with the 650nm iron absorption band 

depth.  

 

7.7.5.2.1. Carbonate and halide containing samples and biomat samples  

Figure 7.27 shows that the sample BM81 generally plots separately this was due to an 

emission around 970nm as mentioned before resulting in a more negative 970nm value for all 

filter sets except Pathfinder/Beagle 2 (Figure 7.27, solid line). The samples S133 and BM108 

plot less distinctly situated amongst the other samples analyzed. 

 

In Figure 7.28, plotting only the carbonate containing samples GCS1-siderite once again plots 

without overlapping with other samples with a more negative 680nm band depth value for all 

filter sets, with the exception of the ExoMars F2-12 filter set. The ExoMars F-12 filter set plots 

the samples with a more positive value due to the presence of an absorption feature in the 

650nm region which only the ExoMars F2-12 filter set was capable of reproducing. The 

position of a filter at 740nm in the ExoMars Ferric filter set, compared to 720nm in the F2-12 

filter set causes the Ferric filter set to miss the absorption feature. All filter sets are capable of 

reproducing the 960nm absorption feature in sample GCS1-siderite. 

 

Figure 7.27 shows that none of the filter sets allow for the distinction between the trona 

containing Lake Magadi samples and the GCS2-magnesite which is outline by dot dashed line. 

The compositional grouping containing magnesite spectra overlaps with some trona containing 

samples with every filter set (Figure 7.28).  
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Figure 7.26 Plots of all samples together with the spectral parameters 650nm band depth and 

970nm band depth for each filter set.  Dashed line outlines GCS3 compositional group. Dotted 

line outlines GCS2 compositional group. The grey region indicates area where 970nm 

absorption but no 650nm absorption would occur. Those samples plotting in the grey area 

have an absorption at both the 970nm and 650nm regions. 
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Figure 7.27 Plots of all samples together (excluding GCS1) with the spectral parameters 650nm 

band depth slope and 970nm band depth for each filter set.  Dashed line outlines GCS3 

compositional group. Dot-dashed outlines compositional group containing GCS3 and GCS4. The 

grey region indicates area where 970nm absorption but no 650nm absorption would occur. Please 

note that figure is plotted on a different axis as no axis could be plotted to allow all plots to be clear. 

 

 

 



        285 

Chapter 7- Testing PanCam multispectral filter sets on geological samples typical of alkaline 

environments 

 

7.7.5.2.2. Zeolite and feldspar containing samples using 650nm band depth versus 

970nm band depth 

For every filter set the sample SR1-chabazite plots quite broadly due to variation in the 

intensity of the 650nm absorption band in different areas of the sample. The SR1-chabazite 

spectra plot either side of the GR1-erionite, MudS41 and GCS4-philipsite/analcime. It would be 

difficult to group these compositionally to produce distinct clusters as the spectra plot close 

together or overlap (Figure 29.A to E).  

 

Distinct compositional groups form for the samples GCS3-analcime and GCS4-

philipsite/analcime using the Pathfinder/Beagle 2 filter sets, plotting away from the other 

samples in this group due to a more positive 970nm absorption value. The only other 

groupings are the MudS41 samples when using the MER filter set which position further to the 

left of the plot than any other sample spectra. The samples GR1 and SR1 overlap one another 

and other sample spectra with every filter set tested (Figure 7.29). 
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Figure 7.28 Plots of all samples together with the spectral parameters 650nm band depth and 

970nm band depth for each filter set.  Solid line outlines GCS3 compositional group. Dotted 

line outlines GR1 compositional group. The grey region indicates area where 970nm 

absorption but no 650nm absorption would occur. 
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7.8. Discussion 

This chapter focuses upon the capacity of missions to Mars, past, present and future to 

identify minerals which typically form in an alkaline-saline environment. The filter sets chosen 

for the Mars missions to date were not designed using minerals which form in alkaline 

environments, with the exception of the ExoMars F2-12 filter set which included two types of 

phyllosilicates and one carbonate. The purpose of this study was to assess whether or not 

excluding minerals from alkaline-saline environments such as the zeolite analcime, which is 

known to form on Mars, has a detrimental effect upon each filter sets ability to replicate the 

spectra of these sorts of minerals. This analysis highlighted some important points when 

considering the detection of these types of hydrated minerals on Mars.  

 

7.8.1. Comparing the performances of different filter sets 

 The replication capacity of the filter sets designed for Pathfinder/Beagle 2, MER, MSL 

and the two filter sets proposed for ExoMars: F2-12 and Ferric was examined. The ExoMars 

filter sets achieve the best results when using samples from alkaline-saline environments. The 

replication capacity of each filter set was analysed in two ways, 1) identifying the ability of each 

filter to reproduce each spectral feature for each mineral spectrum, defined as the replication 

value and 2) measuring the error score for each filter set, which was the difference between 

the original spectrum and the subsampled filter spectrum. This chapter would have benefitted 

from the addition of replicated acquisition of spectral data for each data point, for each sample 

to provide error bars, which was not done for this study.  

 

Of the filter sets tested here, the two filter sets designed for the ExoMars mission were more 

suitable for identifying the mineralogy of deposits from a neural/alkaline-saline environment 

than the Pathfinder/Beagle 2, MSL or MER filter sets. The ExoMars F2-12 filter set scored the 

highest replication value of 31 and the second lowest error score of 0.36, the ExoMars Ferric 

filter set scores the second highest replication value of 33 and the lowest error score 0.34. This 

superior replication capacity of the ExoMars filter sets was due to a combination of the even 

distribution of filters across the whole spectral range being studied, which was particularly 

relevant to <700nm and 930-1010nm regions, and the use of 12 filters. The overall better 

performance of the ExoMars filter sets compared to the Pathfinder/Beagle 2 filter set supports 

the decision to redesign the filter set for the ExoMars mission.  

 

The MSL filter set scored the lowest replication value of 17. This poor score compared to the 

ExoMars filter sets was due to the lower number of filters available to the MSL system (9 filters 

compared to the 12 for the ExoMars and Pathfinder/Beagle 2 filter sets), and in addition the 

limited number of filters covering the visible wavelength range (3 filters covering 440-700nm, 

compared to 6 for the ExoMars filter sets). These differences have implications for the data to 

be obtained by the MSL multispectral instrument. The number and distribution pattern of the 
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filters may limit the MSL instrument as an analytical technique, particularly when looking 

for/identifying minerals which have features in the 440-700 and 934-1010nm regions.  

 

It is important to remember that the bandpass for each filter will provide some scope for 

identifying features beyond the specific wavelength of each filter, however the effects of the 

bandpass breath for each filter, in each filter set was not within the scope of this study. 

 

7.8.2.  The ability of the filter sets tested to sufficiently distinguish between different 

carbonates 

 Moving the focus to assessing the individual replication capacity of each sample 

spectrum by each filter set produced some interesting results, particularly concerning those 

samples containing trona, magnesite, erionite, phillipsite and analcime. The reference spectra 

for trona are generally featureless, except for the presence of an absorption towards from 

~980nm to 1010nm, one limb of a ~1000nm absorption band (Drake, 1995). The spectrum for 

MGS11-trona was very similar to the database spectrum for trona (although a slightly higher 

reflectance between 520nm and 970nm) and its overall smooth shape was easily replicated by 

all filter sets, as demonstrated by its having the lowest error value of any sample. Problems 

arose when using the PanCam instrument to distinguish between different types of 

carbonates.  

 

Siderite has a relatively complex spectrum in the 440-1010nm region, with several absorption 

and emission features this makes it quite distinct. The reflectance spectrum for magnesite 

however was generally featureless, except for a slight levelling off between 610nm and 850nm 

and the spectrum for sample GCS2-magnesite contains an absorption from 970nm towards 

1010nm. The similar spectral profiles of trona and magnesite produced in this study rendered 

the differentiation between the two carbonates difficult. In addition, despite the purpose of 

spectral parameter plots to highlight differences between the spectral features of different 

minerals, there was no clear differentiation between the two types of carbonate with any of the 

spectral parameters analysed. The different chemistry required for the formation of trona and 

magnesite, coupled with the inability of any of the multispectral filter sets to distinguish 

between the two minerals means that the presence of different types of alkaline deposit or 

depositional environments maybe overlooked.   

 

7.8.3. The effects of heterogeneous samples on mineral identification when using 

reflectance spectroscopy 

 This study benefitted from the inclusion of geological samples rather than using pure 

minerals for filter testing, this meant that real variation in the spectra for each sample could be 

seen in the spectral profiles. Heterogeneous samples may contain spectral features which may 

not occur in the spectrum of the pure mineral, or even when using basic mixing models. The 

mixing of minerals is not linear, particularly not in the visible/NIR region and so it is important 
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to look at spectra from naturally heterogeneous samples (Crowley, 1991). The problems which 

can occur with mineral identification due to variation between the reference spectrum and the 

spectrum for a natural sample was demonstrated in the multispectral analysis of some of the 

Lake Magadi samples. The spectrum for GR1-erionite contained an iron absorption at 

~660nm. MGS2-magnesite and the Lake Magadi samples MGS2, MGS3 and MGS17, which 

predominantly contain trona and halite, also exhibited a feature around this wavelength. This 

feature was also attributed to the presence of iron in the samples and was not present in the 

reference spectra for trona or magnesite (Clark et al., 2007: RELAB-Spectral-Database, 2008: 

Baldridge et al., 2009b). This 660nm absorption means that the identification of these deposits 

maybe compromised if compared to reference spectra of pure minerals, this was especially 

important when considering the presence of dust which contains iron on the surface of Mars.      

 

7.8.4. The reproducibility of hydration features of minerals from alkaline saline 

environments  

 One of the most important limitations of some of the filter sets identified by this study 

relates to the 970nm hydration feature present in some samples. Absent in carbonates and 

some hydrated aluminosilicate samples such as GCS3-analcime, GCS4-phillispite/analcime 

and S133-magadiite exhibit an absorption feature at 970nm, which was missed or diminished if 

there was an absence of a filter at precisely this wavelength. Only the Pathfinder/Beagle 2 filter 

set has a filter exactly at 970nm, the ExoMars F2-12 filter set has a filter at 960nm which 

means that the depth of the feature was reduced. The absence of this feature then renders the 

spectrum as featureless, and similar to the spectra of trona and magnesite, an important issue 

when considering the role of PanCam in remote identification of outcrops of interest. The 

association of the 970nm band with hydration and the filter distribution in this area makes this 

a particularly important disadvantage to the MER, MSL and ExoMars filter sets. Even though 

the ExoMars F2-12 filter set does have a filter at 960nm, it was still only replicated by a small 

amount which may still be overlooked.   

 

This problem was also illustrated by the multispectral imaging by the MER PanCam at Gusev 

crater. Hydrated minerals have been identified, however the MER PanCam data did not allow 

the resolution of the type of mineral beyond a list of 18, including borates, chlorides, sulphates 

and the carbonates natron and trona (Rice et al., 2010). These all have relatively featureless 

spectra except for an absorption around 1000nm, demonstrating as we have in this study the 

limitation of the MER filter set. The interpretation of the MER PanCam data of the Gusev 

Crater has also suggested the detection of silica-rich, hydrated mineral deposit, identified by 

the presence of a negative slope from the 934nm to 1009nm filter. The spectral data was 

analysed in relation to the full spectra for hydrated sodium silicates: magadiite, sodium 

metasilicate pentahydrate (Na2SiO3.5H2O) and sodium metasilicate nonahydrate 

(Na2SiO3.9H2O), all of which exhibit an absorption around 970nm attributed to H2O, a feature 

that the MER filter set could not replicate (Rice et al., 2010). The hydration feature in sodium 
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metasilicate nonahydrate was slightly broader and so occurs at slightly longer wavelengths 

than in the other two minerals. The MER filter set replicates this band as a negative slope in 

the 934 to 1009nm range, similar to what was seen in the MER PanCam data (Rice et al., 

2010). This replication of at least a negative slope indicating the presence of a feature was not 

possible for the samples analysed in this study which have a 970nm feature, this was because 

the feature was too narrow, so the filter set skims over the top. This is a working example of 

the limitations of the filter sets which lack a filter in the 970nm region, supporting the issue of 

identifying hydrated silicates highlighted by this study.   

 

The minerals present in the samples used in this study from Lake Magadi have all been 

documented from this area previously and are good samples to use for testing the ExoMars 

PanCam equipment with reference to alkaline-saline depositional environments. It was 

unfortunate that none of the samples from Lake Magadi contained analcime or phillipsite, 

however the prior identification of these minerals in the Lake Magadi area (Eugster, 1967) was 

considered sufficient to include Geological Collection-UCL examples of them in the filter 

testing.. It would still have been interesting to have included samples of these zeolites from 

Lake Magadi itself.  

 

The inclusion of biological material although not to be found on the surface of Mars provides 

details on the spectral signatures of pigments present in biomats from alkaline-saline 

environments. If life were present on Mars, and if pigmented, these pigments maybe 

identifiable on Mars. The filter set testing showed that most of the features are reproducible 

because they are generally quite large scale and broad. We also see that when using a 

spectral parameter plot for the 650 nm and 970 nm band depths we do get some differentiation 

between the geological samples and the purely biological material with the ExoMars, MER and 

MSL filter sets.  

 

The problems of missed hydration features and featureless spectra in the 440-1010nm region 

are not issues for the orbiting visible-infrared spectrometers CRISM or OMEGA. These 

instruments can image over a much wider range from 362nm to 3920nm and 400nm to 

5100nm respectively (Langevin et al., 2005: Calvin et al., 2009). This means that they can 

cover wavelengths where the major diagnostic features occur, at wavelengths longer than 

1000nm. These instruments do have their own limitations in terms of their capacity to detect 

small amounts of minerals such as carbonate and also in identifying the presence of more than 

one mineral. For example, the masking of a 2300nm carbonate absorption feature by the 

presence of certain clay minerals (Orofino et al., 2009). In spite of the spectral constraints of 

the surface multispectral instruments such as ExoMars PanCam, these instruments do provide 

the benefit of spectral data on a much finer geographical scale. These multispectral 

instruments on the surface can potentially pick up small scale depositional variation which the 
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orbital instruments may not, and indicate areas where more in-depth analysis by in-situ 

instrumentation would be required.  

 

This study contributes to the data available on the study of alkaline-saline environments with a 

focus on early Martian deposits. Orbital and lander/rover observations of Mars are constantly 

providing data indicating that it is a geologically heterogeneous planet, with a variety of 

depositional environments. The number of Mars analogue studies being conducted on neutral-

alkaline environments is increasing; with the recognition that the study of neutral-alkaline 

environments has been largely neglected in favour of acidic environments (Ehlmann et al., 

2011a). Work is now being conducted by Ehlmann et al. on the aqueous alteration of basalts in 

Iceland as a neutral-alkaline analogue for early Mars in recognition of the identification of 

smectite clays, silica and zeolites. Although deposits such as trona have not yet been 

identified on Mars the argument that absence of evidence is not evidence of absence is 

particularly pertinent. Without a full understanding of the multispectral characteristics of a wide 

range of alkaline-saline environments the misidentification of samples may occur. Particularly if 

not all the necessary information is available, or an understanding of the limitation of the 

instruments is not understood.  

 

The multispectral imaging systems are necessary instrumentation of rover missions to Mars 

and can help focus time and energy on the more interesting areas of scientific exploration. It is 

important they are designed with the consideration of a variety of different depositional 

environments, in order to ensure that they perform at their highest capacity. This study 

provides an indication of the limitations of the PanCam multispectral instrument in relation to 

the hydration features of minerals from alkaline-saline environments. These results will hopeful 

mean that the characteristics of neutral-alkaline-saline depositional environments are 

understood and that the potential diversity of these environments on Mars is not overlooked.  

 

7.9. Conclusions  

 The analysis of 15 different samples highlighted that one of the most significant features 

relating to hydrated minerals from alkaline saline lakes is the 970nm hydration absorption 

associated with several hydrated silicate minerals.  

 

This study also showed that in general the spectral features carbonate minerals such as 

magnesite and trona are not sufficiently distinct to allow for differentiation. This is important 

because of the depositional environment in which trona can form does not allow for the 

formation of magnesite due to low levels of Mg. The presence of both carbonates would 

indicate a more diverse set of neutral-alkaline environments than thought if just one type of 

carbonate is identified. It also showed how the heterogeneity of a sample, for example the 

presence of iron in a sample can have a significant effect upon the spectral profile.  
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This study demonstrated that both of the ExoMars filter sets developed outperform the 

Pathfinder/Beagle 2, MSL and MER filter sets and the presence of a 960nm filter in the 

ExoMars F2-12 filter set provides this filter set with an advantage in relation it displaying some 

capacity to replicate the 970nm hydration features in hydrated silicate minerals, an ability 

which the subsequently designed Ferric filter set does not have. 

 

The poor performance in relation to reproducing spectral features for alkaline saline minerals 

by the MER filter set may be in part due to the limited number of filter sets as well as the 

distribution of the filter sets it does have so that it misses the 970nm region. 

 

This study indicates the importance of using a variety of minerals in the design of filter sets for 

missions with or without an astrobiological objective. The absence of minerals which form in an 

alkaline setting in the design and initial testing of the filters could result in the overlooking of 

certain minerals of scientific interest. The design constraints on multispectral instruments with 

respect to filter numbers available mean that some spectral resolution will be lost. However 

this study shows how important it is that this very diagnostic feature of hydrated silicate 

minerals, which we know occur on the surface of Mars is being missed by most of the filter 

sets tested and may have implications for the accuracy of multispectral imaging and the 

geological interpretation of Mars. 

 

7.10. Further work 

The study of exactly how the reflectance spectrum changes with the proportions of 

minerals, for example increased amounts of halite and iron content in a predominantly trona 

sample would be of interest and would require data on the proportions of minerals through 

XRD analysis. This would provide a better understanding of the behaviour of spectral data in 

relation to composition and a database of mixed minerals from different environments. In 

addition the significant variation between the reference spectra available from different 

databases, which in turn differ from the spectra produced by this study, may be problematic 

when analysing spectral data. The continued addition of the spectra of geological samples to 

multispectral databases will provide a vital reference point for the data obtained from current 

and future missions.  

 

An interesting further study would be to test of the ExoMars filter sets replacing the 950nm and 

960nm filters with a 970nm filter. This would examine whether the data obtained with the 

ExoMars filter sets with a filter at 970nm is superior to that obtained when there is a filter at 

950nm or 960nm. Performing this analysis would indicate if the quality of a spectra produced 

by the original ExoMars F2-12 and Ferric filter sets with a 950nm or 960nm filter respectively is 

superior across a wider suite of minerals than when the filter is at 970nm.  
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environments 

 

Lake Magadi has provided one alkaline-saline analogue environment with carbonate minerals 

and hydrothermal springs. The continuation of this sort of study on the carbonate deposits and 

associated hydrothermal springs in a cold environmental setting such as Iceland would provide 

an interesting contrast. Iceland has a large number of hydrothermally active site and some of 

those further away from the spreading ridge have an alkaline pH. This environment could then 

be studied in terms of the mineralogy which forms in this type of environment which would 

have a water chemistry compared to Lake Magadi. The in-situ spectral imaging of these sorts 

of sites, plus this imaging of Lake Magadi would complete this sort of multispectral analysis of 

these analogue environments.   

 



294 

Chapter 8 - Discussion 

 

Chapter 8  

Discussion 
 

The aim of this PhD was to explore an alkaline/saline hydrothermal environment in relation to 

habitable environments on Mars. This work was intended to provide details on the microbial 

communities present in such environments, characterising novel isolates, assessing the 

survivability of organisms and finally, understand how to identify similar environments in the 

rock record using remote instruments. Through the biological and geological study of Lake 

Magadi it is hoped that the findings presented here will contribute to the field of astrobiology 

through the study of the potential habitability of Mars and other planetary bodies. 

 

8.1. Terrestrial alkaline/saline environments 

Soda lakes are the most stable, naturally occurring alkaline environments on Earth 

(Rees, 2004: Wani et al., 2006: Lefèvre et al., 2011); Lake Magadi was chosen as the study 

site because of its associated hydrothermal system, the high pH, high salinity of the lake and 

hydrothermal springs, and because of the high rate of evaporation compared to precipitation, 

resulting in an arid environment (Chapter 1, section 1.3). This combination of extreme 

conditions requires a bacterial and archaeal community which can survive not just one, but 

several unfavourable environmental conditions simultaneously.  

 

The variability between the lake and spring salinity and the temperature gradient along the 

lake provides a variable sampling environment, which occurs across a relatively small area. 

The hydrothermal system which feeds the lake varies in temperature from north to south (over 

~32km), between 82.7 ºC and 36.6 ºC (Chapter 1, Section 1.3 and Chapter 3, Section 3.4.1). 

An alkaline pH >9, was recorded for all sampling environments and is the result of 

groundwater interacting with the surrounding geology. The water chemistry of the springs 

flowing into lake Magadi have a dominance of Na and HCO3 over Ca and Mg (Chapter 3), 

resulting in the formation of sodium carbonate minerals (trona) and an absence of calcium and 

magnesium minerals (calcite, gypsum, magnesite) (Chapter 7). The salinity of the springs was 

generally around ~0.7% NaCl (Chapter 2) but in spite of this low salinity halotolerant and some 

obligate halophilic archaea were isolated from all the environments sampled.  

 

8.2. The applications of alkaline/saline analogue environments  

 The astrobiological study of alkaline/saline environments has not been widely reported 

in the literature, possibly in part due to the predominant focus of analogue research on lower 

pH environments in relation to Mars including Rio Tinto and acid saline lakes in Australia 

(Benison and Laclair, 2003: Fernández-Remolar et al., 2005: Benison and Bowen, 2006: 

Bowen et al., 2008). Evidence suggesting the presence of alkaline hydrothermal subsurface 
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waters on Mars during its past and the possibility of contemporary saline liquid water means 

there is a need for more astrobiological studies of such environments (Abramov and Kring, 

2005: Ehlmann et al., 2008b: Ehlmann et al., 2011b). 

 

The conditions on Early Mars are hypothesised to have been similar to early Earth; possibly 

warm, wet and a CO2 atmosphere (Chapter 1.8.3.3). It could be considered that given the 

parameters outline above, life potentially could have also developed on Mars. If that is the 

case, what needs to be addressed is where could life have occurred and where are such 

environments on Mars? Studies on communities and model organisms can provide details on 

what types of extant or extinct life could be, or have been present on Mars (either life which 

originated on the planet or life that is present as a result of contamination), as well as where to 

look for evidence of life. It is also possible that habitable environments do exist on Mars, but 

no life has colonized there, which could be due to number of reasons such as l ife not having 

evolved, or that any habitable environments which could be present are too transient for life to 

take hold (Cockell, 2011: Cockell et al., 2012). In this instance, the environment has to be 

firstly identified as potentially habitable through biological and Mars simulation studies, and the 

reasons why the environment is uninhabited evaluated. This clarification of why a given 

environment is uninhabited is important to understand when considering the potential 

habitability of other planetary bodies. 

 

The possible application of soda lake astrobiological research extends beyond Mars: the 

hypothesised oceans of Enceladus and Europa, with their potentially alkaline/saline chemistry, 

means results of this work may have implications for the habitability of these planetary bodies.  

 

8.3. Habitability of alkaline hydrothermal environments on Mars 

Alkaline hydrothermal systems have been at the centre of research focussing on the 

origins of life. One hypothesis centres on the origin of terrestrial life in an environment where 

alkaline hydrothermal systems and colder more acidic waters (i.e. an ocean) interacted. This 

mixing would have provided a chemical gradient to supply energy, supply and concentrate 

necessary molecules and allow for the removal of waste (See Chapter 1) (Lane, 2010: 

Mellersh and Smith, 2010). If life originated in alkaline hydrothermal environments on Earth 

then it could be possible that life could also have developed on Mars, in similar environments. 

This would suggest that alkaline environments on Mars should be a high priority for 

astrobiological missions, therefore it is important to understand the capacity of missions to 

identify such environments, as discussed in Chapter 7.    

 

Subsurface alkaline hydrothermal activity has been suggested as the mechanism for 

phyllosilicate formation on Mars in areas including Nili Fossae, Houldon and Eberswalde 

craters (Ehlmann et al., 2011b: Fairén et al., 2010). On Mars a subsurface alkaline 
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hydrothermal system (including impact induced hydrothermal systems) would have provided a 

warm, wet environment sheltered from any radiation which could have been habitable. The 

presence, in this system of a chemical gradient, the continued supply of nutrients and the 

removal of waste products (toxins) are conducive to life and necessary processes for 

established communities (See Chapter 1, section 1.1). In addition, the circulation in a 

subsurface hydrothermal system would allow for the movement and circulation of organisms, 

which could then result in a more widespread distribution around the planet. It is possible that 

the subsurface of Mars has remained a habitable environment to the present, although this is 

much less likely. It is also possible that present day impacts may generate hydrothermal 

activity in association with subsurface ice (Abramov and Kring, 2005).  

 

Although the chemistry involved in the alkaline hydrothermal ground waters on Mars identified 

so far may differ to those studied here, it should be noted that many of the genera isolated 

from the springs and associated areas at Lake Magadi were not restricted to just soda lake 

environments. This suggests that these types of organisms are capable of exploiting a variety 

of niches, for example, species of the genera Idiomarina, Halomonas and Bacillus have been 

isolated from environments including; bauxite deposits, soil, seawater, salt pans, the deep 

sea, and deep sea hydrothermal systems (Chapter 3) (Ivanova, 2000: Donachie et al., 2003: 

Boltyanskaya et al., 2004: Joshi et al., 2007).  

 

The organisms cultured in this study were most closely related to heterotrophic bacteria which 

rely, in part, upon the photosynthesising phototrophic community to provide organic carbon. 

Lake Magadi has a thriving phototrophic community. With the radiation levels associated with 

the surface of Mars making it largely uninhabitable, it is highly unlikely that phototrophic 

bacteria would play a role in any community on Mars today, although they may have done 

early on in Mars’ history. In the subsurface, the absence of light means that the community 

would have to be comprised of chemotrophic, organotrophic, lithotrophic and 

chemolithotrophic organisms, without a phototrophic component (Shock, 2009). In the 

absence of phototrophs, chemotrophic organisms could provide organic material to any 

heterotrophic organisms within the community. The metabolic activity of bacteria and archaea 

is diverse(Shock, 2009).  

 

The subsurface environment is more suited to anaerobic organisms. Although the culturing 

environment provided in this study was aerobic, facultative anaerobic strains including 

Amphibacillus fermentum, Alkalibacterium psychrotolerans, Bacillus vedderi and Bacillus 

pseudofirmus were isolated (Chapter 3), with relatives of the last three strains surviving the 

process of Mars chamber incubation (Chapter 6). Strains related to the arsenic respiring 

Bacillus arseniciselenatis and Bacillus macyae were isolated in this study (Chapter 3) and 

relatives of both these strains were isolated from the soil community after incubation under 
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simulated Martian conditions for 7 days (refer to Chapter 6). However, these organisms would 

still all rely upon a primary producer in the community. Anaerobic chemotrophs such as 

methanogens have been isolated from Lake Magadi, including Methanosalsus zhilinae (Oren, 

2002a) and could provide material for a heterotrophic community. 

 

8.4.  Habitability of the alkaline environments on the surface of Mars 

It has been suggested that some of the clay minerals on Mars formed from the 

subsurface interaction between the alkaline hydrothermal system and the surrounding 

geology, with transient surface water which means that the surface could have been mostly 

cold and arid (Ehlmann et al., 2011b). This contrasts to the warm and wet concept of the 

surface of early Mars (Pollack et al., 1987: Craddock and Howard, 2002), and would situate a 

warm and wet Mars in the subsurface instead. However, if the surface was cold and 

intermittently wet this could still be a habitable environment, if only temporarily.  

 

The movement of organisms by hydrothermal fluids is not necessarily restricted to the 

subsurface; groundwater could potentially seep to the surface, taking with it any 

bacterial/archaeal community. Sedimentary clay deposits have been identified in association 

with possible fluvial basins and palaeolakes (Ehlmann et al., 2008a: Wray et al., 2008: 

Ehlmann et al., 2011b), this material could be the product of in-situ weathering, but it is also 

possible that the minerals have been transported, having been formed through hydrothermal 

activity or surface weathering elsewhere (Milliken and Bish, 2010: Ehlmann et al., 2011b).  

 

The introduction of life from the subsurface to the surface could either result in the death of 

those organisms, or the proliferation of those able to survive the surface conditions present 

(hypobaria, radiation, cold, arid, freeze thaw cycles etc). At Lake Magadi, areas around the 

springs and lake are only wet during and after the rain season, followed by periods of aridity 

and desiccation. The Mars chamber studies in this thesis also demonstrated that even as 

shallow as 32mm alkaliphilic/alkalitolerant, halotolerant organisms could survive desiccation, 

hypobaria, freeze thaw cycles and UV radiation for at least short periods of time (Chapter 6), 

although it is not known if growth can occur. 

 

It was also noted that the genera isolated in this study were not limited to only inhabiting soda 

lake environments like Lake Magadi. Isolates related to the genera; Alkalibacterium, 

Halomonas, Planococcus and Idiomarina isolated in this study, have been isolated from cold 

environments such as Antarctica (Christner et al., 2001: Reddy et al., 2002: Alam et al., 2003: 

Gilbert et al., 2004: Naganuma et al., 2005: Chattopadhyay, 2006). The environmental range 

of these genera indicates that these organisms are capable of occupying a wide range of 

niches and so relatives could be identified in an alkaline/saline/cold environment (Chapter 3). 

If these types of organisms can inhabit these environments, the next question is, can they 
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survive desiccation, and what are the effects of freeze thaw cycles and radiation on these 

particular organisms? 

 

This work has shown that isolates of the genera: Bacillus, Idiomarina, Planococcus, 

Salinicoccus and the archaea Natronococcus and Natrialba from Lake Magadi can survive 

desiccation for up to 28 days. The strains Planococcus, Salinicoccus and Natronococcus were 

more resistant than some strains of E. coli to UVC radiation, with Salinicoccus and 

Natronococcus (along with D. radiodurans) able to survive longer than 7.9 seconds exposed 

on the surface of Mars with its present UV flux (calculated from the highest UV dose tested, 

using the Xenon lamp, equated to Martian UV flux, refer to Chapter 5). It is important to note 

that  a high cell density or layer of soil can protect cells, and so increase survival (Osman et 

al., 2008). The study of Planococcus sp. LMLD02 in this thesis, a strain related to 

Planococcus maritimus (Chapter 3 and 4) demonstrated that Planococcus sp. LMLD02 was 

able to survive being placed into the Mars simulant and incubated under simulated Martian 

conditions for up to 7 days (Chapter 6).  

 

With this in mind, it is possible to imagine a situation where a bacterial/archaeal community 

may be present in an alkaline subsurface hydrothermal environment on Mars (in its history, or 

possibly at present). In addition, it might be feasible that a community could colonise the 

surface when the environment was suitable and remain (protected from radiation) once the 

conditions turned more arid, in order to reanimate once conditions become more favourable 

once again. This could result in the preservation of evidence of life in the shallow subsurface, 

as well as the deeper subsurface of Mars.  

 

8.5. Relevance of alkaline/saline analogue studies to the contamination of Mars 

An important issue for planetary exploration and astrobiology is the potential for 

contamination of planetary bodies with foreign life. An important point to note is the 

identification of alkalitolerant and halophilic/halotolerant organisms from spacecraft clean-

rooms (Ghosh et al., 2010: Vaishampayan et al., 2010). The culture based study of the 

Phoenix spacecraft clean-room demonstrated that alkalitolerant strains (such as Bacillus 

pumilus and Oceanobacillus iheyensis) were present and were not a minor part of the cultured 

community, being frequently detected (Ghosh et al., 2010). This indicates that these 

alkalitolerant organisms have survived the sterilisation procedure applied, and there is no 

reason why the strains could not also be present on the space craft itself. If this is the case, 

and the organisms were shielded during the flight to Mars, then theoretically they could be 

transferred to the surface/subsurface of the planet. This would have implications for the 

discovery of life on Mars. 

 



299 

Chapter 8 - Discussion 

 

These organisms would not necessarily be strictly defined as extremophiles, but are tolerant of 

extreme conditions such as pH. Together with the fact that alkalitolerant isolates from Lake 

Magadi could survive desiccation, oxidative atmosphere and low temperatures, as long as 

they are provided with some protection from UV-C irradiation (and ionizing radiation), makes 

the potential contamination of Mars with alkalitolerant organisms a real consideration. The 

additional tolerance of these organisms to high salinity and temperatures makes them 

resistant to a wider range of environmental stresses. 

 

This study identified both extremophilic and extremotolerant organisms from this extreme 

environment (Chapter 3). Extremotolerant organisms are particularly interesting due to their 

capacity to occupy a wider range of niches than organisms which are extremophilic. For 

example, the cells of some hyper-halophilic archaea will lyse in the presence of less than 15% 

NaCl, due to their cell adaptations for high salinity (Chapter 5). In contrast, the isolate 

Salinicoccus alkaliphilus (a close database match for a strain isolated in this study-Chapter 3 

and studied in Chapter 5) can grow in the presence of 0% NaCl and in the presence of up to 

25% NaCl (Zhang, 2002). This is an excellent example of how a tolerance for a wide range of 

environmental conditions can be more beneficial than only being able to tolerate the most 

extreme conditions. Further study into the survivability and resistance of these possibly more 

adaptable, tolerant organisms could be extremely beneficial for the field of astrobiology.   

 

Alkalitolerant strains including Paenibacillus sp. and Bacillus flexus, were isolated from the 

Phoenix spacecraft clean-room and have also been isolated from the sodic Lonar Lake 

(Kanekar et al., 2008). This study identified several strains from Lake Magadi which were 

related to isolates from Lonar Lake, indicating a similarity between the culturable communities 

of the two environments (Chapter 3). The presence of strains in sterilised clean-rooms which 

have also been isolated from soda lakes emphasises the importance in understanding the 

resistance and survivability of organisms from these environments under simulated Martian 

conditions. 

 

8.6. Preservation of biosignatures on Mars 

There are several ways in which evidence of life could be preserved on Mars, on 

Earth clay deposits preserve organic material (Ehlmann et al., 2008a: Summons et al., 2011). 

The alkaline/neutral pH environment required for smectite clay formation would suggest that 

any life preserved in these deposits would be alkaliphilic/alkalitolerant. Areas like the Jezero 

crater, where the clay deposits are associated with deltaic deposits are considered possible 

areas for organic preservation (Ehlmann et al., 2008a). Depending upon the depositional 

environment, carbonate deposits could also serve to preserve chemical biosignatures (Bada et 

al., 2009). In addition, the hydrous sodium silicate mineral magadiite was identified in this 

study in association with a prokaryotic community within several mm of the surface of the 
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mineral (Chapter 7). This mineral is not very stable and on Earth and will lithify into a type of 

chert. It would be interesting to ascertain if any evidence of the bacterial/archaeal community 

could be preserved and identified in the chert. If it could, then this would provide another 

mineral of interest to astrobiology. 

  

Halite is another interesting mineral with a potential for biological preservation. On Earth, 

evaporitic minerals are able to encapsulate organic material (Mancinelli et al., 2004). Several 

studies conducted by Vreeland et al, have identified the presence of bacteria and archaea 

preserved in halite crystals, with contentious reports of the viability of some organisms even 

after geological periods of time (Vreeland et al., 2000: Vreeland et al., 2007). The study of 

pigmented organisms has shown their capacity to survive desiccation, periods of UV 

irradiation and the combined effects of simulated Martian conditions (Chapter 5 and 6). If a 

pigmented strain (such as a pink haloarchaeon) is encapsulated in halite, the pigmentation 

can still be seen through the crystals, and can be recognized (Vítek et al., 2010: Edwards et 

al., 2010). In addition, it has been suggested that the hygroscopic nature of the mineral could 

lead to small amounts of liquid water being available, potentially creating a habitable 

microenvironment (Hovorka et al., 2007). These factors would all suggest that the 

identification of halite on Mars is very relevant to astrobiology and supports the possibility that  

halite, and the environments in which it forms, are another possible preservation environment 

(Bada et al., 2009).  

 

8.7.  The ability of multispectral instruments to detect and identify saline/alkaline 

environments on Mars 

It is essential to test that alkaline/saline environments are identifiable using the 

equipment available to missions. With this taken into consideration, plus the purpose of the 

ExoMars PanCam instrument to identify particular outcrops of significance through remote 

analysis, there is a risk that different types of environments or particularly interesting outcrops, 

for example, those containing zeolite minerals, could be overlooked.  

 

A range of geological samples were collected from the trona pavement at Lake Magadi and, 

along with Fe and Mg carbonates and zeolite minerals associated with alkaline/saline 

environments, were used to test the geological filters proposed for the ExoMars PanCam 

instrument. Trona and zeolite minerals were not included in filter set development. In addition, 

the filter sets chosen for the Pathfinder/Beagle 2, MER PanCam instruments and the MSL 

MastCam were also tested. The purpose of this part of the study was to assess the capacity of 

each filter set to reproduce the key features associated with the types of minerals associated 

with saline/alkaline environments, in order to assess whether or not these types of 

environments can be identified in situ, using multispectral remote instruments.   
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Several conclusions were drawn from this study. The most significant are associated with the 

inability of the filter sets to identify and/or distinguish between different minerals which form in 

alkaline environments. It is difficult to distinguish between different types of carbonates (Na 

and Mg) due to their relatively featureless spectra at wavelengths between 440 and 1010nm 

(Cousins et al., 2010), with the exception of siderite. The absence of a filter in the proposed 

ExoMars, MER and MSL instruments at 970nm could detrimentally affect their ability to 

zeolites, whose formation is associated with water. Therefore this has two possible 

implications, firstly for the geological characterisation of Mars in-situ, and secondly, for the 

identification of locations of water-rock interactions.  

 

The filter set designed for Mars Science Laboratory (MSL) has nine filters compared to the 

twelve filter sets proposed for the ExoMars instrument (Chapter 7, section 7.1.2). The poor 

performance of the MSL filter set in comparison could be due to the limited number of filters, 

as well as the differences in filter distribution, although these are in part linked. The lower 

number of filters means results in larger gaps between filters, therefore increasing the chances 

of missing any small, but still potentially significant features in the spectrum of a mineral. This 

would suggest that the number of filters is also an important factor to consider.  

 

Finally, comparing the database spectra from RELAB, USGS Spectroscopy Lab- Spectral 

Library and the ASTER Spectral Library demonstrated that often, due to the heterogeneity of 

unprepared geological samples, the spectra showed spectral differences. This is important 

when considering the datasets to be used when interpreting the multispectral data from Mars. 

It also reinforces why ground testing of instruments using unprepared, geological samples is 

so necessary.  

 

To address these points several suggestions have been made: 

 

1. Minerals from alkaline/saline environments, particularly zeolites must be considered 

during the design of filter sets for multispectral instruments 

2. Include a 970nm filter in the filter set  

3. There should be as many filters for geological analysis as is possible, given any 

technical constraints  

4. Untreated, geological samples should be used to test equipment rather than prepared 

samples of uniform size etc. providing more ‘realistic’ comparisons for data obtained 

by instruments  

 

8.8. Future work 

This thesis has served as a grounding in the study of Lake Magadi as an analogue 

environment for Mars. It has provided an initial study into the geology, environmental 
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chemistry and biology of the lake, and provided details of the effects of desiccation, UV-C 

radiation and the combined Mars simulated conditions on the prokaryotic community and 

individual isolates. These preliminary studies can potentially lead onto further exploration and 

experimentation, which will now be discussed.  

 

There is always the desire to start studying a new location, assessing the diversity or types of 

organisms present and comparing those to other environments. However, there is still a great 

deal which can be done using the samples and data collected in this study. The time 

constraints meant that although a number of initial ideas were developed, these could not all 

be put into practice during this PhD. 

 

8.8.1. Continued study of Lake Magadi isolates 

 

8.8.1.1. Gene expression and protein synthesis  

The ultimate assay of cell viability is growth. However, assessing the effects of 

desiccation and UV radiation on cell viability through CFU counts is but one step towards 

understanding the effects of these factors on organisms (Rochelle et al., 2011). The next 

stage involves assessing the enzyme and protein expression of different strains reflecting 

changes due to the application of stress, or environmental factors. Bacteria respond to 

variation in their environment through the transcriptional activation of genes (Ramos, 2001: 

Schumann, 2006). The presence of a stress can result in the triggering of different genes, 

these genes can code for products which will assist the organisms to cope with the stress 

being applied (Ramos, 2001: Schumann, 2006: Cytryn et al., 2007). Gene expression, and 

therefore protein expression, can be altered by a variety of factors including the application of 

solvents and desiccation, and changes in temperature, salinity, and pH (Booth, 1985: 

McLaggan et al., 1998: Cytryn et al., 2007).  

 

The effects of desiccation and UV radiation on protein expression and gene regulation has 

been studied in strains including some cyanobacteria (Potts, 1986: Fleming and Castenholz, 

2007) haloarchaea (comparing light and dark repair conditions) (Leuko et al., 2011) and 

bacteria from Antarctica (Yergeau et al., 2007: Yergeau and Kowalchuk, 2008: Yergeau et al., 

2008). The exact genes which can be expressed differ between species, so that the response 

of a specific organism can only be identified by studying that organism  (Burg et al., 1996).  

 

The bacterium Bradyrhizobium japonicum up-regulates up to 405 genes in response to 

desiccation. In particular, an increase in the intracellular concentration of trehalose, a sugar 

involved in osmoresistance/desiccation resistance, was observed (Booth, 1985: McLaggan et 

al., 1998). By studying protein and gene expression before and after exposure to stress 
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factors involved in a Martian environmental simulation have been applied, the effect of 

different stresses on gene expression could be assessed.  

 

Studies on gene expression have used 2-dimensional gel electrophoresis to separate proteins 

and produce protein profiles, quantitative real time (qRT) PCR to identify and assess changes 

in expression levels of genes and functional gene arrays, which are used to assess the 

functional activities of complex communities (He et al., 2007). The use of 2D protein gel would 

allow for the identification of differences in the protein profiles. Proteins of particular interest 

(those proteins with a notable change), can be sequenced, and the genes involved in 

expression identified. The increase or decrease in gene expression can then be quantified 

using qRT PCR. 

 

This work would aim to answer questions such as: what are the gene profiles for strains like 

Salinicoccus sp. LMLD05 and Planococcus sp. LMLD02? How do the protein profiles differ 

between the different strains and how do they differ when comparing before and after 

exposure? This would provide a greater understanding of the effects of these stresses on the 

types of organisms isolated from Lake Magadi. These studies could look at both short and 

long term influence on gene expression and could be applied to organisms which have been 

incubated under one stress factor and/or after incubation under combined simulated Martian 

conditions, to assess the influence of these factors on gene expression. 

 

8.8.1.2. Preservation and viability of archaea and bacteria in halite crystals 

As mentioned earlier, halite crystals potentially have a role in the preservation of 

biosignatures on Mars. Preliminary work has been conducted on the ability of Planococcus sp. 

LMLD02 and Natronococcus sp. LMLD06 to survive being preserved in halite crystals over a 7 

day period whilst being air dried at 37 ºC. The cell surface was sterilised using the protocol 

outlined in Rosenzweig (2000) and each crystal surface was smeared on to appropriate solid 

medium (Chapter 3 and 5) to check for growth and ensure sterility.  

 

No growth was recorded for Planococcus sp. LMLD02 after this procedure indicating that this 

strain was not able to survive being trapped in fluid inclusions within halite crystals. However, 

it is not clear if Planococcus sp. LMLD02 could survive on the surface of the halite crystal, but 

not the entrapment in fluid inclusions, or that it could not survive any of the protocol. This 

suggests that an unsterilized crystal surface control would be useful indicating what part of the 

procedure maybe affecting Planococcus sp. LMLD02.  

 

In contrast, Natronococcus sp. LMLD06 was also able to survive being placed into halite 

crystals, in accordance with other researchers studies of relatives of Natronococcus (Norton 

and Grant, 1988). Natronococcus sp. LMLD06 was more desiccation resistant and UV-C 
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tolerant than many of the other strains. The equally high survival of Salinicoccus sp. LMLD05 

to desiccation and UV-C radiation (Chapter 5) makes this another interesting candidate for 

halite preservation studies. In addition, the survival of D. radiodurans in halite crystals would 

be of greater interest.  

 

The purpose of this work would be two fold, firstly to assess the effects of halite encapsulation 

on different archaea and bacteria, identifying those which could potentially be preserved in 

halite. Secondly, the types of biosignatures and the degradation biosignatures produced by 

cells encapsulation within halite could be assessed. This could be, for example, biosignatures 

produced through the presence of pigments visible through the halite crystals.  

8.8.2. Other sampling environments 

8.8.2.1. Alkaline springs, Iceland 

The study of the alkaline hydrothermal springs in Iceland would be a fascinating 

comparison to this study, contrasting hydrothermal systems in cold and hot environments. 

Reykjanes in the Ísafjarðardjúp Bay, north western Iceland have alkaline hydrothermal springs 

around 2-3m below sea level at low tide (Kristjansson et al., 1986: ALFREDSSON et al., 1988: 

Hobel et al., 2005) (Figure 8.1). These springs vary between 45 ºC and 95 ºC and have an 

alkaline pH (Kristjansson et al., 1986: Hobel et al., 2005).  

 

In addition to these submarine alkaline hydrothermal springs, terrestrial springs, such as those 

at the Hveragerdi-Hengill area, and the Biskupstungur-Geysir area have pH’s measured up to 

10.1 (Kristjansson et al., 1986). A few culture based studies have been conducted on these 

springs, as well as bacterial 16S rRNA clone libraries being compiled for waste water drains 

from Hveragerdi and Reykjanes Power Stations, which have a pH and salinity of 9.1 and 

<0.1%, and 7.5 and 4.5% respectively (Tobler  and Benning, 2011). The Reykjanes site also 

has a higher silica content of 695 ppm and so forms silica sinters very quickly (Tobler  and 

Benning, 2011).  
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Figure 8.1 Map of Iceland with approximate areas of alkaline hydrothermal springs (Yellow 

marker). The Hvalfjordur area was used as analogue for Noachian Mars by Ehlmann et al. 

(2011a) (Red marker). From Google Earth.  

 

These sites have not been explored as a potential Martian analogue environment. An initial 

culture based study, followed by assessing the effects of simulated Martian conditions again 

on individual isolates and on communities would be very interesting. Such a study could 

answer questions such as, do these organisms survive the simulated conditions as well as or 

better than those isolated and tested in this thesis? The different water chemistry and geology 

means that this environment and its microbiology will differ when compared to Lake Magadi. 

Any organisms isolated which are similar to those from Lake Magadi may have genotypic and 

phenotypic difference, being adapted to a different habitat. 

 

Alkaline Mars analogue studies have begun in areas such as Iceland, with the study of altered 

basaltic lavas by Ehlmann et al. (2011a) in the Hvalfjordur area (Figure 8.1), but it is important 

to continue along this vein, increasing the number of astrobiological studies of these types of 

alkaline environments.  

 

8.8.2.2. Black Mountains, Wales 

Some preliminary work was conducted in February 2009 in the Black Mountain area of 

Wales. The sites of interest are located below a disused limestone quarry. At the quarry, 

limestone was heated to convert the CaCO3 to produce CaO, or quick lime, a highly alkaline 
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product. The presence of these deposits resulted in the high pH spring waters in the area and 

areas of carbonate re-deposition, some of which is dark orange red, possibly due to iron 

(Figure 8.2.A, and Figure 8.3 A-D).  

 

Five sites were explored in the preliminary study, the springs at the sites were between 3.5 ºC 

and 8.2 ºC, with a pH between 8.3 and 10.8 and flowed into pools, which were iced over 

during the field trip. Biomats have developed over limestone blocks, partially submerged in the 

pools (Figure 8.3.E-F). The organisms which can inhabit such an environment would have to 

tolerate both the high pH and high Ca content of the spring water, as well as the relatively low 

temperature springs as well. This environment contrasts to the Lake Magadi samples through 

the water chemistry and environmental conditions, i.e. temperature.  
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(Figure removed for copyright reasons) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 Satellite image of Black Mountain sampling areas (A) 51º 51' 29.62"N, 3 º 

51'26.34"W (B) 51 º 51'23.97"N, 3 º 50'17.99"W. Images taken from Google Earth. Scale bar 

is 25km and images are in North-South orientation.  

 

In addition to using this site for microbiological analysis, the carbonate aprons would be of use 

for further testing of the PanCam instrument. This would involve a compositional analysis of 

the carbonate aprons followed by the acquisition of laboratory spectra for samples as well as 

field testing of the ExoMars PanCam instrument.  
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Figure8.3 Carbonate deposits in the Black Mountain area. Images A to D are areas of 

carbonate precipitation, displaying orange colouration to the deposits in some areas. Images E 

and F show pink and black biomat material which forms in the pools, on limestone blocks and 

on the floor.   

 

8.8.3. Alkalitolerant/ halotolerant strains from non-extreme environments 

Finally, more research needs to be conducted on the types of alkalitolerant/alkaliphilic 

and halotolerant/halophilic organisms which are isolated from non-extreme environments, 

these could simply be using garden soil samples from the UK, or sea water samples. Olsson-

Francis et al. (2010) describe using exposure to low Earth orbit as a method of isolating novel 

extremotolerant strains. The same principle could be applied to Mars chamber studies, 

subjecting soil samples to a range of environmental factors, and then isolating strains from 

these samples to characterisation in terms of growth range and tolerance to desiccation etc. It 

is documented that alkalitolerant and halotolerant strains can be isolated from non-extreme 

environments (Al'Abri, 2011: Wiegel, 2011), including spacecraft clean-rooms, and indicates 

that these types of organisms can survive a in a broad range of environmental conditions. 

More astrobiology-related studies should be done on strains from non-extreme environments 

in order to assess what alkalitolerant/halotolerant organisms exist in these communities, and 

what their resistance and tolerances are. These strains have the benefit of a being more 

flexible in terms of adapting to changing environmental conditions (i.e. high and low salinity 

etc). The potential contamination of Mars is more likely to be from microorganisms from non-

extreme environments which are in the vicinity of the laboratories. Therefore, the study of 
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these organisms in relation to simulated Martian conditions would be valuable when 

considering the potential contamination of Mars.  

8.9. Final conclusions 

The search for life beyond Earth firstly requires an understanding of where to look and 

then what to look for. Only then are we equipped to potentially identify life present on planetary 

bodies such as Mars. Analogue studies must start with the characterisation of an environment 

in terms of the chemistry, geology and types of environmental factors and conditions which are 

present. This produces an environmental profile upon which a biological profile can be built. 

This process of analogue research requires the use of a variety of techniques, which has been 

conducted in this study. The results of this work are summarised into the following 

conclusions: 

 

 More analogue research needs to be conducted on alkaline hydrothermal environments 

and the organisms associated with them. This will ensure that we have as clear an 

understanding of possible environments which could be analogous to areas identified on 

planetary bodies such as Mars, Europa and Enceladus. Recent data indicates that Mars 

has been an environmentally diverse planetary body during its history and has hot 

alkaline, neutral and acidic environments. As the study of planetary bodies continues, the 

variety and number of environments which could be considered habitable may also 

increase, as will our understanding of the specific chemistry and geology associated with 

these environments. 

 Culture-based studies are still a necessary part of the microbiological characterisation of 

environments, the characterisation of novel isolates and the identification of resistant, 

potentially model organisms for astrobiological study. By testing the resistance of 

organisms against different environmental stresses, it is possible to identify novel strains 

which have a particularly high resistance to different stresses, such as Planococcus sp. 

LMLD02, Salinicoccus sp. LMLD05, Natronococcus sp. LMLD06 and Natrialba sp. 

LMLD07. These organisms can then be studied in terms of the mechanisms they employ 

to combat high pH, high salinity and/or oxidative stress through desiccation or UV-C 

radiation. This will increase our understanding of these mechanisms and the limits of life.  

 Many of the organisms isolated in this study are related to strains which would be classed 

as halo-tolerant (i.e. Salinicoccus sp. LMLD04), alkali-tolerant (i.e. Planococcus sp. 

LMLD02), with relatively broad growth ranges. An ability to grow under extreme and non-

extreme conditions increases the number of environments which they can inhabit, and 

halophile has been linked to desiccation and UV resistance. In addition, the isolation of 

halotolerant and alkalitolerant strains from clean-room environments demonstrates an 

ability of some tolerant strains to withstand sterilisation procedures and therefore could 

represent potential contaminants for the surface of Mars.  
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 Culture based study of different areas around Lake Magadi demonstrated a dominance of 

Bacillus, Idiomarina, Halomonas and Alkalibacillus strains, from all parts of the Lake, with 

no clear differentiation in the culturable diversity along the temperature gradient when 

using the media AP+0.7%, AP+6.8% or AP+15%. This identification of similar organisms 

from the higher (~82 ºC) and lower temperature (~35 ºC) areas of the lake indicate an 

ability of these strains to occupy a range of hydrothermal environments.  

 Isolates of Bacillus, Idiomarina, Halomonas and Alkalibacillus were able to survive being 

subjected to simulated Martian conditions, including UV-C radiation, freeze thaw cycles 

and low pressure for up to seven days when part of a complex soil community. The 

combination of these findings potentially highlights a small number of genera which could 

be the focus of further astrobiological study. 

 The process of desiccation has a significant effect on organisms which can grow on NaCl 

concentration of 0.7%, 6.8% and 15%, but following this the isolates which can grow on 

15% NaCl are not affected by the simulated Martian conditions tested here. In contrast, 

those able to grow on 0.7% and 6.8% NaCl were affected by the bench incubation and the 

simulated Martian conditions, suggesting that those organisms which can grow on these 

lower salinities were more sensitive than those able to grow on 15% NaCl. Therefore, 

those organisms which are adapted to grow on 15% NaCl maybe better suited to surviving 

the conditions on the surface of Mars. 

 Pigments produced by halophilic and halotolerant organisms probably aid their resistance 

to oxidative stress, induced by several factors which are present on Mars. The link 

between desiccation, UV radiation and pigmentation in the survival of isolates in this 

thesis would suggest that organisms which could survive on Mars may be pigmented. 

Pigments would then provide a biosignature which could be identified by instruments 

including PanCam. 

 The ability of multispectral filter sets, such as that present on the ExoMars PanCam 

instrument, to reproduce the spectra of alkaline/saline minerals can is impaired by the 

failure to consider minerals associated with alkaline/saline environments during their 

design and testing. Filter set designs may benefit from; including representative key 

minerals from a variety of environments (i.e. zeolites), and from considering key features 

of particular minerals of interest (i.e. 970nm absorption in analcime), ensuring that these 

features can be detected.  

 It is important to test equipment and instruments for missions using ‘raw’ geological 

samples in order to understand their capacity and limitations. It is necessary that 

astrobiological missions are able to identify and distinguish between as many different 

types of environments as possible. It is not enough to simply be able to identify an alkaline 

environment on Mars if we do not understand the habitability, and equally, it is pointless to 

understand the habitability of an environment if it cannot be identified on the surface for in 

situ analysis or sample return.  
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Table A.1. Isolates from the northern end of Little Magadi, samples 106, 108, 109, 110, 113, 114 and 115 from Chapter 3, isolates are given with closest 
database match and closest strain match. Only those with a query coverage of >95 were included.  

Isolate name 
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. 

n
u
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o
ti
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Closest database match %
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h
 

Closest database strain match %
  

m
a

tc
h
 

6.8_106A 784 - - Caldalkalibacillus uzonensis strain JW/WZ-YB58 (NR_043653.1) 93 
6.8_106B 785 - - Caldalkalibacillus uzonensis strain JW/WZ-YB58 (NR_043653.1) 93 
6.8_106C 774 Bacillus sp. 9-3AIA (FN397519.1) 76 Caldalkalibacillus uzonensis strain JW/WZ-YB58 (NR_043653.1) 97 
0.7_108A 761 Halomonas sp. 4AB3 (HM587243.1) 88 Halomonas campisalis strain HB10.1) (GU228480.1) 88 
0.7_108C 759 Gamma proteobacterium E-113  FJ764789.1 86 Idiomarina baltica strain YCSD64 (GQ169047.1) 81 
0.7_108D 755 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_108DA 756 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_108E 755 Gamma proteobacterium. E-034 (FJ764787.1) 99 Idiomarina seosinensis strain 2PR51-17 (EU440983.1) 92 
0.7_108GA 755 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_115AA 790 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 
15_108DB 765 Alkalibacterium sp. E-119. (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 
15_108DC 764 Bacillus sp. T41 (AB111934.1) 98 Bacillus okhensis strain Kh10-101 (NR_043484.1) 99 
6.8_108A 754 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
6.8_108AB 754 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
6.8_108AC 754 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_108B 754 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 
6.8_108B2.A 766 Uncultured Bacillus sp. clone (EU676874.1) 99 Bacillus pseudofirmus strain NT10I3.2AB (GQ365198.1) 99 
6.8_108BA 754 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
6.8_108BB 754 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_108C 752 Halomonadaceae bacterium GFAJ-1 (HQ449183.1) 95 Halomonas meridiana strain SL145 (JN645873.1) 94 
6.8_108D 757 Uncultured bacterium clone 101-159 (EF157253.1) 92 Halomonas pantelleriensis strain AAP(NR_026298.1 91 
6.8_108DA 765 Alkalibacterium sp. E-119 ((FJ764767.1)) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 
6.8_108DB 766 Alkalibacterium sp. 10011  (EU432578.1) 98 Alkalibacterium psychrotolerans strain IDR2-2 (NR_024830.1) 98 
6.8_108E 749 Halomonas sp. N1(2011)  JF937425.1 98 Halomonas variabilis strain HTG7 (AY204638.1) 97 
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Table A.1 continued. 

Isolate name 
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6.8_108F 754 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_108G 757 Halomonas sp. 4AB3 (HM587243.1) 96 Halomonas campisalis strain HB10.1) (GU228480.1) 96 
6.8_108GA 719 Planococcus sp. MTCC 8491 JF775504.1 98 Planococcus maritimus strain SS-06 (EU624446.1) 98 
0.7_109A 721 Yaniella sp. G5  (FJ871122.1) 99 Actinomycetales bacterium SSCS15 (AB211026.1) 97 
0.7_109AA 721 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_109AAA 729 Halomonas sp. 4AB3 (HM587243.1) 88 Halomonas campisalis strain HB10.1) (GU228480.1) 88 

0.7_109AB 741 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

0.7_109B 732 Gamma proteobacterium E-410  ((FJ764791.1)) 97 Idiomarina seosinensis strain CL-SP19 (NR_025826.1) 91 
0.7_109D 787 Planococcus sp. MC01 (JN566126.1) 76 Planococcus maritimus strain KP8 (EU594443.1) 76 
0.7_109EB 729 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
15_109B 731 Halomonas sp. 4AB3 (HM587243.1) 95 Halomonas campisalis strain HB10.1) (GU228480.1) 95 
15_109D 740 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1(NR_041574.1) 99 
6.8_109AA 740 Unidentified Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans strain JCM 12281 (AB294176.1) 99 
6.8_109AB 741 Unidentified Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans strain JCM 12281 (AB294176.1) 99 
6.8_109ABC 741 Unidentified Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans strain JCM 12281 (AB294176.1) 99 
6.8_109AC 745 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 
6.8_109BB 728 Gamma proteobacterium E-410 (FJ764791.1) 99 Idiomarina sp. (JK16 EF554894.1) 99 

6.8_109C 729 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_109CB 739 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 

6.8_109E 740 Alkalibacterium sp. E-119 (FJ764767.1) 100 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 100 

6.8_109EA 752 Alkalibacterium sp. E-119 (FJ764767.1) 92 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 92 

6.8_109GB 741 Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans strain JCM 12281 (AB294176.1) 98 

6.8_109H 739 Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans strain JCM 12281 (AB294176.1) 98 

0.7_110A 778 Alkalibacterium sp. E-119  (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 

0.7_110AA 772 Hailaer soda lake bacterium T10 AF275707.1 99 Bacillus aurantiacus, strain K1-10 (AJ605772.2) 96 

0.7_110B 778 Bacillus sp. AMnr1 FJ788526.1 97 Bacillus arseniciselenatis, type strain DSM 15340T (AJ865469.1) 97 

0.7_110D 764 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
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0.7_110DA 765 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

0.7_110E 777 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 

0.7_110FA 743 Halomonas sp. 10022(EU432574.1 84 Halomonas nitritophilus strain 5-5-12 (GU113002.1) 84 

0.7_110FB 767 Gamma proteobacterium E-410 (FJ764791.1) 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1) 93 

0.7_110FC 769 Gamma proteobacterium E-410 (FJ764791.1) 97 Idiomarina fontislapidosi strain F23  (NR_029115.1) 92 

15_110A 709 Halomonas sp. 15-7 HM598402.1 95 Halomonas pantelleriensis strain (GQ505338.1) 95 

15_110AA 764 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 

15_110AB 763 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 

6.8_110A 780 Hailaer soda lake bacterium T10 (AF275707.1) 99 Bacillus aurantiacus strain K1-10 (AJ605772.2) 97 

6.8_110AB 761 Halomonas sp. E-069 (FJ764763.1) 98 Halomonas venusta strain NBSL25 (FJ973522.1) 98 
6.8_110B 768 Uncultured bacterium clone 101-159 (EF157253.1) 96 Halomonas pantelleriensis strain 4-5-9  (GQ505338.1) 96 

6.8_110C 764 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 

6.8_110AB 761 Halomonas sp. E-069 (FJ764763.1) 98 Halomonas venusta strain NBSL25 (FJ973522.1) 98 

6.8_110B 768 Uncultured bacterium clone 101-159 (EF157253.1) 96 Halomonas pantelleriensis strain 4-5-9  (GQ505338.1) 96 

6.8_110C 764 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 

6.8_110CA 766 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_110CB 767 Gamma proteobacterium E-410 (FJ764791.1) 86 Pseudidiomarina salinarum strain ISL-52 (NR_044246.1) 81 

6.8_110CC 780 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

6.8_110D 769 Gamma proteobacterium E-410 (FJ764791.1) 90 Idiomarina seosinensis strain 2PR51-17 (EU440983.1) 85 

6.8_110DA 763 Gamma proteobacterium E-410 (FJ764791.1) 98 Idiomarina seosinensis strain 2PR51-17 (EU440983.1) 93 

6.8_110DB 761 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_110E 763 Gamma proteobacterium E-410(FJ764791.1) 99 Idiomarina seosinensis strain 2PR51-17  (EU440983.1) 93 

6.8_110EA 769 Pseudidiomarina sp. QA8 GQ202579.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1) 92 

0.7_113B 755 Halomonas sp. AMP-12 HM104378.1 95 Halomonas nitritophilus strain 5-5-12 (GU113002.1) 95 

15_113A 773 Bacillaceae bacterium halo-2(EU581836.1 99 Bacillus agaradhaerens strain Mi10-62  (GQ121032.1) 93 

15_113B 749 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15_113BA 747 Halomonas sp. AGD 3(EU447166.1 98 Halomonas campisalis strain 4A (NR_028702.1) 97 

15_113C 748 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
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15_113D 777 Bacterial sp. Lake Natron isolate 105NT4 X92166.1 98 Salsuginibacillus halophilus strain halo-1 (EU581835.1) 98 

15_113E 741 Gamma proteobacterium E-410  (FJ764791.1) 94 Idiomarina zobellii strain M8B (GU397405.1) 91 

6.8_113A 758 Alkalibacterium sp. E-119 16S (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99 

6.8_113AA 741 Halomonas sp. W1025 (AM941396.2) 99 Halomonas sp. TM1S2 (EU430697.1) 99 

6.8_113B 748 Alkalibacterium sp. E-119  (FJ764767.1) 99  Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99  
6.8_113BC 763 Alkalibacterium sp. 10011  (EU432578.1)  88  Alkalibacterium psychrotolerans strain IDR2-2(NR_024830.1 88  

6.8_113C 757 Alkalibacterium sp. E-119  (FJ764767.1) 99  Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99  

6.8_113DB 742 
Uncultured bacterium clone Luq_GN490_030 
(HQ445815.1) 

99 Halomonas sp. W1025 (AM941396.2) 99 

6.8_113G 772 Piscibacillus sp. 401C1-1 (HM222702.1) 94  Piscibacillus halophilus HS224 (FM864227.1) 94  

15_114B 810 
Unidentified Hailaer soda lake bacterium F24 
(AF275702.1) 99  

Alkalibacterium sp. 10011  (EU432578.1) 98 

6.8_114A 740 
Uncultured alpha proteobacterium clone WN-HSB-198 
(DQ432305.1) 98  

Rhodobacter sp. EL-50 strain EL-50 (NR_042212.1) 
97  

6.8_114B 807 Bacillus sp. E-127  (FJ764772.1) 98  Bacillus pseudofirmus strain MC02 ((JN566125.1)) 96  

6.8_114D 801 Alkalibacterium sp. E-119  (FJ764767.1) 99  Alkalibacterium pelagium strain T143-1-1 (NR_041574.1) 99  

0.7_115A 782 Halomonas sp. 4AB3 (HM587243.1) 98  Halomonas campisalis strain HB10.1) (GU228480.1) 98  

15_115A 801 
Unidentified Hailaer soda lake bacterium F24 
(AF275702.1) 99  

Alkalibacterium sp. 10011  (EU432578.1) 
98  

15_115AB 786 Bacillus sp. ANL-isoa2 (EF422410.1) 
97  

Bacillus arseniciselenatis 16S rRNA gene, type strain DSM 
15340T (AJ865469.1) 93  

15_115B 790 Halomonas sp. 4AB3 (HM587243.1) 99  Halomonas campisalis strain HB10.1) (GU228480.1) 99  

15_115D 805 Bacillus cellulosilyticus DSM 2522 (CP002394.1) 96  Bacillus vedderi strain JaH (NR_026526.1) 95  

15_115E 804 Bacillus cellulosilyticus DSM 2522 (CP002394.1) 94  Bacillus vedderi strain JaH (NR_026526.1)  94  

15_115EA 806 Bacillus cellulosilyticus DSM 2522 (CP002394.1) 95  Bacillus vedderi strain JaH (NR_026526.1)  95  
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Table A.2 Isolates from the northern end of Little Magadi, samples 106, 108, 109, 110, 113, 114 and 115 from Chapter 3, isolates are given with closest 
database match and closest strain match. Only those with a query coverage of >95 were included.  
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6.8_81PC 778 Halomonas sp. 4AB3 (HM587243.1) 92 Halomonas campisalis strain HB10.1) (GU228480.1) 92 
6.8_81PA 785 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
6.8_81P 786 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 
6.8_81GCBB 786 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_81GC 785 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_81GB 787 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 
6.8_81GA 785 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_81F 801 Bacillus sp. ISO_02_Chiprana (EU676882.1) 99 Bacillus clarkii strain DSM 8720  (NR_026141.1) 99 

6.8_81E 787 Alkalibacterium sp. 10011 (EU432578.1) 99 
Alkalibacterium psychrotolerans strain IDR2-2  
(NR_024830.1) 

99 

6.8_81C 799 Alkalibacterium sp. 10011 (EU432578.1) 99 
Alkalibacterium psychrotolerans strain IDR2-2  
(NR_024830.1) 

99 

6.8_81B 797 Bacillus sp. B-3(2011)  (N128828.1) 85 Bacillus cohnii strain D7055 (FJ161352.1) 85 
6.8_81A 800 Bacillus sp. ISO_02_Chiprana (EU676882.1) 99 Bacillus polygoni strain YN-1  (NR_041571.1) 99 
15_81PC 785 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
15_81GB 785 Halomonas sp. HI.br  (GU228482.1) 99 Halomonas nitritophilus strain 5-5-12 (GU113002.1) 99 
0.7_81PE 785 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_81PC 786 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_81PB 785 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 
0.7_81PA 788 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1 (NR_04 1574.1 99 
0.7_81GBA 788 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_81GB 782 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_81GAA 790 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_81GA 793 Alkalibacterium sp. 10011 (EU432578.1 98 Alkalibacterium psychrotolerans strain IDR2-2  

(NR_024830.1) 
98 

6.8_82D 795 Unidentified Hailaer soda lake bacterium 
F24  ((AF275702.1)) 

99 Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

99 
6.8_82C 777 Bacterial sp. 16S rRNA gene (Lake Bogoria isolate 

WB4) (X92145.1) 
98 Halomonas kenyensis strain AIR-2  (NR_043299.1 98 

6.8_82BB 778 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_82BA 775 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
 
Table A.2 continued. 
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6.8_82B 769 
Uncultured bacterium clone MB-A2-149 
(AY093468.1) 

95 Pseudidiomarina salinarum strain ISL-52  (NR_044246.1) 
92 

6.8_82AB 798 
Uncultured Sporolactobacillaceae bacterium clone 
Cat004C_E03 (EU572326.1) 

97 Bacillus pseudofirmus strain MC02 (JN566125.1) 97 

6.8_82A 770 Uncultured bacterium clone MB-A2-149 
(AY093468.1) 

96 Pseudidiomarina salinarum strain ISL-52  (NR_044246.1) 92 
15_82B 775 Halomonas sp. 4AB3 (HM587243.1) 96 Halomonas campisalis strain HB10.1) (GU228480.1) 96 
15_82A 767 Bacillus sp. GSP69 (AY553128.1) 96 Bacillus hemicellulosilyticus strain C-11  (NR_040848.1) 96 
15 _82AB 835 Bacillus sp. AMnr1 (FJ788526.1) 98 Bacillus arseniciselenatis, type strain DSM 15340T 

(AJ865469.1) 
98 

0.7_82H 775 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_82G 775 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 

0.7_82F 798 
Uncultured bacterium clone LCKS000B19 Uncultured 
bacterium clone (LCKS000B19) 

97 Bacillus vedderi strain JaH  (NR_026526.1) 97 

0.7_82E 775 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_82D 786 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_82BA 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_82B 777 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_82AC 788 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 
0.7_82AB 782 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 
0.7_82A 783 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_83BB  687 Hailaer soda lake bacterium F24  (AF275702.1) 84 Alkalibacterium psychrotolerans strain JCM 12281 

(AB294176.1) 
84 

0.7_83H  747 Bacterial sp. 16S rRNA gene (Lake Nakuru isolate 
20N1) (X92128.1) 

94 Pseudidiomarina salinarum strain ISL-52  (NR_044246.1) 92 
0.7_83G  752 Alkalibacterium sp. E-119 (FJ764767.1) 99 Alkalibacterium pelagium strain T143-1-1  (NR_04 1574.1) 99 
0.7_83E  756 Marine sponge bacterium PLATErafhis+(1)-

11(EU346548.1) 
96 Bacillus arseniciselenatis DSM  15340T (AJ865469.1) 95 

0.7_83DAB  747 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_83D  741 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_83CB  752 Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans strain JCM 12281 (AB294176.1) 98 
0.7_83CA  754 Bacillus sp. E-127 (FJ764772.1) 98 Bacillus pseudofirmus strain MC02 (JN566125.1) 96 
0.7_83C  754 Bacillus sp. ISO_06_Kulunda (EU676884.1) 99 Bacillus alkalinitrilicus strain ANL-iso4  (NR_044204.1) 98 

 0.7_83B  744 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_83AD  745 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 
 
Table A.2 continued. 
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0.7_83A  754 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

6.8_85E  808 Bacillus sp. A-11 (AY347312.1) 98 Bacillus sp. LW6 (FM956481.1) 98 
6.8_85DB  807 Bacillus sp. E-127  (FJ764772.1) 98 Bacillus pseudofirmus strain MC02 (JN566125.1) 96 
6.8_85D  676 Bacillus sp. E-127  (FJ764772.1) 98 Bacillus pseudofirmus strain MC02 (JN566125.1) 95 
6.8_83C  755 Halolactibacillus miurensis, NRIC 0637 

(AB362701.1) 
94 Halolactibacillus xiariensis strain H-5 16S (NR_044282.1) 96 

0.7_85A  833 Bacillus sp. ISO_06_Kulunda (EU676884.1) 99 Bacillus alkalinitrilicus strain ANL-iso4  (NR_044204.1) 97 
6.8 _86C 775 Gamma proteobacterium E-034. (FJ764787.1) 99 Idiomarina seosinensis CL-SP19.  (NR_025826.1) 92 

6.8_86DB 800 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

97 

6.8_86BA 786 Halomonas sp. 4AB3 (HM587243.1) 95 Halomonas campisalis strain HB10.1) (GU228480.1) 95 
6.8_86B 787 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_86A 792 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

99 

15_86B 785 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_86H 797 Bacillus sp. B-3(2011) JN128828.1 85 Bacillus cohnii strain D7055 (FJ161352.1) 85 

0.7_86G 798 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

0.7_86F 797 Bacillus sp. B-3(2011) (JN128828.1) 92 Bacillus cohnii strain D7055 (FJ161352.1) 92 
0.7_86E 787 Halomonas sp. HB.br  (GU228481.1) 97 Halomonas campisalis strain 4-5-8 (GU112958.1) 97 
0.7_86D 796 Bacillus sp. DV9-38 (GQ407183.1) 99 Bacillus cohnii strain T-46 (HQ202864.1) 99 

0.7_86CB 798 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

100 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

100 

0.7_86C 801 
Uncultured bacterium clone LCKS000B19 
EF201718.1 

97 
Bacillus vedderi strain JaH  (NR_026526.1) 

97 

0.7_86B 799 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

0.7_86A 798 Bacillus sp. ISO_06_Kulunda (EU676884.1) 94 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1) 93 
6.8_94E 796 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 
6.8_94D 801 Uncultured bacterium clone 101- 159 EF 157253.1) 94 Halomonas pantelleriensis strain AAP (NR_026298.1 94 
 
Table A.2 continued. 
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6.8_94CB 
785 

Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

6.8_94CA 
798 

Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

98 

6.8_94C2B 809 Bacillaceae bacterium halo-2(EU581836.1) 99 Bacillus sp. CG2 16S rRNA gene, strain CG2 FR714931.1 99 
6.8_94C 787 Alkalibacterium sp. 10011 (EU432578.1) 99 Alkalibacterium psychrotolerans strain IDR2-2  

(NR_024830.1) 
99 

6.8_94BD 800 Bacillus sp. ISO_06_Kulunda(EU676884.1) 99 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1) 99 
6.8_94BC 792 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
6.8_94B 793 Idiomarina sp. JK38  EF554896.1) 98 Pseudidiomarina salinarum strain ISL-52 (NR_044246.1) 92 
6.8_94AD 793 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_94A 
785 

Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

99 

0.7_94H 795 Gamma proteobacterium E-034  (FJ764787.1) 99 Idiomarina seosinensis strain 2PR51-17(EU440983.1) 92 
0.7_94G 792 Gamma proteobacterium E-410 (FJ764791.1) 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1) 93 
0.7_94F 794 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

0.7_94D 809 Bacillaceae bacterium halo-2 (EU581836.1) 99 
Bacillus locisalis. CG2 16S rRNA gene, strain CG2 
FR714931.1 

98 

0.7_94CC 792 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 
0.7_94CB 799 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 
0.7_94C 792 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 
0.7_94BC 807 Bacillus sp. ISO_06_Kulunda (EU676884.1) 98 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1 97 
0.7_94BBA 807 Bacillus cellulosilyticus DSM 2522 CP002394.1) 97 Bacillus vedderi strain JaH (NR_026526.1) 96 
0.7_94BB 777 Uncultured bacterium clone 

ncd2591f06c1 JF227185.1 
99 Dietzia cinnamea strain :IMMIB RIV-399 (NR_042390.1) 99 

0.7_94B 804 
Uncultured bacterium clone 
ncd2190g02c1  JF190672.1 

99 Bacillus okhensis strain Kh10-101 (NR_043484.1) 100 

0.7_94AB 707 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

94 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

94 

0.7_94A 810 Bacillaceae bacterium halo-2(EU581836.1 99 Bacillus sp. CG2 16S rRNA gene, strain CG2 (FR714931.1) 99 
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Table A.3 Isolates from Western Lagoon, samples 70 and 72.2 from Chapter 3, isolates are given with closest database match and closest strain match. Only 
those with a query coverage of >95 were included. 
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LS_70A 842 Gamma proteobacterium E-410 FJ764791.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 94 

LS_70A 808 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 98 

LS_70B 841 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_70D 842 Uncultured bacterium clone 46-SI5 HQ116731.1 95 Dietzia maris strain: SSCS4 AB211032.1 95 

6.8 _70A 838 Alkalibacterium sp. 10011(EU432578.1 99 Alkalibacterium psychrotolerans strain IDR2-  (NR_024830.1) 99 

6.8 _70B 808 Alkalibacterium sp. 10011(EU432578.1 99 Alkalibacterium psychrotolerans strain IDR2-  (NR_024830.1) 98 

6.8 _70C 840 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8  70D 831 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

99 

15 _70A 807 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 

LS_72.2H 816 Halomonas sp. 4AB3 (HM587243.1) 93 Halomonas campisalis strain HB10.1) (GU228480.1) 93 

LS_72.2B 831 Gamma proteobacterium E-034 FJ764787.1 99 Pseudidiomarina sp. AK5 strain FN995239.1 93 

LS_72.2AB 809 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _72.2D 807 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _72.2B 809 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15 _72.2A 840 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

99 

15 _72.2D 840 - - Caldalkalibacillus uzonensis strain JW/WZ-YB58 92 

15 _72.2B 839 Uncultured bacterium clone 101-159 EF157253.1 95 Halomonas pantelleriensis strain AAP (NR_026298.1 94 
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Table A.4 Isolates from Western Lagoon, samples 1, 2, 58, 60, 61, 63, 74, 76, 123, 124, 125. 133 from Chapter 3, isolates are given with closest database match 
and closest strain match. Only those with a query coverage of >95 were included. 
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LS_1-4O 828 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_1-4L 841 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_1-4H 826 
Uncultured Bacillus sp. clone 
ENR_before_Kulunda(EU676874.1 

99 Bacillus pseudofirmus strain Mn6(EU315248.1 99 

LS_1-4G 826 Uncultured bacterium clone 101-159 EF157253.1 94 Halomonas pantelleriensis strain AAP (NR_026298.1 94 

LS_1-4E 834 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_1-4BC 834 Uncultured bacterium clone HS-LN4B FJ536456.1 98 Bacillus hemicellulosilyticus strain C-11 (NR_040848.1 95 

LS_1-4BA 809 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 

LS_1-4B 839 Bacterial sp. gene (Lake Bogoria isolate WB4)  98 Halomonas kenyensis strain AIR-2 (NR_043299.1 99 

LS_1-4A 833 Halomonas sp. HB.br GU228481.1 99 
Halomonas sp. IB-G4 partial 16S rRNA gene, strain IB-G4 
AM490139.1 99 

LS_1-1E 836 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 

6.8 _1-4L 816 Alkalispirillum sp. ACO1 FJ976677.1 99 Alkalispirillum mobile strain DSM 12769 (NR_024961.1 99 

6.8 _1-4K 809 Bacillus sp. ISO_02_Chiprana(EU676882.1 97 Bacillus clarkii strain DSM 8720 (NR_026141.1 97 

6.8 _1-4J 840 Bacillus sp. ISO_02_Chiprana(EU676882.1 96 Bacillus polygoni strain YN-1 (NR_041571.1 96 

6.8 _1-4F 810 Halomonas sp. HB.br GU228481.1 96 
Halomonas sp. IB-G4 partial 16S rRNA gene, strain IB-G4 
AM490139.1 

96 

6.8 _1-4E 809 Halomonas sp. AGD 3(EU447166.1 98 Halomonas campisalis strain 4A (NR_028702.1 97 

6.8 _1-4A 839 Bacillaceae bacterium halo-2(EU581836.1 95 Bacillus sp. CG2 16S rRNA gene, strain CG2 FR714931.1 94 

6.8 _1-3H 818 
Uncultured Bacillus sp. clone 
ENR_before_Kulunda(EU676874.1 

99 Bacillus pseudofirmus strain Mn6(EU315248.1 99 

6.8 _1-3G 831 
Uncultured bacterium clone ncd1610f11c1 
JF138980.1 

99 Halomonas sp. F22171 AM941395.3 99 

6.8 _1-3F 806 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 

6.8 _1-3C 822 Uncultured bacterium clone MB-A2-149 AY093468.1 96 Pseudidiomarina sp. AK5 FN995239.1 95 

6.8 _1-3A 840 Uncultured bacterium clone 101-159 EF157253.1 93 Halomonas pantelleriensis strain AAP (NR_026298.1 92 

6.8  1-4I 836 Idiomarina sp. JK38 EF554896.1 99 Pseudidiomarina sp. AK5 FN995239.1 99 
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Table A.4 Continued. 
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6.8  1-4D 826 Halomonas sp. HB.br GU228481.1 99 Halomonas sp. IB-G4, strain IB-G4 AM490139.1 99 

6.8  1-4A 815 Bacillus sp. ISO_02_Chiprana(EU676882.1 97 Bacillus polygoni strain YN-1 (NR_041571.1 97 

6.8  1-3B 811 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15 _1-3U 805 Bacillus sp. Zby6 GU583650.1 91 Bacillus vedderi strain JaH (NR_026526.1 91 

15 _1-3T 807 Bacillus clarkii strain DSM 8720 (NR_026141.1 88 Bacillus polygoni strain YN-1 (NR_041571.1 88 

15 _1-3N 840 Halomonas sp. 4AB3 (HM587243.1) 96 Halomonas campisalis strain HB10.1) (GU228480.1) 96 

15 _1-3M 838 
Uncultured bacterium clone nbw287f02c1 
GQ086265.1 

95 Bacillus agaradhaerens strain Mi10-62 GQ121032.1 95 

15 _1-3L 819 Bacillus cellulosilyticus DSM 2522 CP002394.1 93 Bacillus vedderi strain JaH (NR_026526.1 93 

15 _1-3I 818 Alkalispirillum sp. ACO1 FJ976677.1 99 Alkalispirillum mobile strain DSM 12769 (NR_024961.1 99 

15 _1-3H 811 Bacillus sp. X10-7 HM598405.1 99 Bacillus saliphilus strain 6AG (NR_025554.1 96 

15 _1-3GA 819 Halomonas sp. 4AB3 (HM587243.1) 94 Halomonas campisalis strain HB10.1) (GU228480.1) 94 

15 _1-3G 839 Halomonas sp. AGD 3(EU447166.1 93 Halomonas campisalis strain 4A (NR_028702.1 93 

15 _1-3F 807 Bacillus cellulosilyticus DSM 2522 CP002394.1 96 Bacillus vedderi strain JaH (NR_026526.1 95 

15 _1-3D 806 Bacillus cellulosilyticus DSM 2522 CP002394.1 96 Bacillus vedderi strain JaH (NR_026526.1 95 

15 _1-3A 808 Bacillaceae bacterium halo-2(EU581836.1 99 
Bacterial sp. 16S rRNA gene (Lake Elementaita isolate 
WE1) X92164.1 

99 

LS_2-3P 809 
Uncultured bacterium gene for 16S rRNA, partial 
sequence, clone: SSmAB09-18 AB176371.1 

 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1 98 

LS_2-3N 832 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_2-3L 831 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_2-3K 831 
Bacterial sp. 16S rRNA gene (Lake Nakuru isolate 
20N1 X92128.1 

96 Pseudidiomarina sp. AK5 FN995239.1 94 

LS_2-3F 842 Bacillaceae bacterium halo-2(EU581836.1 99 
Bacterial sp. 16S rRNA gene (Lake Elementaita isolate 
WE1) X92164.1 

99 

LS_2-3C 833 Gamma proteobacterium E-410 FJ764791.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 93 

LS_2-3B 800 
Bacillus cellulosilyticus DSM 2522, complete 
genome CP002394.1 

97 Bacillus cellulosilyticus DSM 2522 strain  (NR_040850.1 97 
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LS_2-3A 940 Bacillus sp. ISO_02_Chiprana(EU676882.1 96 Bacillus polygoni strain YN-1 (NR_041571.1 96 

LS 2-3M 843 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS 1-4A 819 Bacillus selenitireducens MLS10 CP001791.1 99 Bacillus selenitireducens strain M1S4-7 GU112950.1 97 

6.8 _2-3C 843 
Uncultured bacterium clone LCKS000B19 
EF201718.1 

97 Bacillus vedderi strain JaH (NR_026526.1 98 

6.8 _2-3B 810 Bacillus sp. Zby6 GU583650.1 96 Bacillus vedderi strain JaH (NR_026526.1 94 

6.8  2-3A 824 Uncultured bacterium clone HS-LN4B FJ536456.1 98 Bacillus hemicellulosilyticus strain C-11 (NR_040848.1 95 

15 2-3D 840 Halomonas sp. HB.br GU228481.1 94 Halomonas campisalis strain HB10.1) (GU228480.1) 94 

15 _2-3C 835 Halomonas sp. HB.br GU228481.1 99 
Halomonas sp. IB-G4 partial 16S rRNA gene, strain IB-G4 
AM490139.1 

99 

15  2-3D 830 Bacillus sp. AMnr1 FJ788526.1 98 Bacillus arseniciselenatis type strain DSM 15340T AJ865469.1 98 

15  2-3B 827 Bacillus sp. AMnr1 FJ788526.1 98 
Bacillus arseniciselenatis 16S rRNA gene, type strain DSM 
15340T AJ865469.1 

98 

LS_58H 839 
Uncultured bacterium clone LCKS000B19 
EF201718.1 

97 Bacillus vedderi strain JaH (NR_026526.1 99 

LS_58GB 800 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 99 

LS_58D 842 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 99 

LS_58C 841 Bacillus sp. DV9-38 GQ407183.1 99 Bacillus cohnii strain T-46 HQ202864.1 99 

LS_58B 839 Pseudidiomarina sp. QA8 GQ202579.1 99 Pseudidiomarina sp. AK5 FN995239.1 95 

6.8 _58F 850 Gamma proteobacterium E-034 FJ764787.1 99 Pseudidiomarina sp. AK5 FN995239.1 96 

6.8 _58E 844 Uncultured bacterium clone 101-159 EF157253.1 98 Halomonas pantelleriensis strain AAP (NR_026298.1 97 

6.8 _58D 841 Pseudidiomarina sp. QA8 GQ202579.1 99 Pseudidiomarina sp. AK5 FN995239.1 93 

6.8 _58C 834 Halomonas sp. AGD 3(EU447166.1 91 Halomonas campisalis strain 4A (NR_028702.1 91 

6.8 _58B 829 Halomonadaceae bacterium GFAJ-1 HQ449183.1 89 Halomonas taeheungii strain M112P1-7 GU112966.1 89 

6.8 _58A 840 
Uncultured bacterium clone nbw287f02c1 
GQ086265.1 

94 Bacillus clarkii strain DSM 8720 (NR_026141.1 94 

LS_60H 840 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_60D 809 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 99 
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LS_60B 839 9 Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans (AB294176.1) 99 

LS_60A 810 9 Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8 _60L 809 9Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8 _60F 836 9Hailaer soda lake bacterium F24  (AF275702.1) 95 Alkalibacterium psychrotolerans (AB294176.1) 95 

6.8 _60E 834 9Hailaer soda lake bacterium F24  (AF275702.1) 98 Alkalibacterium psychrotolerans (AB294176.1) 98 

6.8 _60D 836 Uncultured bacterium clone 101-159 EF157253.1 95 Halomonas pantelleriensis strain AAP (NR_026298.1 94 

6.8 _60C 839 Piscibacillus sp. W9B(2010) HQ433445.2 95 
Piscibacillus sp. HS224 partial 16S rRNA gene, strain 
HS224 FM864227.1 

95 

6.8 _60B 808 9Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8 _60AB 840 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _60A 838 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 99 

15 _60B 828 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 99 

LS_61PD 777 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 100 

LS_61PB 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_61PAB 779 Halomonas sp. HB.br 16S GU228481.1 99 Halomonas campisalis strain 4-5-8 GU112958.1 99 

LS_61PA 789 Bacillus selenitireducens MLS10 CP001791.1 99 Bacillus selenitireducens strain M1S6-17 GU112951.1 98 

LS_61P 778 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_61GCC 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_61GCB 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_61GC 778 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_61GB 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_61GA 775 Halomonas sp. 4AB3 (HM587243.1) 98 Halomonas campisalis strain HB10.1) (GU228480.1) 98 

LS_61G 787 Hailaer soda lake bacterium F24  (AF275702.1) 99 Alkalibacterium psychrotolerans (AB294176.1) 99 

LS_61F 780 - - Salinicoccus alkaliphilus strain X2B GU397409.2 99 

LS_61E 768 Yaniella sp. G5 FJ871122.1 99 Actinomycetales bacterium SSCS15 AB211026.1 98 

LS_61D 778 Gamma proteobacterium E-034 FJ764787.1 99 Pseudidiomarina sp. AK5 FN995239.1 94 

LS_61C 786 Bacillus sp. NBRC 101221 AB681407.1 99 Bacillus akibai strain 1139 (NR_028620.1 99 
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LS_61B 791 Bacillus cellulosilyticus DSM 2522 CP002394.1 98 Bacillus vedderi strain JaH (NR_026526.1 97 

LS_61A 789 Uncultured bacterium clone HS-LN4B FJ536456.1 98 Bacillus hemicellulosilyticus strain C-11 (NR_040848.1 95 

6.8_61PD 778 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_61PB 777 Uncultured bacterium clone 101-159 EF157253.1 99 Halomonas pantelleriensis strain AAP (NR_026298.1 98 

6.8_61GD 776 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

100 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8_61GC 788 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8_61GC 787 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8_61GB 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_61GA 792 - - Halolactibacillus alkaliphilus NBRC 103919  AB682143.1 98 

6.8_61E 788 - - Salinicoccus alkaliphilus strain X2B GU397409.2 99 

6.8_61D 776 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8_61C 767 Halomonadaceae bacterium GFAJ-1 HQ449183.1 99 
Halomonas sp. ECS-str.110 partial 16S rRNA gene, strain 
ECS-str.110 HE586889.1 

98 

6.8_61B 777 Pseudidiomarina sp. QA8 GQ202579.1 99 Pseudidiomarina sp. AK5 FN995239.1 94 

15_61B 780 Uncultured bacterium clone 101-159 EF157253.1 95 Halomonas pantelleriensis strain 4-5-9 16S GQ505338.1 94 

LS_63D 837 
Bacterial sp. 16S rRNA gene (Lake Elementaita 
isolate 2E1) X92131.1 

98 Alkalimonas delamerensis strain :1E1  (NR_044879.1 98 

LS_63AB 840 Bacillus sp. E-108 FJ764770.1 94 Alkalimonas amylolytica strain N10 (NR_041797.1 93 

LS_63A 829 Halomonas sp. 4AB3 (HM587243.1) 97 Halomonas campisalis strain HB10.1) (GU228480.1) 97 

LS_63A 836 Idiomarina sp. JK38 EF554896.1 99 Pseudidiomarina sp. AK5 FN995239.1 96 

6.8 _63F 851 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _63EA 841 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _63E 810 Halomonas sp. HB.br 16S GU228481.1 99 Halomonas campisalis strain 4-5-8 GU112958.1 99 

6.8 _63D 839 Uncultured clone ncd2190g02c1 JF190672.1 99 Bacillus okhensis strain Kh10-101 (NR_043484.1 99 

 



361 

Appendix A 

Table A.4 Continued. 

Isolate name 

S
e

q
u

e
n

c
e

 

le
n

g
th

 
Closest database match 

%
  

m
a

tc
h
 

Closest database strain match 

%
 m

a
tc

h
 

6.8 _63C 808 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _63B 839 Halomonas sp. 4AB3 (HM587243.1) 100 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _63AC 842 Aquiflexum sp. DL6 JF812063.1 96 
Fontibacter sp. AK8 partial 16S rRNA gene, strain 
FR687204.1 

95 

6.8 _63A 810 Halomonas sp. HB.br 16S GU228481.1 99 Halomonas sp. IB-G4 AM490139.1 99 

15 _63A 841 Bacillus sp. NBRC 101224 AB681410.1 99 Bacillus akibai strain 1139 (NR_028620.1 99 

LS_74D 810 Idiomarina sp. JK38 EF554896.1 99 Pseudidiomarina sp. AK5 FN995239.1 96 

LS_74B 842 
Unidentified Hailaer soda lake bacterium T1 
AF275706.1 

99 Bacillus saliphilus strain 6AG (NR_025554.1 99 

LS_74A 840 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8 _74B 806 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

87 Alkalibacterium psychrotolerans (AB294176.1) 87 

6.8 _74A 840 Uncultured bacterium clone HS-LN4B FJ536456.1 97 Bacillus hemicellulosilyticus strain C-11 (NR_040848.1 94 

15 _74B 839 Aquiflexum sp. DL6 JF812063.1 97 
Fontibacter sp. AK8 partial 16S rRNA gene, strain 
FR687204.1 

97 

15 _74A 840 Alkalibacterium sp. 10011(EU432578.1 99 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

99 

LS_76PF 789 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_76PE 795 
Uncultured bacterium clone LCKS30-B24 
DQ129946.1 

82 
Halolactibacillus alkaliphilus gene for 16S rRNA, partial 
sequence, strain: NBRC 103919  AB682143.1 

83 

LS_76PB 793 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_76PA 825 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_76GD 813 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_76GC 817 Halomonas sp. HB.br 16S GU228481.1 99 Halomonas sp. IB-G4 AM490139.1 99 

6.8 _76PF 805    
Halolactibacillus alkaliphilus gene for 16S rRNA, partial 
sequence, strain: NBRC 103919  AB682143.1 

98 
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6.8 _76PE 811    
Halolactibacillus alkaliphilus gene for 16S rRNA, partial 
sequence, strain: NBRC 103919  AB682143.1 

99 

6.8 _76PD 808 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _76PC 808    
Halolactibacillus alkaliphilus gene for 16S rRNA, partial 
sequence, strain: NBRC 103919  AB682143.2 

99 

6.8 _76PA 809 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _76GD 808 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 Alkalibacterium psychrotolerans (AB294176.1) 98 

6.8 _76GC 809 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 Alkalibacterium psychrotolerans (AB294176.1) 99 

6.8 _76GA 807 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

99 Alkalibacterium psychrotolerans (AB294176.1) 99 

15 _76PB 838 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15 _76B 844 Halomonas sp. 15-7 HM598402.1 99 Halomonas pantelleriensis strain AAP (NR_026298.1 99 

LS_123B 840 Gamma proteobacterium E-410 FJ764791.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 94 

LS_123AC 840 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_123AB 808 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

97 
Alkalibacterium psychrotolerans strain JCM 12281 
(AB294176.1) 

97 

LS 123A 825 
Uncultured Bacillus sp. clone 
ENR_before_Kulunda(EU676874.1 

99 Bacillus pseudofirmus strain MC02 JN566125.1 99 

6.8 _123E 809 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _123DA 839 Alkalibacterium sp. 10011 (EU432578.1 99 
Alkalibacterium psychrotolerans strain IDR2-2  
(NR_024830.1) 

99 

6.8 _123D 809 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _123C 839 Bacillus sp. X10-7 HM598405.1 99 Bacillus saliphilus strain  (NR_025554.1 99 

6.8 _123B 842 Bacillus sp. X10-7 HM598405.1 99 Bacillus saliphilus strain  (NR_025554.1 97 

6.8 _123AB 841 Bacillus sp. JAEA AB437410.1 93 Bacillus macyae strain JMM-4 (NR_025650.1 93 
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6.8 _123A 810 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15 _123B 809 Halomonas sp. 4AB3 (HM587243.1) 95 Halomonas campisalis strain HB10.1) (GU228480.1) 95 

15  123D 833 Uncultured clone LCKS000B19  EF201718.1 98 Bacillus vedderi strain JaH (NR_026526.1 97 

LS_124WB 834 Alkalibacterium sp. 10011 (EU432578.1 99 
Alkalibacterium psychrotolerans strain IDR2-2  
(NR_024830.1) 

99 

LS_124PENA 830 Salsuginibacillus halophilus gene AB682229.1 99 Salsuginibacillus halophilus strain halo-1(EU581835.1 99 

LS_124PEN 840 Bacillus sp. X10-7 HM598405.1 99 Bacillus saliphilus strain  (NR_025554.1 99 

LS_124PEF 779 Halomonas sp. AMP-12 HM104378.1 95 Halomonas nitritophilus strain 5-5-12 GU113002.1 95 

LS_124PEF 817 Halomonas sp. AGD 3(EU447166.1 98 Halomonas campisalis strain 4A (NR_028702.1 97 

LS_124PED 828 Alkalibacterium sp. E-119 FJ764767.1 99 Alkalibacterium pelagium AB681986.1 99 

LS_124PE 813 Halomonas sp. 08EPH106 HM566027.1 96 Halomonas nitritophilus isolate WST 3 DQ289066.1 9600 

LS_124GH 811 Halomonas sp. KM-1 AB477015.1 99 Halomonas desiderata strain FB2 (NR_026274.1 98 

LS_124GG 839 Halomonas desiderata  AB362300.1 99 Halomonas desiderata strain FB2 (NR_026274.1 99 

LS_124GF 808 Bacillus sp. NBRC 101225 AB681411.1 95 Bacillus akibai strain 1139  (NR_028620.1 94 

LS_124GD 839 
Uncultured Halomonas sp. clone Plot22-
2H06(EU665122.1 

85 Halomonas desiderata strain FB2 (NR_026274.1 85 

LS_124GB 839 Bacillus sp. ISO_06_Kulunda(EU676884.1 99 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1 98 

LS_124F 808 Bacillus sp. ISO_06_Kulunda(EU676884.1 99 Bacillus alkalinitrilicus strain ANL-iso4 (NR_044204.1 98 

LS_124D 841 Uncultured bacterium clone x287 GU083689.1 99 Rhodobaca bogoriensis strain LBB1 (NR_025089.1 99 

LS_124C 818 Micrococcus sp. OS5 clone F12 GU003860.1 99 Micrococcus luteus strain PCSB6 HM449702.1 99 

LS_124BA 851 Uncultured clone LCKS000B19  EF201718.1 97 Bacillus vedderi strain JaH (NR_026526.1 97 

LS_124A 838 Halomonas sp. AGD 3(EU447166.1 98 Halomonas campisalis strain 4A (NR_028702.1 97 

LS 124B 833 Hailaer soda lake bacterium F24  (AF275702.1) 99 
Alkalibacterium psychrotolerans strain JCM 12281 

(AB294176.1) 
99 

6.8 _124F 834 Gamma proteobacterium E-410 FJ764791.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 94 

6.8 _124E 829 Gamma proteobacterium E-410 FJ764791.1 96 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 91 

6.8 _124D 808 Halomonas sp. 4AB3 (HM587243.1) 96 Halomonas campisalis strain HB10.1) (GU228480.1) 96 
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6.8 _124C 845 Uncultured bacterium clone 101-159 EF157253.1 99 Halomonas pantelleriensis strain AAP  (NR_026298.1 98 

6.8 _124C 842 Gamma proteobacterium E-410 FJ764791.1 98 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 93 

6.8 _124B 845 Halomonas sp. 15-7  HM598402.1 95 Halomonas pantelleriensis strain AAP (NR_026298.1 94 

6.8 _124A 840 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 98 

15 _124C 836 Bacillus selenitireducens MLS10 CP001791.1 99 Bacillus selenitireducens strain M1S4-7 GU112950.1 98 

15 _124B 826 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15 _124A 837 Halomonas sp. AGD 3(EU447166.1 98 Halomonas campisalis strain 4A (NR_028702.1 97 

LS_125GD 790 Halomonas sp. 5A22 HM587244.1 99 Halomonas desiderata strain FB2 (NR_026274.1 99 

LS_125C 805 Uncultured bacterium clone TX4CB_93 FJ152962.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 94 

LS_125A 790 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

6.8 _125C 809 Alkalibacterium sp. 10011 (EU432578.1 99 
Alkalibacterium psychrotolerans strain IDR2-2  
(NR_024830.1) 

99 

6.8 _125B 843 Halomonas sp. AGD 3(EU447166.1 99 Halomonas campisalis strain 4A (NR_028702.1 99 

6.8 _125A 840 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

LS_133E 800 Alkalibacterium sp. E-119 FJ764767.1 99 Alkalibacterium pelagium AB681986.1 99 

LS_133D 808 
Uncultured low G+C Gram-positive bacterium clone 
WN-HSB-264 DQ432299.1 

97 Amphibacillus fermentum strain Z-7984 (NR_025193.1 96 

LS_133D 797 Alkalibacterium sp. 10011 (EU432578.1 98 
Alkalibacterium psychrotolerans strain IDR2-2  
(NR_024830.1) 

97 

LS_133C 816 
Unidentified Hailaer soda lake bacterium 
F24  (AF275702.1) 

98 Alkalibacterium psychrotolerans (AB294176.1) 98 

LS_133A 840 - - Desmospora activa strain : IMMIB L-1269 (NR_042692.1 96 

6.8 _133D 809 Gamma proteobacterium E-410 FJ764791.1 99 Idiomarina seosinensis strain CL-SP19 (NR_025826.1 94 

6.8 _133A 808 Halomonas sp. 4AB3 (HM587243.1) 99 Halomonas campisalis strain HB10.1) (GU228480.1) 99 

15 _133D 790 
Uncultured low G+C Gram-positive bacterium clone 
WN-HSB-264 DQ432299.1 

98 Amphibacillus fermentum strain Z-7984 (NR_025193.1 97 
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Table B.1 Statistical analysis of growth rate for Idiomarina sp. LMLD01 at different salt 

concentrations  

 

 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups .590 9 .066 56.030 3.16E-12

Within Groups .023 20 .001

Total .613 29

Post Hoc Tests

Lower Bound Upper Bound

1% -.19133
* .02792 4.19E-05 -.2902 -.0925

2% -.18180
* .02792 8.48E-05 -.2807 -.0829

3% -.19470
* .02792 3.28E-05 -.2936 -.0958

4% -.15293
* .02792 .001 -.2518 -.0541

5% -.14207
* .02792 .002 -.2409 -.0432

6% -.07837 .02792 .199 -.1772 .0205

7% -.01503 .02792 1.000 -.1139 .0838

8% -.03198 .02792 .973 -.1308 .0669

10% .29367
* .02792 5.20E-08 .1948 .3925

0.007% .19133
* .02792 4.19E-05 .0925 .2902

2% .00953 .02792 1.000 -.0893 .1084

3% -.00337 .02792 1.000 -.1022 .0955

4% .03840 .02792 .921 -.0605 .1373

5% .04927 .02792 .748 -.0496 .1481

6% .11297
* .02792 .017 .0141 .2118

7% .17630
* .02792 1.28E-04 .0774 .2752

8% .15935
* .02792 4.68E-04 .0605 .2582

10% .48500
* .02792 7.15E-12 .3861 .5839

0.007% .18180
* .02792 8.48E-05 .0829 .2807

1% -.00953 .02792 1.000 -.1084 .0893

3% -.01290 .02792 1.000 -.1118 .0860

4% .02887 .02792 .986 -.0700 .1277

5% .03973 .02792 .906 -.0591 .1386

6% .10343
* .02792 .036 .0046 .2023

7% .16677
* .02792 2.64E-04 .0679 .2656

8% .14982
* .02792 .001 .0510 .2487

10% .47547
* .02792 9.97E-12 .3766 .5743

0.007% .19470
* .02792 3.28E-05 .0958 .2936

1% .00337 .02792 1.000 -.0955 .1022

2% .01290 .02792 1.000 -.0860 .1118

4% .04177 .02792 .879 -.0571 .1406

5% .05263 .02792 .678 -.0462 .1515

6% .11633
* .02792 .013 .0175 .2152

7% .17967
* .02792 9.95E-05 .0808 .2785

8% .16272
* .02792 3.61E-04 .0639 .2616

10% .48837
* .02792 6.39E-12 .3895 .5872

0.007% .15293
* .02792 .001 .0541 .2518

1% -.03840 .02792 .921 -.1373 .0605

2% -.02887 .02792 .986 -.1277 .0700

3% -.04177 .02792 .879 -.1406 .0571

5% .01087 .02792 1.000 -.0880 .1097

6% .07457 .02792 .249 -.0243 .1734

7% .13790
* .02792 .002 .0390 .2368

8% .12095
* .02792 .009 .0221 .2198

10% .44660
* .02792 3.01E-11 .3477 .5455

0.007%

1%

2%

3%

4%

ANOVA

Growth rate

Multiple Comparisons

Growthrate
Tukey HSD

Idiomarina NaCl concentration Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table B.1 Statistical analysis of growth rate and final OD for Idiomarina sp. LMLD01 at different 

salt concentrations continued. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.007% .14207
* .02792 .002 .0432 .2409

1% -.04927 .02792 .748 -.1481 .0496

2% -.03973 .02792 .906 -.1386 .0591

3% -.05263 .02792 .678 -.1515 .0462

4% -.01087 .02792 1.000 -.1097 .0880

6% .06370 .02792 .440 -.0352 .1626

7% .12703
* .02792 .006 .0282 .2259

8% .11009
* .02792 .022 .0112 .2090

10% .43573
* .02792 4.69E-11 .3369 .5346

0.007% .07837 .02792 .199 -.0205 .1772

1% -.11297
* .02792 .017 -.2118 -.0141

2% -.10343
* .02792 .036 -.2023 -.0046

3% -.11633
* .02792 .013 -.2152 -.0175

4% -.07457 .02792 .249 -.1734 .0243

5% -.06370 .02792 .440 -.1626 .0352

7% .06333 .02792 .447 -.0355 .1622

8% .04639 .02792 .803 -.0525 .1453

10% .37203
* .02792 8.26E-10 .2732 .4709

0.007% .01503 .02792 1.000 -.0838 .1139

1% -.17630
* .02792 1.28E-04 -.2752 -.0774

2% -.16677
* .02792 2.64E-04 -.2656 -.0679

3% -.17967
* .02792 9.95E-05 -.2785 -.0808

4% -.13790
* .02792 .002 -.2368 -.0390

5% -.12703
* .02792 .006 -.2259 -.0282

6% -.06333 .02792 .447 -.1622 .0355

8% -.01695 .02792 1.000 -.1158 .0819

10% .30870
* .02792 2.22E-08 .2098 .4076

0.007% .03198 .02792 .973 -.0669 .1308

1% -.15935
* .02792 4.68E-04 -.2582 -.0605

2% -.14982
* .02792 .001 -.2487 -.0510

3% -.16272
* .02792 3.61E-04 -.2616 -.0639

4% -.12095
* .02792 .009 -.2198 -.0221

5% -.11009
* .02792 .022 -.2090 -.0112

6% -.04639 .02792 .803 -.1453 .0525

7% .01695 .02792 1.000 -.0819 .1158

10% .32565
* .02792 8.77E-09 .2268 .4245

0.007% -.29367
* .02792 5.20E-08 -.3925 -.1948

1% -.48500
* .02792 7.15E-12 -.5839 -.3861

2% -.47547
* .02792 9.97E-12 -.5743 -.3766

3% -.48837
* .02792 6.39E-12 -.5872 -.3895

4% -.44660
* .02792 3.01E-11 -.5455 -.3477

5% -.43573
* .02792 4.69E-11 -.5346 -.3369

6% -.37203
* .02792 8.26E-10 -.4709 -.2732

7% -.30870
* .02792 2.22E-08 -.4076 -.2098

8% -.32565
* .02792 8.77E-09 -.4245 -.2268

6%

7%

8%

10%

*. The mean difference is significant at the 0.05 level.

5%



367 

Appendix B 

Table B.2 Statistical analysis of final OD for Idiomarina sp. LMLD01 at different salt 

concentrations  

 
 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups 15.929 9 1.770 26.548 3.21E-09

Within Groups 1.333 20 .067

Total 17.262 29

Post Hoc Tests

Lower Bound Upper Bound

1% -1.90000
* .21082 6.70E-07 -2.6465 -1.1535

2% -2.28333
* .21082 3.16E-08 -3.0299 -1.5368

3% -2.03333
* .21082 2.22E-07 -2.7799 -1.2868

4% -2.60000
* .21082 3.29E-09 -3.3465 -1.8535

5% -2.43333
* .21082 1.05E-08 -3.1799 -1.6868

6% -2.30000
* .21082 2.79E-08 -3.0465 -1.5535

7% -2.40000
* .21082 1.34E-08 -3.1465 -1.6535

8% -2.63333
* .21082 2.62E-09 -3.3799 -1.8868

10% -2.31667
* .21082 2.46E-08 -3.0632 -1.5701

0.007% 1.90000
* .21082 6.70E-07 1.1535 2.6465

2% -.38333 .21082 .718 -1.1299 .3632

3% -.13333 .21082 1.000 -.8799 .6132

4% -.70000 .21082 .078 -1.4465 .0465

5% -.53333 .21082 .311 -1.2799 .2132

6% -.40000 .21082 .671 -1.1465 .3465

7% -.50000 .21082 .390 -1.2465 .2465

8% -.73333 .21082 .057 -1.4799 .0132

10% -.41667 .21082 .623 -1.1632 .3299

0.007% 2.28333
* .21082 .000 1.5368 3.0299

1% .38333 .21082 .718 -.3632 1.1299

3% .25000 .21082 .966 -.4965 .9965

4% -.31667 .21082 .876 -1.0632 .4299

5% -.15000 .21082 .999 -.8965 .5965

6% -.01667 .21082 1.000 -.7632 .7299

7% -.11667 .21082 1.000 -.8632 .6299

8% -.35000 .21082 .804 -1.0965 .3965

10% -.03333 .21082 1.000 -.7799 .7132

0.007% 2.03333
* .21082 2.22E-07 1.2868 2.7799

1% .13333 .21082 1.000 -.6132 .8799

2% -.25000 .21082 .966 -.9965 .4965

4% -.56667 .21082 .243 -1.3132 .1799

5% -.40000 .21082 .671 -1.1465 .3465

6% -.26667 .21082 .951 -1.0132 .4799

7% -.36667 .21082 .762 -1.1132 .3799

8% -.60000 .21082 .186 -1.3465 .1465

10% -.28333 .21082 .931 -1.0299 .4632

0.007% 2.60000
* .21082 3.29E-09 1.8535 3.3465

1% .70000 .21082 .078 -.0465 1.4465

2% .31667 .21082 .876 -.4299 1.0632

3% .56667 .21082 .243 -.1799 1.3132

5% .16667 .21082 .998 -.5799 .9132

6% .30000 .21082 .906 -.4465 1.0465

7% .20000 .21082 .992 -.5465 .9465

8% -.03333 .21082 1.000 -.7799 .7132

10% .28333 .21082 .931 -.4632 1.0299

0.007% 2.43333
* .21082 1.05E-08 1.6868 3.1799

1% .53333 .21082 .311 -.2132 1.2799

2% .15000 .21082 .999 -.5965 .8965

3% .40000 .21082 .671 -.3465 1.1465

4% -.16667 .21082 .998 -.9132 .5799

6% .13333 .21082 1.000 -.6132 .8799

7% .03333 .21082 1.000 -.7132 .7799

8% -.20000 .21082 .992 -.9465 .5465

10% .11667 .21082 1.000 -.6299 .8632

0.007%

1%

2%

3%

4%

5%

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

Idiomarina sp. LMLD01 NaCl concentration Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table B.2 Statistical analysis of final OD for Idiomarina sp. LMLD01 at different salt 

concentrations  

 
 

0.007% 2.30000
* .21082 2.79E-08 1.5535 3.0465

1% .40000 .21082 .671 -.3465 1.1465

2% .01667 .21082 1.000 -.7299 .7632

3% .26667 .21082 .951 -.4799 1.0132

4% -.30000 .21082 .906 -1.0465 .4465

5% -.13333 .21082 1.000 -.8799 .6132

7% -.10000 .21082 1.000 -.8465 .6465

8% -.33333 .21082 .842 -1.0799 .4132

10% -.01667 .21082 1.000 -.7632 .7299

0.007% 2.40000
* .21082 1.34E-08 1.6535 3.1465

1% .50000 .21082 .390 -.2465 1.2465

2% .11667 .21082 1.000 -.6299 .8632

3% .36667 .21082 .762 -.3799 1.1132

4% -.20000 .21082 .992 -.9465 .5465

5% -.03333 .21082 1.000 -.7799 .7132

6% .10000 .21082 1.000 -.6465 .8465

8% -.23333 .21082 .978 -.9799 .5132

10% .08333 .21082 1.000 -.6632 .8299

0.007% 2.63333
* .21082 2.62E-09 1.8868 3.3799

1% .73333 .21082 .057 -.0132 1.4799

2% .35000 .21082 .804 -.3965 1.0965

3% .60000 .21082 .186 -.1465 1.3465

4% .03333 .21082 1.000 -.7132 .7799

5% .20000 .21082 .992 -.5465 .9465

6% .33333 .21082 .842 -.4132 1.0799

7% .23333 .21082 .978 -.5132 .9799

10% .31667 .21082 .876 -.4299 1.0632

0.007% 2.31667
* .21082 2.46E-08 1.5701 3.0632

1% .41667 .21082 .623 -.3299 1.1632

2% .03333 .21082 1.000 -.7132 .7799

3% .28333 .21082 .931 -.4632 1.0299

4% -.28333 .21082 .931 -1.0299 .4632

5% -.11667 .21082 1.000 -.8632 .6299

6% .01667 .21082 1.000 -.7299 .7632

7% -.08333 .21082 1.000 -.8299 .6632

8% -.31667 .21082 .876 -1.0632 .4299

6%

7%

8%

10%

*. The mean difference is significant at the 0.05 level.
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Table C.1. Statistical analysis of growth rate for Planococcus sp. LMLD02 at different salt 

concentrations  

 
 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups 1.151 8 .144 21.910 8.92E-08

Within Groups .118 18 .007

Total 1.269 26

Post Hoc Tests

Lower Bound Upper Bound

1% -.14267 .06616 .470 -.3745 .0892

2% .00247 .06616 1.000 -.2294 .2343

3% .06973 .06616 .974 -.1621 .3016

4% .05810 .06616 .992 -.1737 .2899

5% .08097 .06616 .940 -.1509 .3128

6% .11503 .06616 .718 -.1168 .3469

8% .33310
* .06616 2.18E-03 .1013 .5649

10% .60303
* .06616 1.09E-06 .3712 .8349

0.007% .14267 .06616 .470 -.0892 .3745

2% .14513 .06616 .448 -.0867 .3770

3% .21240 .06616 .088 -.0194 .4442

4% .20077 .06616 .121 -.0311 .4326

5% .22363 .06616 6.36E-02 -.0082 .4555

6% .25770
* .06616 2.29E-02 .0259 .4895

8% .47577
* .06616 3.09E-05 .2439 .7076

10% .74570
* .06616 4.20E-08 .5139 .9775

0.007% -.00247 .06616 1.000 -.2343 .2294

1% -.14513 .06616 .448 -.3770 .0867

3% .06727 .06616 .979 -.1646 .2991

4% .05563 .06616 .994 -.1762 .2875

5% .07850 .06616 .949 -.1533 .3103

6% .11257 .06616 .739 -.1193 .3444

8% .33063
* .06616 2.36E-03 .0988 .5625

10% .60057
* .06616 1.16E-06 .3687 .8324

0.007% -.06973 .06616 .974 -.3016 .1621

1% -.21240 .06616 .088 -.4442 .0194

2% -.06727 .06616 .979 -.2991 .1646

4% -.01163 .06616 1.000 -.2435 .2202

5% .01123 .06616 1.000 -.2206 .2431

6% .04530 .06616 .998 -.1865 .2771

8% .26337
* .06616 1.93E-02 .0315 .4952

10% .53330
* .06616 6.45E-06 .3015 .7651

0.007% -.05810 .06616 .992 -.2899 .1737

1% -.20077 .06616 .121 -.4326 .0311

2% -.05563 .06616 .994 -.2875 .1762

3% .01163 .06616 1.000 -.2202 .2435

5% .02287 .06616 1.000 -.2090 .2547

6% .05693 .06616 .993 -.1749 .2888

8% .27500
* .06616 1.34E-02 .0432 .5068

10% .54493
* .06616 4.75E-06 .3131 .7768

0.007% -.08097 .06616 .940 -.3128 .1509

1% -.22363 .06616 .064 -.4555 .0082

2% -.07850 .06616 .949 -.3103 .1533

3% -.01123 .06616 1.000 -.2431 .2206

4% -.02287 .06616 1.000 -.2547 .2090

6% .03407 .06616 1.000 -.1978 .2659

8% .25213
* .06616 2.72E-02 .0203 .4840

10% .52207
* .06616 8.69E-06 .2902 .7539

0.007% -.11503 .06616 .718 -.3469 .1168

1% -.25770
* .06616 .023 -.4895 -.0259

2% -.11257 .06616 .739 -.3444 .1193

3% -.04530 .06616 .998 -.2771 .1865

4% -.05693 .06616 .993 -.2888 .1749

5% -.03407 .06616 1.000 -.2659 .1978

8% .21807 .06616 7.46E-02 -.0138 .4499

10% .48800
* .06616 2.20E-05 .2562 .7198

6%

0.007%

1%

2%

3%

4%

5%

ANOVA

Growthrate

Multiple Comparisons

Growthrate
Tukey HSD

Planococcus sp. LMLD02 NaCl concentration Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table C.2. Statistical analysis of growth rate for Planococcus sp. LMLD02 at different salt 

concentrations continued 

 

Table C.3. Statistical analysis of final OD for Planococcus sp. LMLD02 at different salt 

concentrations  

 
 

 

 

0.007% -.11503 .06616 .718 -.3469 .1168

1% -.25770
* .06616 .023 -.4895 -.0259

2% -.11257 .06616 .739 -.3444 .1193

3% -.04530 .06616 .998 -.2771 .1865

4% -.05693 .06616 .993 -.2888 .1749

5% -.03407 .06616 1.000 -.2659 .1978

8% .21807 .06616 7.46E-02 -.0138 .4499

10% .48800
* .06616 2.20E-05 .2562 .7198

0.007% -.33310
* .06616 2.18E-03 -.5649 -.1013

1% -.47577
* .06616 3.09E-05 -.7076 -.2439

2% -.33063
* .06616 2.36E-03 -.5625 -.0988

3% -.26337
* .06616 1.93E-02 -.4952 -.0315

4% -.27500
* .06616 1.34E-02 -.5068 -.0432

5% -.25213
* .06616 2.72E-02 -.4840 -.0203

6% -.21807 .06616 .075 -.4499 .0138

10% .26993
* .06616 1.57E-02 .0381 .5018

0.007% -.60303
* .06616 1.09E-06 -.8349 -.3712

1% -.74570
* .06616 4.20E-08 -.9775 -.5139

2% -.60057
* .06616 1.16E-06 -.8324 -.3687

3% -.53330
* .06616 6.45E-06 -.7651 -.3015

4% -.54493
* .06616 4.75E-06 -.7768 -.3131

5% -.52207
* .06616 8.69E-06 -.7539 -.2902

6% -.48800
* .06616 2.20E-05 -.7198 -.2562

8% -.26993
* .06616 1.57E-02 -.5018 -.0381

6%

8%

10%

*. The mean difference is significant at the 0.05 level.

Sum of Squares df Mean Square F Sig.

Between Groups 17.890 8 2.236 71.293 4.75E-12

Within Groups .565 18 .031

Total 18.454 26

Post Hoc Tests

Lower Bound Upper Bound

1% -.13333 .14461 .988 -.6400 .3733

2% -.18333 .14461 .928 -.6900 .3233

3% -.13333 .14461 .988 -.6400 .3733

4% -.25000 .14461 .723 -.7567 .2567

5% .21667 .14461 .842 -.2900 .7233

6% .40000 .14461 .193 -.1067 .9067

8% 1.50000
* .14461 1.54E-07 .9933 2.0067

10% 2.19667
* .14461 3.26E-10 1.6900 2.7033

0.007% .13333 .14461 .988 -.3733 .6400

2% -.05000 .14461 1.000 -.5567 .4567

3% .00000 .14461 1.000 -.5067 .5067

4% -.11667 .14461 .995 -.6233 .3900

5% .35000 .14461 .330 -.1567 .8567

6% .53333
* .14461 3.47E-02 .0267 1.0400

8% 1.63333
* .14461 4.06E-08 1.1267 2.1400

10% 2.33000
* .14461 1.22E-10 1.8233 2.8367

0.007% .18333 .14461 .928 -.3233 .6900

1% .05000 .14461 1.000 -.4567 .5567

3% .05000 .14461 1.000 -.4567 .5567

4% -.06667 .14461 1.000 -.5733 .4400

5% .40000 .14461 .193 -.1067 .9067

6% .58333
* .14461 1.73E-02 .0767 1.0900

8% 1.68333
* .14461 2.52E-08 1.1767 2.1900

10% 2.38000
* .14461 8.53E-11 1.8733 2.8867

0.007% .13333 .14461 .988 -.3733 .6400

1% .00000 .14461 1.000 -.5067 .5067

2% -.05000 .14461 1.000 -.5567 .4567

4% -.11667 .14461 .995 -.6233 .3900

5% .35000 .14461 .330 -.1567 .8567

6% .53333
* .14461 3.47E-02 .0267 1.0400

8% 1.63333
* .14461 4.06E-08 1.1267 2.1400

10% 2.33000
* .14461 1.22E-10 1.8233 2.8367

0.007% .25000 .14461 .723 -.2567 .7567

1% .11667 .14461 .995 -.3900 .6233

2% .06667 .14461 1.000 -.4400 .5733

3% .11667 .14461 .995 -.3900 .6233

5% .46667 .14461 .085 -.0400 .9733

6% .65000
* .14461 6.68E-03 .1433 1.1567

8% 1.75000
* .14461 1.35E-08 1.2433 2.2567

10% 2.44667
* .14461 5.38E-11 1.9400 2.9533

0.007% -.21667 .14461 .842 -.7233 .2900

1% -.35000 .14461 .330 -.8567 .1567

2% -.40000 .14461 .193 -.9067 .1067

3% -.35000 .14461 .330 -.8567 .1567

4% -.46667 .14461 .085 -.9733 .0400

6% .18333 .14461 .928 -.3233 .6900

8% 1.28333
* .14461 1.61E-06 .7767 1.7900

10% 1.98000
* .14461 1.82E-09 1.4733 2.4867

0.007% -.40000 .14461 .193 -.9067 .1067

1% -.53333
* .14461 3.47E-02 -1.0400 -.0267

2% -.58333
* .14461 1.73E-02 -1.0900 -.0767

3% -.53333
* .14461 3.47E-02 -1.0400 -.0267

4% -.65000
* .14461 6.68E-03 -1.1567 -.1433

5% -.18333 .14461 .928 -.6900 .3233

8% 1.10000
* .14461 1.44E-05 .5933 1.6067

10% 1.79667
* .14461 8.86E-09 1.2900 2.3033

6%

0.007%

1%

2%

3%

4%

5%

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

Planococcus sp. LMLD02 NaCl concentration Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table C.4. Statistical analysis of final OD for Planococcus sp. LMLD02 at different salt 

concentrations continued 

 
 

0.007% .13333 .14461 .988 -.3733 .6400

1% .00000 .14461 1.000 -.5067 .5067

2% -.05000 .14461 1.000 -.5567 .4567

4% -.11667 .14461 .995 -.6233 .3900

5% .35000 .14461 .330 -.1567 .8567

6% .53333
* .14461 3.47E-02 .0267 1.0400

8% 1.63333
* .14461 4.06E-08 1.1267 2.1400

10% 2.33000
* .14461 1.22E-10 1.8233 2.8367

0.007% .25000 .14461 .723 -.2567 .7567

1% .11667 .14461 .995 -.3900 .6233

2% .06667 .14461 1.000 -.4400 .5733

3% .11667 .14461 .995 -.3900 .6233

5% .46667 .14461 .085 -.0400 .9733

6% .65000
* .14461 6.68E-03 .1433 1.1567

8% 1.75000
* .14461 1.35E-08 1.2433 2.2567

10% 2.44667
* .14461 5.38E-11 1.9400 2.9533

0.007% -.21667 .14461 .842 -.7233 .2900

1% -.35000 .14461 .330 -.8567 .1567

2% -.40000 .14461 .193 -.9067 .1067

3% -.35000 .14461 .330 -.8567 .1567

4% -.46667 .14461 .085 -.9733 .0400

6% .18333 .14461 .928 -.3233 .6900

8% 1.28333
* .14461 1.61E-06 .7767 1.7900

10% 1.98000
* .14461 1.82E-09 1.4733 2.4867

0.007% -.40000 .14461 .193 -.9067 .1067

1% -.53333
* .14461 3.47E-02 -1.0400 -.0267

2% -.58333
* .14461 1.73E-02 -1.0900 -.0767

3% -.53333
* .14461 3.47E-02 -1.0400 -.0267

4% -.65000
* .14461 6.68E-03 -1.1567 -.1433

5% -.18333 .14461 .928 -.6900 .3233

8% 1.10000
* .14461 1.44E-05 .5933 1.6067

10% 1.79667
* .14461 8.86E-09 1.2900 2.3033

0.007% -1.50000
* .14461 1.54E-07 -2.0067 -.9933

1% -1.63333
* .14461 4.06E-08 -2.1400 -1.1267

2% -1.68333
* .14461 2.52E-08 -2.1900 -1.1767

3% -1.63333
* .14461 4.06E-08 -2.1400 -1.1267

4% -1.75000
* .14461 1.35E-08 -2.2567 -1.2433

5% -1.28333
* .14461 1.61E-06 -1.7900 -.7767

6% -1.10000
* .14461 1.44E-05 -1.6067 -.5933

10% .69667
* .14461 3.42E-03 .1900 1.2033

0.007% -2.19667
* .14461 3.26E-10 -2.7033 -1.6900

1% -2.33000
* .14461 1.22E-10 -2.8367 -1.8233

2% -2.38000
* .14461 8.53E-11 -2.8867 -1.8733

3% -2.33000
* .14461 1.22E-10 -2.8367 -1.8233

4% -2.44667
* .14461 5.38E-11 -2.9533 -1.9400

5% -1.98000
* .14461 1.82E-09 -2.4867 -1.4733

6% -1.79667
* .14461 8.86E-09 -2.3033 -1.2900

8% -.69667
* .14461 .003 -1.2033 -.1900

6%

8%

10%

*. The mean difference is significant at the 0.05 level.

3%

4%

5%
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Table D.1 Statistical analysis of growth rate for Caldalkalibacillus sp. LMLD03 at different salt 

concentrations

 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups .241 10 .024 5.790 2.96E-04

Within Groups .092 22 .004

Total .333 32

Post Hoc Tests

Lower Bound Upper Bound

1% -.16563 .05270 .119 -.3540 .0227

2% -.15797 .05270 .156 -.3463 .0304

3% -.17373 .05270 .088 -.3621 .0146

4% -.01823 .05270 1.000 -.2066 .1701

5% -.10297 .05270 .679 -.2913 .0854

6% -.03533 .05270 1.000 -.2237 .1530

7% -.07560 .05270 .926 -.2640 .1128

8% -.01817 .05270 1.000 -.2065 .1702

9% .03877 .05270 .999 -.1496 .2271

10% .10567 .05270 .648 -.0827 .2940

0.007% .16563 .05270 .119 -.0227 .3540

2% .00767 .05270 1.000 -.1807 .1960

3% -.00810 .05270 1.000 -.1965 .1803

4% .14740 .05270 .222 -.0410 .3358

5% .06267 .05270 .977 -.1257 .2510

6% .13030 .05270 .370 -.0581 .3187

7% .09003 .05270 .816 -.0983 .2784

8% .14747 .05270 .222 -.0409 .3358

9% .20440
* .05270 .026 .0160 .3928

10% .27130
* .05270 .001 .0829 .4597

0.007% .15797 .05270 .156 -.0304 .3463

1% -.00767 .05270 1.000 -.1960 .1807

3% -.01577 .05270 1.000 -.2041 .1726

4% .13973 .05270 .282 -.0486 .3281

5% .05500 .05270 .991 -.1334 .2434

6% .12263 .05270 .451 -.0657 .3110

7% .08237 .05270 .881 -.1060 .2707

8% .13980 .05270 .281 -.0486 .3282

9% .19673
* .05270 .036 .0084 .3851

10% .26363
* .05270 .002 .0753 .4520

0.007% .17373 .05270 .088 -.0146 .3621

1% .00810 .05270 1.000 -.1803 .1965

2% .01577 .05270 1.000 -.1726 .2041

4% .15550 .05270 .170 -.0329 .3439

5% .07077 .05270 .950 -.1176 .2591

6% .13840 .05270 .293 -.0500 .3268

7% .09813 .05270 .733 -.0902 .2865

8% .15557 .05270 .169 -.0328 .3439

9% .21250
* .05270 .019 .0241 .4009

10% .27940
* .05270 .001 .0910 .4678

0.007% .01823 .05270 1.000 -.1701 .2066

1% -.14740 .05270 .222 -.3358 .0410

2% -.13973 .05270 .282 -.3281 .0486

3% -.15550 .05270 .170 -.3439 .0329

5% -.08473 .05270 .863 -.2731 .1036

6% -.01710 .05270 1.000 -.2055 .1713

7% -.05737 .05270 .988 -.2457 .1310

8% .00007 .05270 1.000 -.1883 .1884

9% .05700 .05270 .988 -.1314 .2454

10% .12390 .05270 .437 -.0645 .3123

0.007%

1%

2%

3%

4%

ANOVA

Growthrate

Multiple Comparisons

Growthrate
Tukey HSD

(I) VAR00001 (J) VAR00001 Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table D.2. Statistical analysis of growth rate for Caldalkalibacillus sp. LMLD03 at different salt 

concentrations continued 

 

 

 

 

 

 

 

 

 

 

0.007% .10297 .05270 .679 -.0854 .2913

1% -.06267 .05270 .977 -.2510 .1257

2% -.05500 .05270 .991 -.2434 .1334

3% -.07077 .05270 .950 -.2591 .1176

4% .08473 .05270 .863 -.1036 .2731

6% .06763 .05270 .962 -.1207 .2560

7% .02737 .05270 1.000 -.1610 .2157

8% .08480 .05270 .862 -.1036 .2732

9% .14173 .05270 .265 -.0466 .3301

10% .20863
* .05270 .022 .0203 .3970

0.007% .03533 .05270 1.000 -.1530 .2237

1% -.13030 .05270 .370 -.3187 .0581

2% -.12263 .05270 .451 -.3110 .0657

3% -.13840 .05270 .293 -.3268 .0500

4% .01710 .05270 1.000 -.1713 .2055

5% -.06763 .05270 .962 -.2560 .1207

7% -.04027 .05270 .999 -.2286 .1481

8% .01717 .05270 1.000 -.1712 .2055

9% .07410 .05270 .934 -.1143 .2625

10% .14100 .05270 .271 -.0474 .3294

0.007% .07560 .05270 .926 -.1128 .2640

1% -.09003 .05270 .816 -.2784 .0983

2% -.08237 .05270 .881 -.2707 .1060

3% -.09813 .05270 .733 -.2865 .0902

4% .05737 .05270 .988 -.1310 .2457

5% -.02737 .05270 1.000 -.2157 .1610

6% .04027 .05270 .999 -.1481 .2286

8% .05743 .05270 .988 -.1309 .2458

9% .11437 .05270 .545 -.0740 .3027

10% .18127 .05270 .066 -.0071 .3696

0.007% .01817 .05270 1.000 -.1702 .2065

1% -.14747 .05270 .222 -.3358 .0409

2% -.13980 .05270 .281 -.3282 .0486

3% -.15557 .05270 .169 -.3439 .0328

4% -.00007 .05270 1.000 -.1884 .1883

5% -.08480 .05270 .862 -.2732 .1036

6% -.01717 .05270 1.000 -.2055 .1712

7% -.05743 .05270 .988 -.2458 .1309

9% .05693 .05270 .988 -.1314 .2453

10% .12383 .05270 .438 -.0645 .3122

0.007% -.03877 .05270 .999 -.2271 .1496

1% -.20440
* .05270 .026 -.3928 -.0160

2% -.19673
* .05270 .036 -.3851 -.0084

3% -.21250
* .05270 .019 -.4009 -.0241

4% -.05700 .05270 .988 -.2454 .1314

5% -.14173 .05270 .265 -.3301 .0466

6% -.07410 .05270 .934 -.2625 .1143

7% -.11437 .05270 .545 -.3027 .0740

8% -.05693 .05270 .988 -.2453 .1314

10% .06690 .05270 .965 -.1215 .2553

0.007% -.10567 .05270 .648 -.2940 .0827

1% -.27130
* .05270 .001 -.4597 -.0829

2% -.26363
* .05270 .002 -.4520 -.0753

3% -.27940
* .05270 .001 -.4678 -.0910

4% -.12390 .05270 .437 -.3123 .0645

5% -.20863
* .05270 .022 -.3970 -.0203

6% -.14100 .05270 .271 -.3294 .0474

7% -.18127 .05270 .066 -.3696 .0071

8% -.12383 .05270 .438 -.3122 .0645

9% -.06690 .05270 .965 -.2553 .1215

6%

7%

8%

9%

10%

*. The mean difference is significant at the 0.05 level.

5%
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Table D.3. Statistical analysis of final OD for Caldalkalibacillus sp. LMLD03 at different salt 

concentrations  

 
 

 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups 10.823 10 1.082 10.345 3.27E-06

Within Groups 2.302 22 .105

Total 13.125 32

Post Hoc Tests

Lower Bound Upper Bound

1% .16667 .26410 1.000 -.7774 1.1108

2% .53333 .26410 .639 -.4108 1.4774

3% .88333 .26410 .080 -.0608 1.8274

4% 1.26667
* .26410 .003 .3226 2.2108

5% 1.33333
* .26410 .002 .3892 2.2774

6% 1.46667
* .26410 .001 .5226 2.4108

7% 1.56667
* .26410 2.43E-04 .6226 2.5108

8% 1.75000
* .26410 5.11E-05 .8059 2.6941

9% 1.58333
* .26410 2.10E-04 .6392 2.5274

10% 1.36667
* .26410 .001 .4226 2.3108

0.007% -.16667 .26410 1.000 -1.1108 .7774

2% .36667 .26410 .939 -.5774 1.3108

3% .71667 .26410 .255 -.2274 1.6608

4% 1.10000
* .26410 .014 .1559 2.0441

5% 1.16667
* .26410 .008 .2226 2.1108

6% 1.30000
* .26410 .002 .3559 2.2441

7% 1.40000
* .26410 .001 .4559 2.3441

8% 1.58333
* .26410 2.10E-04 .6392 2.5274

9% 1.41667
* .26410 .001 .4726 2.3608

10% 1.20000
* .26410 .006 .2559 2.1441

0.007% -.53333 .26410 .639 -1.4774 .4108

1% -.36667 .26410 .939 -1.3108 .5774

3% .35000 .26410 .954 -.5941 1.2941

4% .73333 .26410 .230 -.2108 1.6774

5% .80000 .26410 .147 -.1441 1.7441

6% .93333 .26410 .054 -.0108 1.8774

7% 1.03333
* .26410 .024 .0892 1.9774

8% 1.21667
* .26410 .005 .2726 2.1608

9% 1.05000
* .26410 .021 .1059 1.9941

10% .83333 .26410 .116 -.1108 1.7774

0.007% -.88333 .26410 .080 -1.8274 .0608

1% -.71667 .26410 .255 -1.6608 .2274

2% -.35000 .26410 .954 -1.2941 .5941

4% .38333 .26410 .921 -.5608 1.3274

5% .45000 .26410 .818 -.4941 1.3941

6% .58333 .26410 .522 -.3608 1.5274

7% .68333 .26410 .312 -.2608 1.6274

8% .86667 .26410 .091 -.0774 1.8108

9% .70000 .26410 .283 -.2441 1.6441

10% .48333 .26410 .752 -.4608 1.4274

0.007% -1.26667
* .26410 .003 -2.2108 -.3226

1% -1.10000
* .26410 .014 -2.0441 -.1559

2% -.73333 .26410 .230 -1.6774 .2108

3% -.38333 .26410 .921 -1.3274 .5608

5% .06667 .26410 1.000 -.8774 1.0108

6% .20000 .26410 .999 -.7441 1.1441

7% .30000 .26410 .983 -.6441 1.2441

8% .48333 .26410 .752 -.4608 1.4274

9% .31667 .26410 .976 -.6274 1.2608

10% .10000 .26410 1.000 -.8441 1.0441

0.007% -1.33333
* .26410 .002 -2.2774 -.3892

1% -1.16667
* .26410 .008 -2.1108 -.2226

2% -.80000 .26410 .147 -1.7441 .1441

3% -.45000 .26410 .818 -1.3941 .4941

4% -.06667 .26410 1.000 -1.0108 .8774

6% .13333 .26410 1.000 -.8108 1.0774

7% .23333 .26410 .998 -.7108 1.1774

8% .41667 .26410 .875 -.5274 1.3608

9% .25000 .26410 .996 -.6941 1.1941

10% .03333 .26410 1.000 -.9108 .9774

0.007%

1%

2%

3%

4%

5%

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

(I) VAR00001 (J) VAR00001 Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table D.4. Statistical analysis of final OD for Caldalkalibacillus sp. LMLD03 at different salt 

concentrations continued 

 
 

 

0.007% -1.33333
* .26410 .002 -2.2774 -.3892

1% -1.16667
* .26410 .008 -2.1108 -.2226

2% -.80000 .26410 .147 -1.7441 .1441

3% -.45000 .26410 .818 -1.3941 .4941

4% -.06667 .26410 1.000 -1.0108 .8774

6% .13333 .26410 1.000 -.8108 1.0774

7% .23333 .26410 .998 -.7108 1.1774

8% .41667 .26410 .875 -.5274 1.3608

9% .25000 .26410 .996 -.6941 1.1941

10% .03333 .26410 1.000 -.9108 .9774

0.007% -1.46667
* .26410 .001 -2.4108 -.5226

1% -1.30000
* .26410 .002 -2.2441 -.3559

2% -.93333 .26410 .054 -1.8774 .0108

3% -.58333 .26410 .522 -1.5274 .3608

4% -.20000 .26410 .999 -1.1441 .7441

5% -.13333 .26410 1.000 -1.0774 .8108

7% .10000 .26410 1.000 -.8441 1.0441

8% .28333 .26410 .989 -.6608 1.2274

9% .11667 .26410 1.000 -.8274 1.0608

10% -.10000 .26410 1.000 -1.0441 .8441

0.007% -1.56667
* .26410 2.43E-04 -2.5108 -.6226

1% -1.40000
* .26410 .001 -2.3441 -.4559

2% -1.03333
* .26410 .024 -1.9774 -.0892

3% -.68333 .26410 .312 -1.6274 .2608

4% -.30000 .26410 .983 -1.2441 .6441

5% -.23333 .26410 .998 -1.1774 .7108

6% -.10000 .26410 1.000 -1.0441 .8441

8% .18333 .26410 1.000 -.7608 1.1274

9% .01667 .26410 1.000 -.9274 .9608

10% -.20000 .26410 .999 -1.1441 .7441

0.007% -1.75000
* .26410 5.11E-05 -2.6941 -.8059

1% -1.58333
* .26410 2.10E-04 -2.5274 -.6392

2% -1.21667
* .26410 .005 -2.1608 -.2726

3% -.86667 .26410 .091 -1.8108 .0774

4% -.48333 .26410 .752 -1.4274 .4608

5% -.41667 .26410 .875 -1.3608 .5274

6% -.28333 .26410 .989 -1.2274 .6608

7% -.18333 .26410 1.000 -1.1274 .7608

9% -.16667 .26410 1.000 -1.1108 .7774

10% -.38333 .26410 .921 -1.3274 .5608

0.007% -1.58333
* .26410 2.10E-04 -2.5274 -.6392

1% -1.41667
* .26410 .001 -2.3608 -.4726

2% -1.05000
* .26410 .021 -1.9941 -.1059

3% -.70000 .26410 .283 -1.6441 .2441

4% -.31667 .26410 .976 -1.2608 .6274

5% -.25000 .26410 .996 -1.1941 .6941

6% -.11667 .26410 1.000 -1.0608 .8274

7% -.01667 .26410 1.000 -.9608 .9274

8% .16667 .26410 1.000 -.7774 1.1108

10% -.21667 .26410 .999 -1.1608 .7274

0.007% -1.36667
* .26410 .001 -2.3108 -.4226

1% -1.20000
* .26410 .006 -2.1441 -.2559

2% -.83333 .26410 .116 -1.7774 .1108

3% -.48333 .26410 .752 -1.4274 .4608

4% -.10000 .26410 1.000 -1.0441 .8441

5% -.03333 .26410 1.000 -.9774 .9108

6% .10000 .26410 1.000 -.8441 1.0441

7% .20000 .26410 .999 -.7441 1.1441

8% .38333 .26410 .921 -.5608 1.3274

9% .21667 .26410 .999 -.7274 1.1608

6%

7%

8%

9%

10%

*. The mean difference is significant at the 0.05 level.

5%
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Table E.1 Statistical analysis of growth rate for Idiomarina sp. LMLD01 at different temperatures 

 
 

 

 

 

 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups 2.580 6 .430 40.203 4.88E-08

Within Groups .150 14 .011

Total 2.730 20

Post Hoc Tests

Lower Bound Upper Bound

25 °C -.11297 .08444 .824 -.4013 .1754

30 °C -.23547 .08444 .146 -.5238 .0529

35 °C -.31023
* .08444 .031 -.5986 -.0219

37 °C -.52463
* .08444 3.53E-04 -.8130 -.2363

40 °C -.25517 .08444 .099 -.5435 .0332

45 °C .66403
* .08444 2.73E-05 .3757 .9524

20 °C .11297 .08444 .824 -.1754 .4013

30 °C -.12250 .08444 .767 -.4108 .1658

35 °C -.19727 .08444 .293 -.4856 .0911

37 °C -.41167
* .08444 .004 -.7000 -.1233

40 °C -.14220 .08444 .636 -.4305 .1461

45 °C .77700
* .08444 4.32E-06 .4887 1.0653

20 °C .23547 .08444 .146 -.0529 .5238

25 °C .12250 .08444 .767 -.1658 .4108

35 °C -.07477 .08444 .969 -.3631 .2136

37 °C -.28917
* .08444 .049 -.5775 -.0008

40 °C -.01970 .08444 1.000 -.3080 .2686

45 °C .89950
* .08444 7.19E-07 .6112 1.1878

20 °C .31023
* .08444 .031 .0219 .5986

25 °C .19727 .08444 .293 -.0911 .4856

30 °C .07477 .08444 .969 -.2136 .3631

37 °C -.21440 .08444 .217 -.5027 .0739

40 °C .05507 .08444 .993 -.2333 .3434

45 °C .97427
* .08444 2.63E-07 .6859 1.2626

20 °C .52463
* .08444 3.53E-04 .2363 .8130

25 °C .41167
* .08444 .004 .1233 .7000

30 °C .28917
* .08444 .049 .0008 .5775

35 °C .21440 .08444 .217 -.0739 .5027

40 °C .26947 .08444 .074 -.0189 .5578

45 °C 1.18867
* .08444 2.03E-08 .9003 1.4770

20 °C .25517 .08444 .099 -.0332 .5435

25 °C .14220 .08444 .636 -.1461 .4305

30 °C .01970 .08444 1.000 -.2686 .3080

35 °C -.05507 .08444 .993 -.3434 .2333

37 °C -.26947 .08444 .074 -.5578 .0189

45 °C .91920
* .08444 5.48E-07 .6309 1.2075

20 °C -.66403
* .08444 2.73E-05 -.9524 -.3757

25 °C -.77700
* .08444 4.32E-06 -1.0653 -.4887

30 °C -.89950
* .08444 7.19E-07 -1.1878 -.6112

35 °C -.97427
* .08444 2.63E-07 -1.2626 -.6859

37 °C -1.18867
* .08444 2.03E-08 -1.4770 -.9003

40 °C -.91920
* .08444 5.48E-07 -1.2075 -.6309

45 °C

*. The mean difference is significant at the 0.05 level.

20 °C

25 °C

30 °C

35 °C

37 °C

40 °C

ANOVA

GR

Multiple Comparisons

GR
Tukey HSD

Idiomarina sp. LMLD01 Temperature Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table E.2 Statistical analysis of final OD for Idiomarina sp. LMLD01 at different temperatures 

 
 

Sum of Squares df Mean Square F Sig.

Between Groups 60.764 6 10.127 521.900 1.24E-15

Within Groups .272 14 .019

Total 61.036 20

Post Hoc Tests

Lower Bound Upper Bound

25 °C -.26667 .11374 .290 -.6550 .1217

30 °C -.13333 .11374 .893 -.5217 .2550

35 °C .76667
* .11374 1.50E-04 .3783 1.1550

37 °C .65000
* .11374 .001 .2616 1.0384

40 °C 2.18333
* .11374 3.27E-10 1.7950 2.5717

45 °C 4.86667
* .11374 1.21E-12 4.4783 5.2550

20 °C .26667 .11374 .290 -.1217 .6550

30 °C .13333 .11374 .893 -.2550 .5217

35 °C 1.03333
* .11374 5.04E-06 .6450 1.4217

37 °C .91667
* .11374 2.06E-05 .5283 1.3050

40 °C 2.45000
* .11374 6.93E-11 2.0616 2.8384

45 °C 5.13333
* .11374 1.21E-12 4.7450 5.5217

20 °C .13333 .11374 .893 -.2550 .5217

25 °C -.13333 .11374 .893 -.5217 .2550

35 °C .90000
* .11374 2.54E-05 .5116 1.2884

37 °C .78333
* .11374 1.19E-04 .3950 1.1717

40 °C 2.31667
* .11374 1.47E-10 1.9283 2.7050

45 °C 5.00000
* .11374 1.21E-12 4.6116 5.3884

20 °C -.76667
* .11374 1.50E-04 -1.1550 -.3783

25 °C -1.03333
* .11374 5.04E-06 -1.4217 -.6450

30 °C -.90000
* .11374 2.54E-05 -1.2884 -.5116

37 °C -.11667 .11374 .939 -.5050 .2717

40 °C 1.41667
* .11374 9.90E-08 1.0283 1.8050

45 °C 4.10000
* .11374 1.24E-12 3.7116 4.4884

20 °C -.65000
* .11374 .001 -1.0384 -.2616

25 °C -.91667
* .11374 2.06E-05 -1.3050 -.5283

30 °C -.78333
* .11374 1.19E-04 -1.1717 -.3950

35 °C .11667 .11374 .939 -.2717 .5050

40 °C 1.53333
* .11374 3.56E-08 1.1450 1.9217

45 °C 4.21667
* .11374 1.23E-12 3.8283 4.6050

20 °C -2.18333
* .11374 3.27E-10 -2.5717 -1.7950

25 °C -2.45000
* .11374 6.93E-11 -2.8384 -2.0616

30 °C -2.31667
* .11374 1.47E-10 -2.7050 -1.9283

35 °C -1.41667
* .11374 9.90E-08 -1.8050 -1.0283

37 °C -1.53333
* .11374 3.56E-08 -1.9217 -1.1450

45 °C 2.68333
* .11374 2.07E-11 2.2950 3.0717

20 °C -4.86667
* .11374 1.21E-12 -5.2550 -4.4783

25 °C -5.13333
* .11374 1.21E-12 -5.5217 -4.7450

30 °C -5.00000
* .11374 1.21E-12 -5.3884 -4.6116

35 °C -4.10000
* .11374 1.24E-12 -4.4884 -3.7116

37 °C -4.21667
* .11374 1.23E-12 -4.6050 -3.8283

40 °C -2.68333
* .11374 2.07E-11 -3.0717 -2.2950

45 °C

*. The mean difference is significant at the 0.05 level.

20 °C

25 °C

30 °C

35 °C

37 °C

40 °C

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

Plancocccus sp. LMLS02 Temperature Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table F.1 Statistical analysis of growth rate for Planococcus sp. LMLD01 at different 

temperatures 

 
 

 

 

 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups 2.657 6 .443 88.295 2.58E-10

Within Groups .070 14 .005

Total 2.728 20

Post Hoc Tests

Lower Bound Upper Bound

25 °C -.06017 .05783 .935 -.2576 .1373

30 °C -.25013
* .05783 .010 -.4476 -.0527

35 °C -.59303
* .05783 1.15E-06 -.7905 -.3956

37 °C -.52707
* .05783 4.85E-06 -.7245 -.3296

40 °C -.35300
* .05783 4.23E-04 -.5505 -.1555

45 °C .53637
* .05783 3.93E-06 .3389 .7338

20 °C .06017 .05783 .935 -.1373 .2576

30 °C -.18997 .05783 .063 -.3874 .0075

35 °C -.53287
* .05783 4.25E-06 -.7303 -.3354

37 °C -.46690
* .05783 2.02E-05 -.6644 -.2694

40 °C -.29283
* .05783 .003 -.4903 -.0954

45 °C .59653
* .05783 1.07E-06 .3991 .7940

20 °C .25013
* .05783 .010 .0527 .4476

25 °C .18997 .05783 .063 -.0075 .3874

35 °C -.34290
* .05783 .001 -.5404 -.1454

37 °C -.27693
* .05783 .004 -.4744 -.0795

40 °C -.10287 .05783 .581 -.3003 .0946

45 °C .78650
* .05783 3.17E-08 .5890 .9840

20 °C .59303
* .05783 1.15E-06 .3956 .7905

25 °C .53287
* .05783 4.25E-06 .3354 .7303

30 °C .34290
* .05783 .001 .1454 .5404

37 °C .06597 .05783 .905 -.1315 .2634

40 °C .24003
* .05783 .013 .0426 .4375

45 °C 1.12940
* .05783 2.59E-10 .9319 1.3269

20 °C .52707
* .05783 4.85E-06 .3296 .7245

25 °C .46690
* .05783 2.02E-05 .2694 .6644

30 °C .27693
* .05783 .004 .0795 .4744

35 °C -.06597 .05783 .905 -.2634 .1315

40 °C .17407 .05783 .101 -.0234 .3715

45 °C 1.06343
* .05783 5.82E-10 .8660 1.2609

20 °C .35300
* .05783 4.23E-04 .1555 .5505

25 °C .29283
* .05783 .003 .0954 .4903

30 °C .10287 .05783 .581 -.0946 .3003

35 °C -.24003
* .05783 .013 -.4375 -.0426

37 °C -.17407 .05783 .101 -.3715 .0234

45 °C .88937
* .05783 6.32E-09 .6919 1.0868

20 °C -.53637
* .05783 3.93E-06 -.7338 -.3389

25 °C -.59653
* .05783 1.07E-06 -.7940 -.3991

30 °C -.78650
* .05783 3.17E-08 -.9840 -.5890

35 °C -1.12940
* .05783 2.59E-10 -1.3269 -.9319

37 °C -1.06343
* .05783 5.82E-10 -1.2609 -.8660

40 °C -.88937
* .05783 6.32E-09 -1.0868 -.6919

45 °C

*. The mean difference is significant at the 0.05 level.

20 °C

25 °C

30 °C

35 °C

37 °C

40 °C

ANOVA

GR

Multiple Comparisons

GR
Tukey HSD

Caldalkalibacillus sp. 

LMLD03 Temperature Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table F.2 Statistical analysis of final OD for Planococcus sp. LMLD01 at different temperatures 

 

Sum of Squares df Mean Square F Sig.

Between Groups 61.468 6 10.245 368.134 1.40E-14

Within Groups .390 14 .028

Total 61.857 20

Post Hoc Tests

Lower Bound Upper Bound

25 °C -1.31667
* .13621 2.38E-06 -1.7818 -.8516

30 °C -1.18333
* .13621 8.58E-06 -1.6484 -.7182

35 °C -.86667
* .13621 2.76E-04 -1.3318 -.4016

37 °C -1.55000
* .13621 3.13E-07 -2.0151 -1.0849

40 °C -.35000 .13621 .207 -.8151 .1151

45 °C 3.79333
* .13621 3.06E-12 3.3282 4.2584

20 °C 1.31667
* .13621 2.38E-06 .8516 1.7818

30 °C .13333 .13621 .951 -.3318 .5984

35 °C .45000 .13621 .061 -.0151 .9151

37 °C -.23333 .13621 .619 -.6984 .2318

40 °C .96667
* .13621 8.61E-05 .5016 1.4318

45 °C 5.11000
* .13621 1.22E-12 4.6449 5.5751

20 °C 1.18333
* .13621 8.58E-06 .7182 1.6484

25 °C -.13333 .13621 .951 -.5984 .3318

35 °C .31667 .13621 .298 -.1484 .7818

37 °C -.36667 .13621 .171 -.8318 .0984

40 °C .83333
* .13621 4.13E-04 .3682 1.2984

45 °C 4.97667
* .13621 1.23E-12 4.5116 5.4418

20 °C .86667
* .13621 2.76E-04 .4016 1.3318

25 °C -.45000 .13621 .061 -.9151 .0151

30 °C -.31667 .13621 .298 -.7818 .1484

37 °C -.68333
* .13621 .003 -1.1484 -.2182

40 °C .51667
* .13621 .025 .0516 .9818

45 °C 4.66000
* .13621 1.28E-12 4.1949 5.1251

20 °C 1.55000
* .13621 3.13E-07 1.0849 2.0151

25 °C .23333 .13621 .619 -.2318 .6984

30 °C .36667 .13621 .171 -.0984 .8318

35 °C .68333
* .13621 .003 .2182 1.1484

40 °C 1.20000
* .13621 7.27E-06 .7349 1.6651

45 °C 5.34333
* .13621 1.22E-12 4.8782 5.8084

20 °C .35000 .13621 .207 -.1151 .8151

25 °C -.96667
* .13621 8.61E-05 -1.4318 -.5016

30 °C -.83333
* .13621 4.13E-04 -1.2984 -.3682

35 °C -.51667
* .13621 .025 -.9818 -.0516

37 °C -1.20000
* .13621 7.27E-06 -1.6651 -.7349

45 °C 4.14333
* .13621 1.71E-12 3.6782 4.6084

20 °C -3.79333
* .13621 3.06E-12 -4.2584 -3.3282

25 °C -5.11000
* .13621 1.22E-12 -5.5751 -4.6449

30 °C -4.97667
* .13621 1.23E-12 -5.4418 -4.5116

35 °C -4.66000
* .13621 1.28E-12 -5.1251 -4.1949

37 °C -5.34333
* .13621 1.22E-12 -5.8084 -4.8782

40 °C -4.14333
* .13621 1.71E-12 -4.6084 -3.6782

45 °C

*. The mean difference is significant at the 0.05 level.

20 °C

25 °C

30 °C

35 °C

37 °C

40 °C

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

Plancoccus sp. LMLD02 Temperature Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table G.1 Statistical analysis of growth rate for Caldalkalibacillus sp. LMLD03 at different 

temperatures 

 

Table G.2 Statistical analysis of final OD for Caldalkalibacillus sp. LMLD03 at different 

temperatures 

 

Sum of Squares df Mean Square F Sig.

Between Groups .913 4 .228 4.524 .024

Within Groups .505 10 .050

Total 1.418 14

Post Hoc Tests

Lower Bound Upper Bound

40 °C -.32963 .18343 .425 -.9333 .2741

45 °C -.51920 .18343 .102 -1.1229 .0845

50 °C -.46323 .18343 .160 -1.0669 .1405

55 °C .09333 .18343 .985 -.5104 .6970

37 °C .32963 .18343 .425 -.2741 .9333

45 °C -.18957 .18343 .835 -.7933 .4141

50 °C -.13360 .18343 .945 -.7373 .4701

55 °C .42297 .18343 .220 -.1807 1.0267

37 °C .51920 .18343 .102 -.0845 1.1229

40 °C .18957 .18343 .835 -.4141 .7933

50 °C .05597 .18343 .998 -.5477 .6597

55 °C .61253
* .18343 .046 .0088 1.2162

37 °C .46323 .18343 .160 -.1405 1.0669

40 °C .13360 .18343 .945 -.4701 .7373

45 °C -.05597 .18343 .998 -.6597 .5477

55 °C .55657 .18343 .074 -.0471 1.1603

37 °C -.09333 .18343 .985 -.6970 .5104

40 °C -.42297 .18343 .220 -1.0267 .1807

45 °C -.61253
* .18343 .046 -1.2162 -.0088

50 °C -.55657 .18343 .074 -1.1603 .0471

37 °C

40 °C

45 °C

50 °C

55 °C

*. The mean difference is significant at the 0.05 level.

ANOVA

GR

Multiple Comparisons

GR
Tukey HSD

Caldalkalibacillus sp. 

LMLD03 Temperature Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval

Sum of Squares df Mean Square F Sig.

Between Groups 18.599 4 4.650 24.424 3.82E-05

Within Groups 1.904 10 .190

Total 20.503 14

Post Hoc Tests

Lower Bound Upper Bound

40 °C -1.55667
* .35626 .010 -2.7291 -.3842

45 °C -1.55667
* .35626 .010 -2.7291 -.3842

50 °C -1.37333
* .35626 .021 -2.5458 -.2009

55 °C 1.25000
* .35626 .036 .0775 2.4225

37 °C 1.55667
* .35626 .010 .3842 2.7291

45 °C .00000 .35626 1.000 -1.1725 1.1725

50 °C .18333 .35626 .984 -.9891 1.3558

55 °C 2.80667
* .35626 1.02E-04 1.6342 3.9791

37 °C 1.55667
* .35626 .010 .3842 2.7291

40 °C .00000 .35626 1.000 -1.1725 1.1725

50 °C .18333 .35626 .984 -.9891 1.3558

55 °C 2.80667
* .35626 1.02E-04 1.6342 3.9791

37 °C 1.37333
* .35626 .021 .2009 2.5458

40 °C -.18333 .35626 .984 -1.3558 .9891

45 °C -.18333 .35626 .984 -1.3558 .9891

55 °C 2.62333
* .35626 1.82E-04 1.4509 3.7958

37 °C -1.25000
* .35626 .036 -2.4225 -.0775

40 °C -2.80667
* .35626 1.02E-04 -3.9791 -1.6342

45 °C -2.80667
* .35626 1.02E-04 -3.9791 -1.6342

50 °C -2.62333
* .35626 1.82E-04 -3.7958 -1.4509

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

Caldalkalibacillus sp. 

LMLD03 Temperature Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval

37 °C

40 °C

45 °C

50 °C

55 °C

*. The mean difference is significant at the 0.05 level.
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Table H.1 Statistical analysis of growth rate for Planococcus sp. LMLD02 at different pH  

 
 

 

 

 

 

 

 

 

 

Sum of Squares df Mean Square F Sig.

Between Groups 1.570 6 .262 98.943 1.19E-10

Within Groups .037 14 .003

Total 1.607 20

Post Hoc Tests

Lower Bound Upper Bound

pH 7.5 -.33947
* .04198 1.98E-05 -.4828 -.1961

pH 9 -.24897
* .04198 .001 -.3923 -.1056

pH 9.6 -.17463
* .04198 .013 -.3180 -.0313

pH 10 -.09303 .04198 .346 -.2364 .0503

pH 10.3 .00977 .04198 1.000 -.1336 .1531

pH 10.4 .56399
* .04198 3.72E-08 .4206 .7073

pH 7 .33947
* .04198 1.98E-05 .1961 .4828

pH 9 .09050 .04198 .375 -.0529 .2339

pH 9.6 .16483
* .04198 .020 .0215 .3082

pH 10 .24643
* .04198 .001 .1031 .3898

pH 10.3 .34923
* .04198 1.43E-05 .2059 .4926

pH 10.4 .90346
* .04198 7.02E-11 .7601 1.0468

pH 7 .24897
* .04198 .001 .1056 .3923

pH 7.5 -.09050 .04198 .375 -.2339 .0529

pH 9.6 .07433 .04198 .585 -.0690 .2177

pH 10 .15593
* .04198 .029 .0126 .2993

pH 10.3 .25873
* .04198 3.84E-04 .1154 .4021

pH 10.4 .81296
* .04198 2.91E-10 .6696 .9563

pH 7 .17463
* .04198 .013 .0313 .3180

pH 7.5 -.16483
* .04198 .020 -.3082 -.0215

pH 9 -.07433 .04198 .585 -.2177 .0690

pH 10 .08160 .04198 .486 -.0618 .2250

pH 10.3 .18440
* .04198 .008 .0410 .3278

pH 10.4 .73863
* .04198 1.05E-09 .5953 .8820

pH 7 .09303 .04198 .346 -.0503 .2364

pH 7.5 -.24643
* .04198 .001 -.3898 -.1031

pH 9 -.15593
* .04198 .029 -.2993 -.0126

pH 9.6 -.08160 .04198 .486 -.2250 .0618

pH 10.3 .10280 .04198 .249 -.0406 .2462

pH 10.4 .65703
* .04198 5.02E-09 .5137 .8004

pH 7 -.00977 .04198 1.000 -.1531 .1336

pH 7.5 -.34923
* .04198 1.43E-05 -.4926 -.2059

pH 9 -.25873
* .04198 3.84E-04 -.4021 -.1154

pH 9.6 -.18440
* .04198 .008 -.3278 -.0410

pH 10 -.10280 .04198 .249 -.2462 .0406

pH 10.4 .55423
* .04198 4.67E-08 .4109 .6976

pH 7 -.56399
* .04198 3.72E-08 -.7073 -.4206

pH 7.5 -.90346
* .04198 7.02E-11 -1.0468 -.7601

pH 9 -.81296
* .04198 2.91E-10 -.9563 -.6696

pH 9.6 -.73863
* .04198 1.05E-09 -.8820 -.5953

pH 10 -.65703
* .04198 5.02E-09 -.8004 -.5137

pH 10.3 -.55423
* .04198 4.67E-08 -.6976 -.4109

pH 10.4

*. The mean difference is significant at the 0.05 level.

pH 7

pH 7.5

pH 9

pH 9.6

pH 10

pH 10.3

ANOVA

GR

Multiple Comparisons

GR
Tukey HSD

(I) VAR00001 (J) VAR00001 Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table H.2 Statistical analysis of growth rate for Planococcus sp. LMLD02 at different 

pH 

 

Sum of Squares df Mean Square F Sig.

Between Groups 1.570 6 .262 98.943 1.19E-10

Within Groups .037 14 .003

Total 1.607 20

Post Hoc Tests

Lower Bound Upper Bound

pH 7.5 -.33947
* .04198 1.98E-05 -.4828 -.1961

pH 9 -.24897
* .04198 .001 -.3923 -.1056

pH 9.6 -.17463
* .04198 .013 -.3180 -.0313

pH 10 -.09303 .04198 .346 -.2364 .0503

pH 10.3 .00977 .04198 1.000 -.1336 .1531

pH 10.4 .56399
* .04198 3.72E-08 .4206 .7073

pH 7 .33947
* .04198 1.98E-05 .1961 .4828

pH 9 .09050 .04198 .375 -.0529 .2339

pH 9.6 .16483
* .04198 .020 .0215 .3082

pH 10 .24643
* .04198 .001 .1031 .3898

pH 10.3 .34923
* .04198 1.43E-05 .2059 .4926

pH 10.4 .90346
* .04198 7.02E-11 .7601 1.0468

pH 7 .24897
* .04198 .001 .1056 .3923

pH 7.5 -.09050 .04198 .375 -.2339 .0529

pH 9.6 .07433 .04198 .585 -.0690 .2177

pH 10 .15593
* .04198 .029 .0126 .2993

pH 10.3 .25873
* .04198 3.84E-04 .1154 .4021

pH 10.4 .81296
* .04198 2.91E-10 .6696 .9563

pH 7 .17463
* .04198 .013 .0313 .3180

pH 7.5 -.16483
* .04198 .020 -.3082 -.0215

pH 9 -.07433 .04198 .585 -.2177 .0690

pH 10 .08160 .04198 .486 -.0618 .2250

pH 10.3 .18440
* .04198 .008 .0410 .3278

pH 10.4 .73863
* .04198 1.05E-09 .5953 .8820

pH 7 .09303 .04198 .346 -.0503 .2364

pH 7.5 -.24643
* .04198 .001 -.3898 -.1031

pH 9 -.15593
* .04198 .029 -.2993 -.0126

pH 9.6 -.08160 .04198 .486 -.2250 .0618

pH 10.3 .10280 .04198 .249 -.0406 .2462

pH 10.4 .65703
* .04198 5.02E-09 .5137 .8004

pH 7 -.00977 .04198 1.000 -.1531 .1336

pH 7.5 -.34923
* .04198 1.43E-05 -.4926 -.2059

pH 9 -.25873
* .04198 3.84E-04 -.4021 -.1154

pH 9.6 -.18440
* .04198 .008 -.3278 -.0410

pH 10 -.10280 .04198 .249 -.2462 .0406

pH 10.4 .55423
* .04198 4.67E-08 .4109 .6976

pH 7 -.56399
* .04198 3.72E-08 -.7073 -.4206

pH 7.5 -.90346
* .04198 7.02E-11 -1.0468 -.7601

pH 9 -.81296
* .04198 2.91E-10 -.9563 -.6696

pH 9.6 -.73863
* .04198 1.05E-09 -.8820 -.5953

pH 10 -.65703
* .04198 5.02E-09 -.8004 -.5137

pH 10.3 -.55423
* .04198 4.67E-08 -.6976 -.4109

pH 10.4

*. The mean difference is significant at the 0.05 level.

pH 7

pH 7.5

pH 9

pH 9.6

pH 10

pH 10.3

ANOVA

GR

Multiple Comparisons

GR
Tukey HSD

Planococcus sp. LMLD02 pH Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table I.1 Statistical analysis of growth rate for Caldalkalibacillus sp. LMLD03 at 

different pH 

 
 

Table I.2 Statistical analysis of growth rate for Caldalkalibacillus sp. LMLD03 at 

different pH 

 

Sum of Squares df Mean Square F Sig.

Between Groups .006 2 .003 6.127 .036

Within Groups .003 6 .000

Total .008 8

Post Hoc Tests

Lower Bound Upper Bound

pH 9.6 -.02133 .01758 .489 -.0753 .0326

pH 10 -.06067
* .01758 .032 -.1146 -.0067

pH 9 .02133 .01758 .489 -.0326 .0753

pH 10 -.03933 .01758 .143 -.0933 .0146

pH 9 .06067
* .01758 .032 .0067 .1146

pH 9.6 .03933 .01758 .143 -.0146 .0933

pH 9

pH 9.6

pH 10

*. The mean difference is significant at the 0.05 level.

ANOVA

GR

Multiple Comparisons

GR
Tukey HSD

Caldalkalibacillus sp. 

LMLD03 pH Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval

Sum of Squares df Mean Square F Sig.

Between Groups .012 2 .006 .135 .876

Within Groups .258 6 .043

Total .270 8

Post Hoc Tests

Lower Bound Upper Bound

pH 9.6 .01667 .16942 .995 -.5032 .5365

pH 10 -.06667 .16942 .919 -.5865 .4532

pH 9 -.01667 .16942 .995 -.5365 .5032

pH 10 -.08333 .16942 .878 -.6032 .4365

pH 9 .06667 .16942 .919 -.4532 .5865

pH 9.6 .08333 .16942 .878 -.4365 .6032

pH 9

pH 9.6

pH 10

ANOVA

OD

Multiple Comparisons

OD
Tukey HSD

Caldalkalibacillus sp. 

LMD01 pH Mean Difference (I-J) Std. Error Sig.

95% Confidence Interval
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Table J.1 Mars chamber t-Test, and ANOVA- Tukey Post Hoc test for colony count on AP+0.7% 

medium 

 

 

 

 

 

 

 

 

0.7% NaCl Students t-Test

One tailed, Paired Sig.

Wet control

Bench control 0.0027

Sum of Squares df Mean Square F Sig.

Between Groups 1.688 5 .338 14.183 1.105E-04

Within Groups .286 12 .024

Total 1.973 17

Post Hoc Tests

Lower Bound Upper Bound

Bench control .85380
* .12596 2.2E-04 .4307 1.2769

Horizon 1 .85867
* .12596 2.1E-04 .4356 1.2818

Horizon 2 .71000
* .12596 .001 .2869 1.1331

Horizon 3 .74233
* .12596 .001 .3192 1.1654

Horizon 4 .40233 .12596 .066 -.0208 .8254

Dried control -.85380
* .12596 2.2E-04 -1.2769 -.4307

Horizon 1 .00487 .12596 1.000 -.4182 .4280

Horizon 2 -.14380 .12596 .855 -.5669 .2793

Horizon 3 -.11147 .12596 .943 -.5346 .3116

Horizon 4 -.45147
* .12596 .034 -.8746 -.0284

Dried control -.85867
* .12596 2.1E-04 -1.2818 -.4356

Bench control -.00487 .12596 1.000 -.4280 .4182

Horizon 2 -.14867 .12596 .838 -.5718 .2744

Horizon 3 -.11633 .12596 .933 -.5394 .3068

Horizon 4 -.45633
* .12596 .032 -.8794 -.0332

Dried control -.71000
* .12596 .001 -1.1331 -.2869

Bench control .14380 .12596 .855 -.2793 .5669

Horizon 1 .14867 .12596 .838 -.2744 .5718

Horizon 3 .03233 .12596 1.000 -.3908 .4554

Horizon 4 -.30767 .12596 .216 -.7308 .1154

Dried control -.74233
* .12596 .001 -1.1654 -.3192

Bench control .11147 .12596 .943 -.3116 .5346

Horizon 1 .11633 .12596 .933 -.3068 .5394

Horizon 2 -.03233 .12596 1.000 -.4554 .3908

Horizon 4 -.34000 .12596 .146 -.7631 .0831

Dried control -.40233 .12596 .066 -.8254 .0208

Bench control .45147
* .12596 .034 .0284 .8746

Horizon 1 .45633
* .12596 .032 .0332 .8794

Horizon 2 .30767 .12596 .216 -.1154 .7308

Horizon 3 .34000 .12596 .146 -.0831 .7631

Mean Difference (I-J) Std. Error

ANOVA

0.7% NaCl

Multiple Comparisons

0.7% NaCl

Tukey HSD

Horizon 1

Horizon 2

Horizon 3

Horizon 4

Sig.

95% Confidence Interval

Dried control

Bench control

(I) low_salt (J) low_salt

*. The mean difference is significant at the 0.05 level.
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Table J.2. Mars chamber t-Test, and ANOVA- Tukey Post Hoc test for colony count on 

AP+6.8% medium 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

6.8% NaCl Students t-Test

One tailed, Paired Sig.

Wet control

Bench control 0.002

Sum of Squares df Mean Square F Sig.

Between Groups 1.532 5 .306 6.488 .004

Within Groups .567 12 .047

Total 2.099 17

Post Hoc Tests

Lower Bound Upper Bound

Bench control .54300 .17743 .082 -.0530 1.1390

Horizon 1 .89553
* .17743 .003 .2996 1.4915

Horizon 2 .74633
* .17743 .012 .1504 1.3423

Horizon 3 .38067 .17743 .328 -.2153 .9766

Horizon 4 .69733
* .17743 .019 .1014 1.2933

Dried control -.54300 .17743 .082 -1.1390 .0530

Horizon 1 .35253 .17743 .402 -.2434 .9485

Horizon 2 .20333 .17743 .853 -.3926 .7993

Horizon 3 -.16233 .17743 .935 -.7583 .4336

Horizon 4 .15433 .17743 .947 -.4416 .7503

Dried control -.89553
* .17743 .003 -1.4915 -.2996

Bench control -.35253 .17743 .402 -.9485 .2434

Horizon 2 -.14920 .17743 .954 -.7452 .4468

Horizon 3 -.51487 .17743 .106 -1.1108 .0811

Horizon 4 -.19820 .17743 .865 -.7942 .3978

Dried control -.74633
* .17743 .012 -1.3423 -.1504

Bench control -.20333 .17743 .853 -.7993 .3926

Horizon 1 .14920 .17743 .954 -.4468 .7452

Horizon 3 -.36567 .17743 .366 -.9616 .2303

Horizon 4 -.04900 .17743 1.000 -.6450 .5470

Dried control -.38067 .17743 .328 -.9766 .2153

Bench control .16233 .17743 .935 -.4336 .7583

Horizon 1 .51487 .17743 .106 -.0811 1.1108

Horizon 2 .36567 .17743 .366 -.2303 .9616

Horizon 4 .31667 .17743 .509 -.2793 .9126

Dried control -.69733
* .17743 .019 -1.2933 -.1014

Bench control -.15433 .17743 .947 -.7503 .4416

Horizon 1 .19820 .17743 .865 -.3978 .7942

Horizon 2 .04900 .17743 1.000 -.5470 .6450

Horizon 3 -.31667 .17743 .509 -.9126 .2793

Horizon 1

Horizon 2

Horizon 3

Horizon 4

*. The mean difference is significant at the 0.05 level.

Dried control

Bench control

(I) low_salt (J) low_salt Mean Difference (I-J) Std. Error

ANOVA

6.8% NaCl

Multiple Comparisons

6.8% NaCl

Tukey HSD

Sig.

95% Confidence Interval



386 

Appendix J 

Table J.3.Mars chamber t-Test, and ANOVA- Tukey Post Hoc test for colony count on AP+6.8% 

medium 

 
 

15% NaCl Students t-Test

One tailed, Paired Sig.

Wet control

Bench control 0.0006

Sum of Squares df Mean Square F Sig.

Between Groups 2.575 5 .515 2.600 .081

Within Groups 2.377 12 .198

Total 4.952 17

Post Hoc Tests

Lower Bound Upper Bound

Bench control -.33333 .36339 .935 -1.5539 .8873

Horizon 1 .66700 .36339 .481 -.5536 1.8876

Horizon 2 .77800 .36339 .330 -.4426 1.9986

Horizon 3 .33233 .36339 .935 -.8883 1.5529

Horizon 4 .22200 .36339 .988 -.9986 1.4426

Dried control .33333 .36339 .935 -.8873 1.5539

Horizon 1 1.00033 .36339 .135 -.2203 2.2209

Horizon 2 1.11133 .36339 .082 -.1093 2.3319

Horizon 3 .66567 .36339 .483 -.5549 1.8863

Horizon 4 .55533 .36339 .655 -.6653 1.7759

Dried control -.66700 .36339 .481 -1.8876 .5536

Bench control -1.00033 .36339 .135 -2.2209 .2203

Horizon 2 .11100 .36339 1.000 -1.1096 1.3316

Horizon 3 -.33467 .36339 .934 -1.5553 .8859

Horizon 4 -.44500 .36339 .817 -1.6656 .7756

Dried control -.77800 .36339 .330 -1.9986 .4426

Bench control -1.11133 .36339 .082 -2.3319 .1093

Horizon 1 -.11100 .36339 1.000 -1.3316 1.1096

Horizon 3 -.44567 .36339 .816 -1.6663 .7749

Horizon 4 -.55600 .36339 .654 -1.7766 .6646

Dried control -.33233 .36339 .935 -1.5529 .8883

Bench control -.66567 .36339 .483 -1.8863 .5549

Horizon 1 .33467 .36339 .934 -.8859 1.5553

Horizon 2 .44567 .36339 .816 -.7749 1.6663

Horizon 4 -.11033 .36339 1.000 -1.3309 1.1103

Dried control -.22200 .36339 .988 -1.4426 .9986

Bench control -.55533 .36339 .655 -1.7759 .6653

Horizon 1 .44500 .36339 .817 -.7756 1.6656

Horizon 2 .55600 .36339 .654 -.6646 1.7766

Horizon 3 .11033 .36339 1.000 -1.1103 1.3309

Mean Difference (I-J) Std. Error

ANOVA

15% NaCl

Multiple Comparisons

15% NaCl

Tukey HSD

Horizon 1

Horizon 2

Horizon 3

Horizon 4

Sig.

95% Confidence Interval

Dried control

Bench control

(I) low_salt (J) low_salt


