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Abstract 
 

Extremophiles are microorganisms that can thrive in extreme environments such as 

geothermal hot springs, acid saline lakes and hydrothermal vents. They are 

represented by microbial organisms belonging to the domains of Archaea, Bacteria 

and Eukarya. Amongst extremophiles, there are microorganisms that can thrive 

under multiple stressors, and are known as ‘poly-extremophiles’. Current studies 

regarding extremophiles suggest that they are widespread in many environments on 

planet Earth. Recently, interest in extremophiles has grown, from understanding how 

extremophilic microbes are able to survive in such harsh conditions through to 

applied research, where enzymes and proteins extracted from these microorganisms 

are being used in industrial processes which occur under harsh chemical conditions.  

 

Microbial life is found to exist in complex communities consisting of thousands of 

microbial species and trillions of cells. These microbes interact and affect each other 

in many ways (negative or positive). These inter-species and inter-kingdom 

interactions play a vital role in the stability and functioning of the community. 

Hence, microbial interactions must play an important role in the survival of poly-

extremophiles and should be considered crucial to understanding their survival.   

 

This thesis fills the knowledge gap present in the research of microbial interactions 

of poly-extremophiles by highlighting the role of microbial interactions in a poly-

extreme stress environment. To study the microbial interactions in a natural poly-

extreme environment, I studied the microbial communities in Lake Magic, an acid 

saline lake. Lake Magic, located in the south west of Western Australia, exhibits a 

unique environment of acidic and hypersaline waters. Moreover, the lake is dynamic 
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and undergoes stages of flooding, evapo-concentration and desiccation. This 

environmental fluctuation in the lake provide an excellent environment to study 

microbial interactions within poly-extremophiles.  

 

In this PhD thesis, I first studied the temporal dynamics of the community diversity 

to understand the community assembly, stability and interactions within the lake. 

Using next generation sequencing technologies, I deciphered how the community 

composition and diversity are correlated to varying stressors in the lake. Next, I 

applied culture-based approaches to isolate dominant taxa in the lake. Finally, I 

developed a high throughput method to measure microbial interactions in vitro, 

using the bacteria isolated from the Lake Magic samples. A bottom-up approach was 

implemented, via studying monocultures and co-cultures, to identify any ecological 

interactions occurring in order to develop a mechanistic understanding of 

community-based processes needed to survive in extreme environments.  

 

The temporal study of the lake revealed potential niche formation by inhabitants of 

the lake during high stress, evapo-concentration stages. These data indicated that 

Lake Magic is dominated by bacteria and not archaea. The temporal data for the lake 

sediment showed that selection for specific functional guilds occurs as the stress 

increases. Moreover, network analysis of the microbial community show that 

microbial interactions become more positive as the salinity and pH increase during 

the evapo-concentration stages.  
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Further, culture dependent techniques revealed a diverse community of viruses and 

bacteriophage in the lake water and sediment. TEM analyses indicated several new 

morphotypes of viruses residing in the lake. Extensive isolation efforts revealed that 

the culturable bacterial fraction in the lake is dominated by Salinisphaera and 

Halobacillus species. Finally, studying these isolates in a synthetic co-culture 

system, which closely mimicked the environmental conditions of Lake Magic, 

indicated the presence of positive interactions between the dominant culturable taxa. 

It is hypothesised that this positive interaction is a commensal relation that has 

occurred by chance and is not an evolved interaction.  

 

The findings of this thesis answer many essential questions in the interdisciplinary 

fields of microbial ecology and synthetic microbial ecology. These findings highlight 

the importance of studying microorganisms at the community scale and using these 

data in concert with culture and synthetic community approaches, to resolve 

potential survival strategies adopted by extremophiles.  
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Chapter 1 

Literature Review 
 

 

 
 

 
 

 
 

Preface 

This chapter provides a comprehensive literature review of the 
thesis topic and highlights the knowledge gaps that are 

addressed in the later chapters. 
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1.0 The fundamentals of microbial community interactions 

Microbial species in nature are rarely seen in isolation as they exist and function in concert 

in interactive units known as ‘microbial communities’ or ‘assemblages. These communities 

are highly diverse and dynamic (Widder et al., 2016). Their Individual members interact 

with each other and directly influence the growth and survival of all the constituent 

members (Zengler and Zaramela, 2018), which ultimately drives the community 

composition, stability and its functions (Ratzke and Gore, 2018; Piccardi et al., 2019). 

Therefore, these basic microbial interactions have fundamental impacts in a range of fields 

where microbial community function is essential to ecosystem services, including 

agricultural production, environmental biotechnology and microbial based solutions in 

medicine. Current applications in these fields include the development of multi-species 

assemblages for human microbiome dysbiosis,  soil augmentation to improve agricultural 

productivity and enhanced microbial based waste recycling systems (De Roy et al., 2014; 

Widder et al., 2016; Piccardi et al., 2019). Hence, developing an understanding of the 

nature and function of these interactions is essential.  

 

Microbial interactions are classed as cooperative (positive), such as when organisms 

provide different components of community functions. For example, the transfer of genes 

between cells in a community bring them an advantage over other competing strains. 

However, interactions can also be non-cooperative (negative), such as predation by viruses, 

which can impact microbial ecosystem functions in a deleterious way. The types of 

interactions are summarized in Figure 1.1. The cooperative interactions include mutualism, 

symbiosis and commensalism. For example, these can be seen in bacterial biofilms, where 

diverse bacterial species cooperate to confer antibiotic resistance (Rodriguez- Martinez et 

al., 2006). Cooperative interactions  facilitate the partners to access substrates that neither 

microbe could metabolize alone (Seth et al., 2014). Positive interactions occur via a number 
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of mechanisms including cross-feeding of by-products produced by one of the partners 

known as ‘Syntrophy’ (Sieber et al., 2012) or through production of ecosystem services (for 

example iron scavenging molecules) that are beneficial to the microbe and the surrounding 

community (West et al., 2006; Widder et al., 2016). Non-cooperative interactions include 

amensalism, competition, predation and parasitism (Figure 1.1). Non-cooperative 

interactions often involve secretion of chemicals which provides an advantage to the 

producer, usually for a better chance of survival. Such an example is the Lactobacilli 

secreting acids which lower the pH of their surrounding environment and is detrimental to 

the other species, usually resulting in exclusion of partner species (Gause, 1934).  

 

 

Recently, studies of the dynamics of microbial interactions have shown two additional 

categories of microbial interactions: neutral and cheating. For neutral interactions there is 

no interaction between the different members of the community (Boon et al., 2014),  

whereas cheats are mutants that have lost the ability to produce a key compound that is 

produced by the wild type. Cheats exploit the groups’ beneficial compounds without giving 

anything back (Cordero et al., 2012; Raymond et al., 2012; Rainey and Rainey, 2003; Griffin 

et al., 2004). The name ‘Cheats’ has a very negative connotation for these community 

members, but evidence suggests  that cheats can equalize fitness differences between 

species in a community by compromising the fitness of their own species (Leinweber et al., 

2017). According to ecological theory, multiple species can only coexist if intra-specific 

competition exceeds inter-specific competition (Chesson, 2000). Thus the intra-specific 

competition increases due to cheating likely creates a stabilizing fitness effect and 

promotes biodiversity within a mixed species community (Leinweber et al., 2017).  
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Figure 1.1: Types of interactions between microorganisms. (Cooperative) 
Mutualism: When both the partner organisms are benefiting from each other in an 
obligatory relationship. Cooperation: When both the partner organisms are 
benefiting from each other in an optional relationship. Commensalism: When one 
of the partner organisms is benefiting from the relationship without harming the 
other member. The example shows a photolithotroph and a sulphur reducer in a 
mutual relationship. (Non-Cooperative) Amensalism: When one of the partner 
member gains benefit at the cost of another member’s health. Competition: (a). 
When partners in a community compete for limited resources and settle without 
exclusion of either of species (b). When one of the species competing for limited 
resources out compete the other member (in this case species B), this may result in 
complete exclusion of one of the species. Predation: When one partner is a 
predator and the other prey. Parasitism: When one member acts as a parasite and 
lives at the expense of the other member called the host, it may harm the host in 
the process. The example is of a bacteriophage that uses the host machinery to 
replicate, the bacterial cell is lysed, and viruses are set free killing the bacteria in 
the process. 
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Microbial communities in natural environments are typically exposed to fluctuations in 

both biotic (interaction with other microorganisms) and abiotic factors (pH, temperature, 

nutrients) (Pekkonen et al., 2013). To maintain ecosystem stability, these communities can 

communicate and interact with each other, and also the environment, through 

unidirectional or complex exchange of biochemical cues. Many of the microbial interactions 

in nature involve the uptake and excretion of small molecules, produced and degraded by 

metabolic networks encoded within each organism. Metabolic interactions take place via 

diffusible molecules, such as cross-fed metabolites and quorum sensing. These interactions 

usually do not require a direct physical contact between the interacting partners 

(Wintermute and Silver, 2010a; Hibbing et al., 2010; Moutinho et al., 2017). These 

interactions include secreted resources produced by neighbouring individuals. Further, 

community members can communicate at different levels, including inter-kingdom or inter-

species interactions. For example, prokaryotes can interact with eukaryotes and viruses can 

interact with bacteria (Inter-kingdom), whilst, the majority of  bacterial species interact 

with other bacterial species (inter-species) (Caumette et al., 2015). The dynamics of these 

communications are often complicated with even the most basic interaction between two 

microbes being highly intricate. Overall, the interplay of microbial communities involving 

cooperative and non-cooperative interactions play important roles at the cellular and 

community level and create a robust and resilient community (Dolinšek et al., 2016). 

 

1.1 Environmental fluctuations vs microbial interaction 

Microbial species within communities affect each other in many ways through positive and 

negative interactions, however, it is unclear whether certain environmental conditions 

promote one form of interaction over another (Hammarlund and Harcombe, 2019). 

Extreme high or low concentrations of environmental factors (temperature, salinity, pH, 

availability of nutrients etc.) impose stress within the microbial community, with this stress 
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likely influencing key community properties. Since environmental fluctuations in nature are 

common, it is important to understand how the nature and frequency of such 

environmental changes can affect key community properties related to ecosystem 

functions, such as species’ stability, abundance and their interactions (Rodríguez-Verdugo 

et al., 2019).  

 

Understanding the role of environmental fluctuations is rooted in traditional ecology: the 

‘Stress Gradient Hypothesis’ (SGH) being commonly applied to interactions studies. The 

SGH provides a framework to predict when positive and negative interactions should be 

observed and has been applied in many studies to predict the nature of interactions (Li et 

al., 2013; Fetzer et al., 2015; Hoek et al., 2016; Lawrence and Barraclough, 2016; Piccardi et 

al., 2019; Ratzke et al., 2020). Originally applied to plant species, the hypothesis predicts 

that positive interactions should be more prevalent under stressful conditions, whilst, 

permissive environments should favour competition (Piccardi et al., 2019). Whilst many 

studies using SGH have helped predict the nature of microbial interactions, it is still to be 

tested for natural microbial communities.  

 

Recently, it has become clear that not only the magnitude of the stress is important, but 

also its frequency (Rodríguez-Verdugo et al., 2019). Ecological theory predicts that 

intermediate frequencies of disturbance in the environment will maximise species’ 

diversity and abundance.  The ‘Intermediate Disturbance Hypothesis’ states that species 

diversity should be higher at intermediate frequencies and/or intensities of disturbance 

(Connell, 1978). However, this hypothesis assumes that the interaction between species 

does not change in time and that competition is the predominant type of interaction. 

Interestingly, results from recent studies indicate that environmental fluctuations and 

frequency of stress can profoundly impact the ecological dynamics and properties of 
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microbial communities and their interactions (Dolinšek et al., 2016; Rodríguez-Verdugo et 

al., 2019). Thus, it is clearly important to link the magnitude and frequency of 

environmental fluctuations with microbial interactions in a community, to decipher to what 

extent temporal changes in the environment shape population dynamics in microbial 

communities. Finally, linking the magnitude and frequency of environmental fluctuations 

with microbial interactions leads to another concern: can we really gain insight into 

complex communities from studying simple microbial interactions and stressors? Recently, 

it has been observed that all microbial communities follow general assembly rules 

(Friedman et al., 2017). Thus, by studying simple communities in the lab, usually their 

pairwise interactions, we should be able to predict more complex communities (Friedman 

et al., 2017; Ratzke et al., 2020).  

 

1.2 Synthetic microbial ecosystems (SMEs) 

The increasing interest in deciphering the fundamental rules of microbial interactions has 

given rise to the field of ‘Synthetic Microbial Ecosystems’ (Brenner et al., 2008; Lindemann 

et al., 2016; Zomorrodi and Segrè, 2016; De Roy et al., 2014; Bacchus and Fussenegger, 

2013; Großkopf and Soyer, 2014; Chuang, 2012; Mee and Wang, 2012; Wintermute and 

Silver, 2010b; Momeni et al., 2011). By definition, “SME is a collective term for all rationally 

designed ecosystems that are created by a bottom up approach, where two or more 

defined microbial populations are assembled in a well characterized and controlled 

environment” (De Roy et al., 2014). SMEs have significant advantages over natural 

communities for the study of microbial interactions, as they allow a high degree of 

experimental control and replication. Moreover, they afford a mechanistic understanding 

of interspecies interactions (De Roy et al., 2014) and these data can be used to predict the 

structure and complexity of assemblages, and ultimately allowing us to understand how 

these communities form.  
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Studying metabolic interactions in synthetic microbial communities requires relatively 

sophisticated tools and methods (Ponomarova and Patil, 2015) and usually involve the  use 

of both culture dependent and culture independent techniques (Figure 1.2). Culture 

independent techniques such as metagenomics and  transcriptomics are often coupled 

with metabolomics (e.g. using labelled isotope substrates), or techniques such as imaging 

mass spectrometry, fluorescence in situ hybridization and/or electron microscopy (Ju and 

Zhang, 2014; Cruz-López and Maske, 2015; Volland et al., 2018), a comprehensive list being 

given in (Table 1.1)., with the dominant methods being shown in  (Figure 1.2).  
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Figure 1.2: Current techniques to study synthetic co-culture systems. (A) Petri dish 

co-culture, either of the microorganisms is generally grown on the other 
microorganisms spent media. The interaction is deciphered with how well the 

microorganisms grow on the petri plate. The spent media can then be analysed with 
spectrometry techniques of choice. (B) Co-culture system divided with a semi-

permeable membrane; this system allows microorganisms to be physically separated 
but can interact via metabolic exchange. The exchange of cues can be tracked using 

labelled substrates. (C) Microfluidic systems, here the microbes are usually encased 
in droplets or beads and incubated together. Different populations can be separated 

with a fluid system through this technique. (D) Microbes can be attached to a solid 
support in layers. (E) Bioreactor systems. (F) Transwell system where 

microorganisms feed through a common pool but are physically separated. (G, H) 
Cells adhered to a solid surface with exchange of gases (G) or in a gel (H). Growth 

of microorganisms can be measured with simple techniques such as recording the 
optical density (OD) or in-depth study can be carried out with omics techniques. 

Adapted from Goers et al., (2014). 
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Co-culture 
technique 

Ecosystem Microorganism(s) Analysis technique Reference 

Microfluidic co-
culture 

Bacterial cancer 
targeting  

Salmonella typhimurium Fluorescence expressed by 
labelled bacteria  

(Hong et al., 2013) 

Co-culture Metals working 
fluid community 

Agrobacterium tumefaciens, Comamonas 
testosteroni, Micobacterium saperdae and 
Ochrobactrum 

OD600, CFU/ml, mathematical 
modelling 

(Piccardi et al., 
2019) 

Co-culture Synthetic 
community 

Actinobacter johnsonni C6 and 
Pseudomonas putida 

OD600, CFU/ml, mathematical 
modelling 

(Rodríguez‐
Verdugo et al., 
2019) 

Flow device with 
micro sieve and 
micro dish  

E.coli  population E.coli Florescence microscopy (Hesselman et al., 
2012) 

Microfluidic 
device 

Soil Azotobacter vinelandii, Bacillus 
licheniformis and Paenibacillus 
curdlanolyticus 

Epifluorescence microscopy (Kim et al., 2008) 

Microfluidic 
device (aqueous 
micro droplets 
dispersed in oil 
phase) 

E.coli and E.coli 
mutants 

E.coli Florescence microscopy (Park et al., 2011) 

Microcosm co-
culture  

Experimental 
communities  

Pseudomonas fluorescens and 
Pseudomonas aeruginosa and their phage 
parasites 

Population density (CFU/ml 
against time) 

(Brockhurst et al., 
2006) 

Microcosm co-
culture 

Cellulose degrading 
mixed culture 

Clostridium 
straminisolvens CSK1, Clostridium sp. 
strain FG4, Pseudoxanthomonas sp. strain 
M1-3, Brevibacillus sp. 

Measurement of qPCR and 
cellulose degradation activity  

(Kato et al., 2005) 
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strain M1-5, and Bordetella sp. strain M1-6 

Spent media on 
petri dish 

Synthetic consortia Salmonella enterica, Escherichia coli. Gas chromotography/Mass 
spectrometry (GC-MS) 

(Harcombe et al., 
2018) 

Microcosm 
separated by a 
semi-permeable 
membrane 

Synthetic 
community 

Enterobacter sp. and a Pseudomonas sp., Raman spectroscopy and flow 
cytometry  

(Heyse et al., 2019) 

Micro-fluidics 
droplets 

Synthetic 
community 

B. subtilis, E. coli and S. typhimurium 
strains 

Florescence microscopy (Hsu et al., 2019) 

Co-cultures on 
petri dishes 

Synthetic 
community 

Bacillus 
subtilis, Streptomyces coelicolor, 
Mycobacterium smegmatis, and 
Pseudomonas aeruginosa 

Nanospray 
desorption electrospray 
ionization (nanoDESI) Mass 
Spectrometry 

(Watrous et al., 
2012) 

96 well plate co- 
culture  

Human gut 
community 

B.hydrogenotrophica, F. prausnitzii, 
C.aerofaciens, P.copri, E. rectale, and D. 
piger. 
B. uniformis, B.vulgatus, 
B. thetaiotaomicron, B. ovatus, 
C. hiranonis and E.lenta 

LC-MS/MS 
Optical density  
 

(Venturelli et al., 
2018) 

Co-culture in 
stationary bottles  

Human gut 
community  

Roseburia intestinalis, Faecalibacterium 
prausnitzii and Blautia hydrogenotrophica 

Optical density, HPLC, 
Transcriptomics  

(D’hoe et al., 2018) 

Co-culture Synthetic 
community 

33 bacterial strain community Optical density, 16S rRNA 
gene sequencing  

(Cairns et al., 2018) 

Co-culture Synthetic 
community  

Salmonella typhimurium and E.coli HPLC (Harcombe, 2010) 

Microcosm  Aquatic bacterial 
community 

16 bacterial isolates cultured from rain 
filled depression roots of beech tree 

Flow cytometry, Terminal 
restriction fragment length 

(Rivett et al., 2016) 
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polymorphism profiling 
(TRFLP) 

Co-culture Soil bacterial 
community  

Microbacterium oxydans, Xanthomonas 
retroflexus, Stenotrophomonas rhizophila, 
and Paenibacillus amylolyticus 

pH measurement via micro 
sensors 

(Herschend et al., 
2018) 

Co-cultures in 
flasks  

Synthetic 
community 

Saccharomyces cerevisiae and Rhizobium 
etli 

CFU measurement, Molecular 
analysis (gene sequencing) 

(Andrade-
Domínguez et al., 
2014) 

Microcosm Isolates from beech 
tree hole 

Mucilaginibacter sp, Flavobacterium sp, 
Sphingomonas faeni, Yersinia ruckeri, 
Pseudomonas veroni, Pseudomonas sp, 
Pseudomonas trivialis, Novosphingobium 
sp, Chryseobacterium sp, Rhodococcus sp, 
Pedobacter sp 

Optical density  (Fiegna et al., 
2015) 

Solid and liquid 
co-culture 

Synthetic 
community  

Acinetobacter baylyi and Escherichia coli Fluorescence microscopy  (Pande et al., 2016) 

Co-culture  Isolated from roots 
of beech tree hole  

Isolates form families: 
Sphingobacteriaceae, Flavobacteriaceae, 
Enterobacteriaceae, Pseudomonadaceae 
and Sphingomonadaceae 

Nuclear magnetic resonance 
(NMR) spectroscopy, Optical 
density  

(Lawrence et al., 
2012) 

Co-cultures in 
flasks  

 Serratia marcescens and 
Novosophingobium capsulatum 

CFU (Pekkonen et al., 
2013) 

Co-cultures on 
solid agar with 
designed stamping 
mechanism 

Human lung 
isolates  

P. aeruginosa, P. aeruginosa, 
Haemophilus influenza type B, 
Haemophilus 
parainfluenzae and Staphylococcus aureus  

Microscopy  (Liu et al., 2017) 

Co-culture plate 
separated by semi-
permeable 

Synthetic 
community  

Pseudomonas aeruginosa and 
Burkholderia cenocepacia, 

Optical density  (Moutinho et al., 
2017) 
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membrane 

Chemostat and 
flow chamber co-
culture 

Cellulose degrading 
mixed culture 

Pseudomonas putida and Acinetobacter Microscopy, HPLC (Christensen et al., 
2002) 

Co-culture in 12 
well plate 

Synthetic 
community  

Clostridium sp., Lactobacillus intestinalis, 
Lactobacillus murinus, Eubacterium 
plexicaudatum, Pseudoflavonifractor sp., 
Parabacteroides goldsteinii 

Optical density, qPCR (Medlock et al., 
2018) 

96 well Transwell 
system  

Synthetic 
community  

Chromobacterium violaceum wild type and 
mutant, Burkholderia thailandensi, 
Pseudomonas syringae 

Reverse-phase 
chromatography, Hydrophilic 
interaction liquid 
chromatography 

(Chodkowski and 
Shade, 2017) 

Co-culture in 
flasks 

Soil bacterial 
community  

Pseudomonas aurantiaca, Pseudomonas 
chlororaphis, Pseudomonas citronellolis, 
Pseudomonas fluorescens, Pseudomonas 
putida, Pseudomonas veronii, Serratia 
marcescens 

Optical density  (Friedman et al., 
2017) 

Batch co-culture 
bioreactor  

Synthetic 
community  

Chlorella sorokiniana and Saccharomyces 
cerevisiae 

qPCR, CFU/ml against time,  (Naidoo et al., 
2019) 

Table 1.1: Summary of co-culture studies derived from a range of ecosystems using various techniques.
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1.3 The use of SMEs to study microbial interactions 

SMEs have been used to assess stress in various microbial communities. In a study 

by Wittebolle  and collegues (2009) a synthetic ecosystem was used to investigate 

the effect of salinity on the functionality of an 18 member denitrifying bacterial 

community. They carried out experimental manipulations of both richness and initial 

evenness for synthetic microcosms using the 18 members. After testing 1000 

microcosms of varying salinity stress and diversity, they found that low biodiversity 

communities were less resistant to salinity stress than the high biodiversity 

communities, the latter retaining their functionality by producing a variety of 

microbial interactions. In another study, Piccardi and colleagues (2019) studied the 

effect of environmental toxicity and resource availability on a synthetic community 

of four species isolated from toxic industrial waste. The growth of all monocultures 

and pairwise cultures were compared over time and positive interactions were found 

to be dominant in more stressful environments. Similarly, in a study by Rodriguez 

and colleagues (2019), the effect of the rate of environmental fluctuations (in this 

case the source and concentration of carbon substrate) upon the ecological dynamics 

was studied within two species consortia. It was observed that the interactions 

between the two species shifted from exploitation to competition when the carbon 

source was changed.  

 

Another recent study by Moutinho et al., (2017) developed a co-culture plate which 

consisted of a vertically oriented membrane that allowed the microbes to interact 

without physical contact. The plate is compatible with any standard plate reader 

which allows the study of the dynamics of the cultures in real time. Several more 

examples of the use of synthetic ecosystems to study microbial communities are 
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summarised in Table 1.1. Hence, SMEs designed to study microbial community 

dynamics and their interaction are widely applied to synthetic and natural 

communities. Although many studies address the question of environmental 

fluctuations and their relationship with microbial interactions, only a limited amount 

of research has been carried out for extremophiles and poly-extremophiles. 

 

1.4 Living on the edge 

In recent years, a considerable interest has been generated in studying life within 

extreme environments. This area of research has emerged as one of the most exciting 

fields of science, with key questions relating to the mechanisms for survival at the 

limits of life. Extreme environments are usually comprised of one, or a combination 

of, extreme pH, temperature, salinity, low nutrients and oxygen deprivation. These 

environments range from inside the Earth’s crust, hydrothermal vents, acid mines 

through to acid saline lakes. In the early 1960s, microbial life that thrives in these 

extreme environments was termed ‘Extremophilic’ (Rampelotto, 2013). It is well 

established now that microbes can not only survive in these environments, but many 

of them have extreme physiological requirements in order to thrive.  

 

Extremophiles are found in all domains of life; Bacteria, Archaea and Eukarya. 

Extremophiles are classified according to the environment they reside in, such as 

halophiles being organisms that live in high salt conditions and thermophiles being 

organisms that live in extremely hot environments. Microbes tend to be classified as 

obligate extremophiles, where they can only survive in the extreme environment, or, 

facultative extremophiles which can survive equally well in a low stress 

environment. However, some taxa are poly-extremophiles and can survive in 
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environments having multiple stresses (for example acid saline lakes) (Rampelotto, 

2013). Studying these microorganisms has implications for understanding the origin 

of life, which arose under extreme conditions, as well as studies concerning life on 

other planetary and celestial bodies (Merino et al., 2019). Over previous decades 

many poly-extremophiles have been isolated, and various extreme microbial 

communities have been identified using culture independent approaches (Babu et al., 

2015; Coker, 2016; Durvasula and Rao, 2018; Merino et al., 2019) providing clues 

for long standing questions regarding the origins and evolution of life (Caumette et 

al., 2015).  

 

1.5 Poly-extreme environments in WA 

Several unusual acidic hypersaline lakes are present in the arid and semi-arid regions 

of Southern Western Australia (WA). These ephemeral lakes are characteristically 

poly-extreme ecosystems, with pH ranging from 1.7 to 4.5 in tandem with salinity 

seven times that of sea water (Bowen and Benison, 2009; McArthur et al., 1991). 

These lakes were first reported by Gregory (1914) and their acidity and salinity was 

recognized by Mann in 1983. In 1989 and 1991 McArthur and colleagues first 

reported the pH, salinity and the major and minor ions in acid saline lakes and 

ground waters near Salmon Gums. 

 

WA lakes are atypical acidic hypersaline lakes and differ from other acidic 

hypersaline lakes found in Chile or the Murray River Basin in Victoria, as they are 

not fed by volcanic or hydrothermal waters (Risacher et al., 2002). Neither are they 

in direct contact with large sulphate deposits, the processes responsible for their 

geochemistry being still poorly understood, but is has been suggested that ferrolysis 
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is a main source of acidity (Benison and Bowen, 2015). Currently, it is suggested 

that the combination of acidity and high salinity requires an unusual set of 

conditions, including a clear source of acidity and a lack of natural buffers, in 

tandem with an arid climate (Benison and Bowen, 2015). A combination of other 

processes, such as lithology, minerology, weathering, constituent organisms and time 

is also thought to play a role in generating the unique conditions in WA’s acid saline 

lakes (Bowen and Benison, 2009). For example, the role of acidophilic 

microorganisms as a source of secondary acidification cannot be ignored (Zaikova et 

al., 2018). In many of the lakes within WA, iron crust sediments, Fe(III) mineral K-

jarosite and Schwertmannite are found, indicating products generated by 

microbiological oxidation or ferrolysis of Fe-sulphides (Lu et al., 2016). Literature 

available on acid saline lakes, such as Lake Gneiss, has indicated that 

microorganisms native to the lake may be active in sulphur transformations and may 

be responsible for formation of sulphur minerals (Johnson et al., 2015). However, no 

comprehensive study has been carried out as yet.  

 

1.6 The Yilgarn Craton of Western Australia 

The Yilgarn Craton, located in the Southern WA, is a large area (ca. 1.78 million 

km2) comprised of highly weathered and diverse Archean (ca. 4 to 2.5 billion years 

old) igneous and metamorphic rocks, including granite, gneiss, ironstone, quartzite 

and anorthosite. The Yilgarn Craton is home to hundreds of lakes with their pH 

ranging from highly alkaline to highly acidic. Some lakes are lined by young 

sediments, whilst others are in direct contact with the underlying Archaean bedrock 

(Benison and Bowen, 2006). These lakes are small (~ 1km in diameter), shallow (< 

0.5m deep), saline (ca. 60-280% TDS) and are rich in Mg-Cl-SO4 ions. Most lakes 



 

 18 

also have a high concentration of Al, Fe, Br and a variable amount of Ca and K. 

Regardless of the lake water pH, they all have extremely acidic groundwater. The 

size, shape, depth and water geochemistry of these lakes are all dependent upon local 

climate and seasons (Benison and Bowen, 2006). Moreover, these lakes are dynamic 

and undergo repeated stages of flooding, evapo-concentration and desiccation. 

Hence, Yilgarn Craton lakes provide a unique ecosystem in which to study poly-

extreme environments and their microbiology.  

 

1.7 Lake Magic: An extreme acid saline lake  

Lake Magic is one of the most extreme of the ephemeral acid saline lakes in WA. It 

is located on the Yilgarn Craton, 4 km northeast of the town of Hyden and is a small 

ca. 1 km diameter round lake (Figure 1.3). The lake has a unique geochemistry, with 

lake water pH ranging from 4.5 to 1.6 and a maximum salinity of 32% total 

dissolved solids (TDS). Moreover, the lake consists of high concentrations of 

aluminium and iron, reaching 1774331 mg/L and 510 mg/L, respectively (Zaikova et 

al., 2018). Solar radiations are also high in Western Australia, averaging 15 MJ/m2 

(typical values for daily solar radiation in Australia range from 1 to 35MJ/m2, 

Australian Government Bureau of Meteorology, 2013) causing  lake water 

temperatures to range between 0°C to 50°C, with the regular diurnal temperature 

ranging from 20°C to 30°C (Benison et al., 2007).  
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Figure 1.3: (A) Lake Magic flooded with clear blue water. (B) Lake Magic late 
evapo-concentration stage with yellow water and precipitation of halite. (C) Satellite 
view of Lake Magic. (Satellite image taken from Google maps). 
 
 
 
 
 
Similar to other lakes in the Yilgarn Craton, Lake Magic also undergoes flooding, 

evapo-concentration and desiccation stages. These stages are dependent on local 

rainfall and weather patterns. During rainfall the lake is flooded (Figure 1.4, stage 

i), having clear blue water and a low salinity. The pH at this stage typically ranges 

from 4 to 4.5 and the ground water level is high. Ground water contains a high 

concentration of metals, and the top part of the lake is rich in oxygen. It is 

hypothesised that microbes reside in the lake water at this stage as it is rich in 

oxygen and nutrients, when compared to the lake sediment (Conner and Benison, 

2013).  

(A) (B) 

(C) 
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During the hot summer season (December-March) the lake water evaporates, and 

ground water levels fall, which causes metal species to be oxidised and a 

concomitant water change to a yellow hue with halite precipitating on the shore. This 

stage is called evapo-concentration and has a pH of about 2 to 2.5 with an increase in 

salinity (Figure 1.4, stage ii). Depending on the local seasons, the lake may be 

flooded again following evapo-concentration, or if the summer is prolonged, it turns 

into a desiccated lake. During re-flooding, the oxidised ions dissolve in the ground 

water when its level rises (Figure 1.4, stage iii).  

 

When the lake is desiccated, ions in the ground water rise to the lakebed and form a 

salt mat on the sediment surface (Figure 1.4, stage iv). At this stage, it is 

hypothesised that microbes reside within the halite fluid inclusions in a dormant 

stage (Conner and Benison, 2013). This can be a long-term survival strategy for 

some of the microbial taxa, which subsequently become resuspended in the lake 

water once the flooding stage is restored.  
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Figure 1.4: Lake Magic stages that are regulated by the local seasons. (i) Depicts the 
flooding stage where the groundwater level is high and rich in metals. The top part of 
the lake is rich in oxygen and microbes reside in the lake water and sediment. (ii) 
Evapo-concentration stage when the water is concentrated and ground water level 
decreases oxidising the metals during the hot summer season. (iii) If the lake 
becomes flooded again the oxidised metals are dissolved in the groundwater as ions 
which then rise to surface (iv) These ions forms a superficial layer of salts such as 
hematite, halite and jarosite. This is the desiccations stage where the microbes are 
thought to reside in the halite fluid inclusions. Adapted from Conner and Bension 
(2013). 
 

 

During the span of sampling within this PhD (July 2017 – June 2018), the lake was 

mostly flooded. It underwent evapo-concentration for only a short time of 4 months 

during summer. The lake water colour changed from clear blue (flooded) to yellow 

(extreme evapo-concentration), and bedded halite formation was observed. Due to 

unseasonal rains in that year, complete desiccation was not observed.  

 

The microbial diversity of Lake Magic sediment and water samples have been 

studied previously (Mormile et al., 2009; Conner and Benison 2013; Zaikova et al., 

2018). Interestingly microbial ecology studies of Lake Magic, and those of similar 

lakes, have shown a striking diversity of microorganisms (Mormile et al., 2007; 

Johnson et al., 2015; Zaikova et al., 2018). However, it is not known how these 
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microbes’ diversity and functions change during the lake stages. Lake Magic is home 

to diverse extremophiles, including highly acidophilic, acidotolerant, as well as 

halotolerant and halophilic species (Oren, 2005; Zaikova et al., 2018) within the 

Archaea and Bacteria. These microorganisms are equipped with unique 

physiological adaptations to cope with the stressful environment of the lake (Zaikova 

et al., 2018; Johnson et al., 2015; Conner and Benison, 2013; Mormile et al., 2009; 

Mormile et al., 2007). Zaikova et al., (2018) recently reported that Lake Magic water 

mostly comprised of eukaryote sequences, particularly fungi and, to a lesser extent, 

green algae. Petrography and Raman spectrometry analysis on Lake Magic fluid 

inclusions in the halite revealed trapped prokaryotes, algae and beta carotene 

(Conner and Benison, 2013).  

 

In addition to eukaryotes and prokaryotes, hypersaline environments close to 

saturation harbor the highest density of virus like particles reported for aquatic 

systems. Within the lake,  viruses are likely the major biological agents of bacterial 

mortality, driving the evolution and biogeochemistry of the microorganisms in the 

lake (Guixa-Boixareu et al., 1996) as they  likely represent the only significant 

bacterial predators (Pedros-Alio et al., 2000). Ultimately, viruses play a crucial role 

in biogeochemical cycling of various ecosystems, shaping microbial community 

structure and metabolism, by mediation of mortality and genetic mobility (Bruder et 

al., 2016). Thus, acid saline lakes also offer a unique prospect for studying virus-host 

interactions in nature. With increasing interest in viruses and their diversity, there is 

still a large gap in knowledge regarding viruses in extreme environments, and, 

almost no knowledge regarding viruses from acidic hypersaline conditions.  
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1.8 Scientific rationale for the PhD thesis 

From the literature discussed above it is evident that microbial interactions have a 

crucial role in community stability, assembly and function.  These interactions can 

be impacted by their surrounding conditions,  such as previous studies reporting pH 

as a driving factor of the diversity and composition of microbial communities, more 

than any other environmental factor (Filippidou et al., 2019 and references herein). 

In order to survive, all organisms need to maintain near neutral pH within their 

cytoplasm, so their enzymatic and metabolic reactions can function normally. To 

survive in extreme acidic environments, microorganisms are known to change their 

environment’s pH by excreting organic and ionic compounds in their external 

environment (Herschend et al., 2018). Similarly, salinity is another major factor that 

determines the microbial composition in an environment caused by a wide range of 

ions including Na2+, Cl-, SO42-, Ca2+and Mg2+ ions (Oren, 2013). Microorganisms 

that live in hypersaline environments, either accumulate K+ ion in their cytoplasm to 

survive, or, they exclude salts by synthesizing organic solutes such as polyols, amino 

acids and sugars. A good understanding of survival strategies of extremophiles has 

been developed in recent years, however, the combined co-stress of pH and salinity 

and its effect upon biotic interactions acting in tandem has received little attention.  

 

To have a thorough understanding of microorganisms in these environments it is 

essential that a combination of culture dependent and independent techniques be 

used. Most importantly, the role of microbial interactions in community assembly 

and stability should not be overlooked. Fundamentally, this thesis hypothesises that; 

‘Cooperative interactions generate stability in a stressed environment’ Lake Magic 

provides an ideal opportunity to study this overarching hypothesis and to work 
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toward resolving microbial interactions that have a fundamental role in their survival 

strategy.   

 

1.9 Aims and thesis structure 

As highlighted above, the community assembly and stability of microbial communities has 

not been studied in a poly-extreme environment. This thesis serves to fill several 

knowledge gaps and provides new insights into how interactions between microorganisms 

living in a poly-extreme environment can contribute to their survival. Specifically, this thesis 

fills knowledge gaps regarding the diversity and dynamics of key taxa within unique poly-

extreme environments, from both culture independent and dependant standpoints. It 

further addresses the influence of interactions at both the population and single taxa 

levels. The main aim of this research is to deconstruct a specialised poly-extreme 

environment, characterise the major taxa present and determine if any interspecies 

interactions are prevalent during cyclical stress periods, as a basis for understanding 

survival in this unique environment. To the best of my knowledge, this is the first study to 

map population and isolated taxa interactions in a poly-extreme environment. 

 

The primary aims of this PhD thesis are as follows: 

Aim 1: To develop and validate improved methodologies for studying the 

microbiome in acidic hypersaline environments to facilitate more robust and reliable 

data for poly-extreme environment research. 

 

Aim 2: To decipher the diversity and functional dynamics of the resident microbial 

communities during the key physical and biological phases of the lake, equating to 

discreet stress conditions which appear as regular cycles.  
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Hypothesis: 

Increase in stress will lead to an increase in positive interactions between key 

community members which will facilitate their survival. 

 

Aim 3: To cultivate and characterise the prokaryotic community and their likely 

mortality agents (bacteriophages) within the poly-extremophile system as prelude to 

interaction studies with key culturable components. 

Hypothesis:  

The microbial community residing in Lake Magic is novel. Viruses will be abundant 

and a major source of mortality for key taxa within this poly-extreme environment.   

 

Aim 4: To design systems to assess the role of key species’ interactions, which may 

aid survival of key taxa within the system, using synthetic community approaches. 

Hypothesis: 

Co-culturing common resident species will lead to positive interactions, as 

demonstrated by enhanced growth, as the environment becomes more stressed.  
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This thesis is organised into 4 research chapters. Each chapter sets out to address a 

key hypothesis relating to overarching aims of the thesis, as indicated in Figure 1.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 1.5: Representation of research aims and where they are addressed in the 
thesis. Colours represent the four experimental chapters.  
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method for microbiome studies in 
acidic hypersaline environment 

 

Understanding the temporal dynamics 
of microbial communities in fluctuating 

environmental conditions of Lake 
Magic 

Understanding the Lake Magic 
microbial community using cultivation 

approaches for bacteria and viruses 

Development of a method to study microbial 
interactions in a robust and efficient way and 

understanding the nature of microbial interactions, if 
any 

 
-Study microbial interactions using bacterial isolates, 
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Chapter 2 

Optimising DNA Extraction Methods for 
Microbiome studies in Acidic 

Hypersaline Environments with Low 
Microbial Biomass and Extreme 

Geochemistry 
 
 
 
 
 

 
 
 
 

Preface 

This chapter addresses Aim 1 of this thesis which seeks to 
develop and validate improved methodologies to enhance 

microbiome studies in acidic hypersaline environments  
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2.0 Introduction 

The field of microbial ecology has advanced significantly in previous decades, with 

the adoption of molecular approaches and next-generation sequencing (NGS) 

technologies. This has helped address fundamental questions about the diversity, 

composition and function of microbial communities in many environments (Johnson 

et al., 2015; Nagarkar et al., 2018; Zaikova et al., 2018). Whilst these techniques are 

high throughput, high resolution and not subject to biases associated with culture 

approaches, they can be compromised by issues associated with the quality and 

quantity of extracted nucleic acids. Issues of poor DNA extraction efficiency due to 

confounding chemistry, together with low target biomass can lead to skewed 

community DNA representation in final extracts. Therefore, there is a requirement to 

assess current DNA extraction methods within poly-extreme environments and 

modify protocols as necessary to maximise the accuracy of microbiome studies in 

extreme ecosystems. 

 

Physico-chemical characteristics of environmental samples interact with DNA 

extraction methods, producing variable disruption efficiencies of cells and sub-

optimal removal of contaminants (Hugerth and Andersson, 2017). Subsequently, the 

use of non-optimised methods for DNA extraction in any given environment can 

underestimate the presence of certain taxa in the community profile (Hugerth and 

Andersson, 2017). Moreover, co-extraction of biomolecules and organic acids can 

inhibit the amplification of DNA, causing amplification bias and sample failures 

(Weiss et al., 2014; Walker et al., 2015). It has also been established recently that 

DNA extraction kits can be a source of contamination in microbiome studies, which 

is particularly problematic for samples harbouring low biomass (Weiss et al., 2014).  
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The extraction of nucleic acids is especially challenging for acidic hypersaline 

environments owing to their low biomass, high concentration of heavy metals (e.g. 

jarosite, hematite, iron, aluminium and silica) and large amount of clay. Previously, 

microbiome studies reported for environments similar to acidic hypersaline 

environments have used commercial DNA extraction kits to extract DNA, either by 

following the manufacturers protocol, or, with slight modifications to produce more 

yield (Direito et al., 2012; Johnson et al., 2015; Zaikova et al., 2018; Aerts et al., 

2019). Although commercial kits provide an efficient, quick and standard sample 

processing protocol to obtain a good yield of DNA (Dineen et al., 2010), the range of 

kits optimised for any environment is limited, especially for those having different 

mineralogies. For example, in acidic hypersaline environments, clay adsorbs organic 

molecules including both DNA and RNA. Whilst clay protects nucleic acids against 

enzymatic digestion (Aardema et al., 1983; Saeki and Sakai, 2009; Direito et al., 

2011) it presents a key challenge of extracting sufficient quantity of nucleic acids 

from clay rich acid saline environments. All previous studies using extreme 

environment samples have used commercial MoBio DNA extraction kits, optimised 

for soil, and lack a definitive protocol that can be used in other extreme 

environments. Given the unique qualities of samples from acidic hypersaline 

environments, and the inherent problems with DNA yield, there is a need to develop 

a standard protocol to fill this knowledge gap.  

 

This chapter develops a robust method for DNA extraction from clay rich acidic 

hypersaline environments. Sediment and salt mat samples from Lake Magic were 

used as key optimisation samples as they represent some of the most challenging 
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samples for microbiome studies globally. The method is based on a phenol-

chloroform extraction method (Zhou et al., 1996) with modifications in buffer and 

cell lysis methods. We subsequently compared this optimised protocol to three 

alternative DNA extraction methods commonly used for similar extreme 

environmental samples and assessed all their efficiencies by DNA quantitation and 

target gene qPCR gene copy analysis.  

 

2.1 Materials and Methods 

2.1.1 Sample collection 

Sediment and salt mat samples were collected from Lake Magic located on the 

Yilgarn Craton in Southern WA during the late evapo-concentration stage (March 

2018). Three cores of sediments were taken in the lake with clean plastic pipes. 

Using sterile spatulas, salt mats (top 1 cm) were separated from sediments and both 

were transferred to separate clean 50 ml Falcon tubes. The samples were kept at -

20⁰C until further processing.  

 

2.1.2 DNA extraction  

Four methods of DNA extraction were used to compare DNA yield from the 

sediment and salt mat samples (Table 2.1): (a). PowerLyzer Power Soil DNA 

extraction kit (MO BIO Laboratories, CA) following the manufacturer’s instructions, 

(b). PowerLyzer Power Soil DNA extraction kit (MO BIO Laboratories, CA) with 

the modified method used by Direito et al., (2011), (c). PowerLyzer Power Soil 

DNA extraction kit (MO BIO Laboratories, CA) with the modified method used by 
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Johnson et al., (2015) and (d). Modified phenol-chloroform method proposed in this 

chapter. 

 

All extractions were carried out in triplicate with blank tubes as negative controls. 

All blanks were processed the same way as the sample tubes for each extraction 

method to eliminate contamination bias. All extracted DNA was eluted in 50 µl of 

TE buffer. All DNA samples were kept frozen at -20⁰C until further analysis and 

freeze/thaw cycles were avoided as much as possible.  
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S.No DNA Extraction 

Method 

Abbreviation* Modification in the method 

1 PowerLyzer Power Soil 
DNA extraction kit (MO 
BIO Laboratories, CA) 
following the 
manufacturer’s 
instructions 

PS Followed the manufacturer’s instructions 

2 PowerLyzer Power Soil 
DNA extraction kit (MO 
BIO Laboratories, CA) 
with modified method 
used by Direito and 
colleagues (2012) 

PD Additional steps were added before following the kit method as follows:  
 
(1) to 0.25g sample in sterile bead beating tubes containing glass beads (0.5g, 2mm), 1 ml 1M phosphate buffer/15% 

ethanol (pH8) and 60 µl of C1 solution was added. The mixture was mixed and briefly vortexed. 

(2) Cells were broken using the Qiagen bead beater for 10 min at 20 Hz frequency. 

(3) Tubes were incubated in a block heater at 80⁰C for 40 min. The pressure was alleviated from time to time by slightly 

opening the tube cap. 

(4) Next, the protocol for the kit method was performed as mentioned in the manufacturer’s instructions. 

3 PowerLyzer Power Soil 
DNA extraction kit (MO 
BIO Laboratories, CA) 
with modified method 
used by Johnson and 
colleagues (2015) 

PJ Additional steps were followed before using the kit as follows: 

(1) 0.25g of the sample were taken in sterile dry glass bead tubes. 500 µl of bead solution and 200 µl of phenol: 

chloroform: isoamyl alcohol (pH 7-8) was added to the tube.  

(2) 60 µl of solution C1 was added and the mixture was vortexed briefly 

(3) Tubes were centrifuged for 1 min on maximum speed. 
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(4) Next, the protocol for the kit method was followed according to the manufacturer’s instructions. 

4 Modified Phenol 
Chloroform method for 
low biomass samples 
(Zhou et al., 1996) 

PC (1) 0.4g of the sample was weighed in 2 ml screw cap sterile tubes containing glass beads (5g, 0.2mm).  

(2) To the tubes, 900 µl of extraction buffer (containing 0.2M sodium phosphate buffer, 0.2% CTAB, 0.1M NaCl and 

50 mM EDTA), 100 µl 10% SDS and 10 µl Proteinase K (20 mg/ml) was added.  

(3) The mixture was kept at -80⁰C for 5 min. 

(4) The mixture was then incubated at 70⁰C for 20 min, with inversion of tubes a few times. 

(5) This was followed by mechanical agitation at 20 Hz for 20 min in the Qiagen bead beater.  

(6) The samples were kept on ice for 5 min and centrifuged at 10,000 x g for 5 min.  

(7) The supernatant was transferred to clean 2 ml Eppendorf tube, to which 750 µl of chilled phenol-chloroform-isoamyl 

mixture (pH 8) (Sigma-Aldrich) was added. The solution was mixed by gently inverting the tubes.  

(8) The mixture was centrifuged for 20 min at 10,000 x g.  

(9) After centrifugation, aqueous layer was carefully transferred to clean 2 ml Eppendorf tubes, avoiding the organic 

layer. 

(10) To this, 600 µl of chilled chloroform-isoamyl (pH 8) (Sigma-Aldrich) was added, and gently inverted to mix.  

(11) The mixture was centrifuged at 10,000 x g for 5 min.  

(12) Aqueous layer was carefully transferred to clean 2 ml Eppendorf tube, avoiding organic layer. 
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Table 2.1: Details of Protocols for DNA extraction.  
*The abbreviations used in the table are used to present all the results and graphs in this chapter.  

(13) Next, 650 µl of 20% PEG, 2.5 NaCl was added to the aqueous layer in a clean tube and the mixture was incubated 

at 4⁰C for 30 min.  

Note: This step precipitates isolated DNA. Because of low biomass, it is very hard to see the pellet and one can 

easily waste a lot of sample. To avoid this, we added 50 µg/ml of DNA dye (Glycoblue, Invitrogen) at this stage to 

avoid wastage. For even better results the incubation can be prolonged to overnight (recommended). 

(14) The solution was centrifuged for 20 min at 10,000 x g. 

(15) The obtained pellet was washed with 70% ice-cold ethanol and 2 µl glycogen. 

Note: If PEG contamination is an issue, the washing can be repeated twice. 

(16) The pellet was left to dry out all the leftover ethanol.  

(17) Finally, the pellet was resuspended in 50 µl of TE buffer and stored at -20⁰C until further processing.  

Note: We extracted the DNA in triplicate. Replicate samples were resuspended in a single tube. This gave us 

concentrated DNA yield. Care must be taken to use sterile filter tips to avoid contamination at this step.   
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2.1.3 Quantification of DNA yield & Quantitative PCR  

DNA concentration in all extracts was measured using fluorometry via a Qubit 

dsDNA HS Assay Kit on the Qubit 2.0 fluorometer (Life Technologies, California, 

USA). Real-time PCR was performed to compare relative levels of amplifiable 

bacterial DNA derived from each extraction protocol. A standard curve was 

constructed using tenfold serial dilutions of genomic DNA ranging from 115000000 

ng/µl to 1150 ng/µl. The 16S rRNA gene was amplified in 20 µl reactions containing 

10 µl of master mix (Applied Biosystems, TaqPath qPCR Master Mix), 0.1 µl of 20 

µM EUB338 primer (ACTCCTACGGGAGGCAGCAG), 0.1µl of 20µM EUB518 

primer (ATTACCGCGGCTGCTGG) (Fierer et al., 2005), 5.8µl of nuclease-free 

water, 2 µl of bovine serum albumin (acetylated) and 2 µl of template or water 

(negative control). 1 ng/µl of sediment and salt mat sample DNA was used as 

template.  

 

 

The qPCR amplification program was run on an Applied Biosystems ViiA 7 Real-

time PCR system (Life Technologies) and consisted of the following steps: Initial 

heating step to 50⁰C for 2 min and 15 min heating to 94⁰C, which was followed by 

50 cycles of 95⁰C for one minute, 55⁰C for 30 min, and 72⁰C for 1 min. Finally, a 

melt curve stage of 95⁰C for 15s, 60⁰C for 1 min, 95⁰C for 15s was carried out. All 

samples and controls were run in triplicate. 
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2.1.4 Statistical analysis 

To check the statistical significance of DNA extraction yields and gene copy number 

derived from the different protocols we used an ANOVA statistical test. P-values of 

less than 0.05 were considered to be significant. 

2.2 Results  

2.2.1 DNA yield 

DNA yield varied considerably between different samples, and even more between 

different DNA extraction methods (Figure 2.1). The salt mat samples gave a better 

yield using all samples when compared to the yield for sediment samples. A 

significant difference (p<0.05) was found between the PC salt mat yield and PC 

sediment DNA yield. No significant difference was found between PC sediment 

DNA extraction yield and PS, PJ and PD sediment yields. 

 

These data indicated that, the PC method yielded a substantial increase in quantity of 

extracted DNA, amounting to a 10-100 fold increase in DNA extraction yield for salt 

mat samples when compared to all other protocols.  For example, the PC method 

yielded 28.03 ng/µl for salt mat samples whereas, 3.51 ng/µl for sediment samples. 

In contrast, DNA yield for the PD method was not within the detectable range of the 

Qubit analyses, whilst, the PS method yielded 1.28 ng/µl for salt mat samples and 

0.15 ng/µl DNA yield for sediment samples. The PJ method yielded 0.21 ng/µl for 

salt mat samples and 0.1 ng/µl of DNA for sediment samples. All negative control 

samples were below the detectable range of the Qubit analysis (data not shown). 
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Figure 2.1: Bar plot showing mean DNA yield (ng/µl) for each DNA extraction 
method ± SD (n=3). Method abbreviations are mentioned in Table 2.1. Asterisks 
indicate values significantly different (ANOVA, p= <0.05). S: Sediment, SM: Salt 
mat. 
 
 
 
2.2.2 Real-time quantitative PCR 

To check the efficiency of extracted DNA for PCR amplification, we carried out 16S 

rRNA qPCR to compare the gene copy number generated by the extracted DNA. No 

statistically significant difference was found between gene copy number of the PC 

protocol for sediment or salt mat samples and the other methods (Figure 2.2). 

Across all samples, the DNA extracted using the PC method showed the highest 

mean gene copy number for salt mat samples (5.02E+05 gene copies per ng DNA 

extracted). Sediment samples showed a lower amount of amplified DNA for the PC 

method compared to salt mat samples (3.15E+05 gene copies per ng DNA 

 
*** 

* 
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extracted). The PD method failed to produce any significant amplification due to a 

low amount of DNA present in the template.   

 
 
 
 

 
 
 
Figure 2.2: Bar plot showing gene copy number per ng of DNA extracted for each 
DNA extraction method ± SD (n=3). Method abbreviations are mentioned in Table 
2.1. S: Sediment, SM: Salt mat.  
 
 
The PS method recovery of 16S rRNA copies per ng of amplified DNA was similar 

to the PC method. The DNA amplification efficiency was higher in the sediment 

samples (5.24E+05 gene copies per ng DNA extracted) than for the salt mat samples 

(5.14E+05 gene copies per ng DNA extracted). The PJ method also yielded a higher 

mean gene copy number in salt mat samples (3.38E+05 gene copies per ng DNA 

extracted) when compared to the sediment samples (1.73E+05 gene copies per ng 

DNA extracted).  
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2.3 Discussion 

Microbiome studies of poly-extreme environments are challenging because of their 

low biomass usually coupled with high concentration of heavy metals and clay. 

Heavy metals bind to the DNA released during DNA extraction and, thus, a large 

amount of DNA can be lost during extraction procedures (Direito et al., 2011). 

Current DNA extraction methods provide a little over 60% of the total metagenome 

in soil (Lombard et al., 2011) and is even lower in low biomass samples. This can 

cause a significant bias when interpreting results for microbiome studies, as it may 

overestimate or underestimate representation of the resident microorganisms 

(Hugerth and Andersson, 2017). Hence, viability of results within microbiome 

studies can largely depend upon the extraction method applied (Inceoglu et al., 2010; 

Stinson et al., 2018).  

 

The first step of any DNA extraction is cell lysis, at which point the cell free DNA 

has a strong affinity for, and comes into contact with, sediment constituents such as 

clay particles. Previous research has shown the strength of this affinity, where 80% 

of externally added nucleic acid was found to adsorb to sediment particles in less 

than 20 min in aquifer sediments (Romanowski et al., 1993). Moreover, as DNA is a 

negatively charged polyanionic molecule, its adsorption rate into the sediment/soil 

minerals will further depend on the environmental pH (Lombard et al., 2011) with 

DNA extraction being particularly challenging in acidic, clay rich sediments. These 

adsorption issues have been addressed for soil previously, using competitor 

molecules such as skim milk (Takada-Hoshino and Matsumoto, 2004) or RNA 

(Frostegård et al., 1999). However, DNA yields did not increase significantly 
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(Frostegård et al., 1999) but instead, these competitor molecules increased the 

contamination issue with the samples.  

 

Previous microbiome studies of poly-extreme environments have used DNA 

extraction kit methods, with modifications to yield enough DNA for amplification 

(Table 2.1). Initial DNA extractions for Lake Magic samples, using these reported 

protocols, yielded no DNA. We were able to extract significant amounts of DNA 

using our modified Zhou et al., (1996) method. Specifically, in order to optimise 

yield we modified the original protocol by adding freeze-thaw cycles for enhanced 

cell lysis. Freeze-thaw cycles add enhanced lysis steps, comprising of a combination 

of physical lysis (freeze-thaw and bead beating with glass beads) along with 

enzymatic lysis in the presence of a high salt buffer. Fundamentally, enhancing the 

cell lysis step and subsequently using a high concentration of sodium chloride 

substantially increased initial DNA yield from cell lysis and subsequently decreased 

its loss by reducing  adsorption of the extracted DNA to clay particles (Ranjard et 

al., 1998).  

 

Other modifications of existing protocols to optimise our presented protocol include 

replacing alcohol-based DNA precipitation for aqueous methods. Specifically, DNA 

extraction kits generally use isopropanol for precipitation of isolated DNA, which 

can lead to lowered DNA recovery as it primarily works with high starting DNA 

concentrations and is relatively inefficient. To maximise DNA recovery during 

precipitation we used 20% PEG with 2.5M NaCl which has been reported to provide 

a better yield of DNA compared to isopropanol (Arbeli and Fuentes, 2007). Further, 
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the use of glycogen and visual markers during precipitation and washing, further 

reduces the chance of losing pellets and aids overall recovery of nucleic acids.   

 

In summary, these modifications gave rise to a 10-100 fold increase in extracted 

DNA without the loss of amplification efficiency when compared to all other 

protocols for Lake Magic samples. It should be noted that the DNA extracts for PC 

method were combined at the end of the extraction. This was not performed for any 

other extraction methods. The pooling of DNA extraction repeats may have had an 

effect on the higher DNA yield from PC method. However, the final yield obtained 

from PC method was 10-100 fold more. This confirms that PC method extraction 

efficiency is much higher than that of other methods. Moreover, significantly more 

DNA yield was observed from the salt mat samples, using all mentioned (Table 2.1) 

DNA extraction methods. This is likely due to the high clay content within the 

sediment samples, causing adsorption of extracted DNA. In contrast a higher DNA 

yield from the salt mat samples may also indicate a higher biomass content within 

the top layer of the lake, as it is more accessible to oxygen, nutrients, light, and salt. 

There was no significant difference between most of the extraction methods when 

amplification efficiency of the extracted DNA was quantified using qPCR. These 

data suggest that no method is particularly biased when the DNA is amplified, except 

the PD method. The PD method failed to yield sufficient amount of DNA that could 

be amplified.  

 

Although poly-extreme environments represent some of the most challenging 

microbiome analysis environments, we attempted to optimise each step within a 

previously used protocol to extract significantly higher yield for these environments. 
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To the best of our knowledge, no standard protocol is available for extraction of 

DNA from environments rich in metals and clay. Our data indicates up to a 100 fold 

increase in DNA amounts from samples with extreme geochemistry and we 

recommend using this protocol to achieve reliable and robust microbiome data from 

low biomass extreme environments. 
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Chapter 3 

Temporal Microbial Community 
Dynamics within a Unique Acid Saline 

Lake 
 

 
 

 
 

 
 

 
 

Preface 

This chapter addresses Aim 2 of this PhD. It identifies the 
bacterial and fungal community dynamics in Lake Magic using a 
temporal approach. 
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3.0 Introduction 

Acid saline lakes represent one of the most extreme aquatic environments on Earth. 

They are poly-extreme ecosystems, exhibiting extremely acidic pH and salinities 

close to saturation. Such environments are of significant microbial interest as they 

host organisms that are not only capable of withstanding pH and salinity stress, but 

also survive in the presence of additional stressors such as high metal concentrations 

and low nutrients (Mormile et al., 2007; Heidelberg et al., 2013; Johnson et al., 

2015; Zaikova et al., 2018). Moreover, they serve as a reservoir of novel microbial 

functions, such as acidophilic microorganisms that have been used for extracting 

metal ores from sulphide minerals. Hence, such environments are of significant 

interest to scientists interested in understanding the fundamental concepts of 

microbial mechanisms used to cope with significant stressors, as well as applied 

areas developing microbial consortia for bioprocessing applications (Dopson et al., 

2017). 

 

Lake Magic is one of the acidic hypersaline lakes (ca. 1 km in diameter) present 

within the Yilgarn Craton in WA (Figure 3.1). This unique lake exhibits extremely 

low pH (<1.6) coupled to very high salinity (32% TDS) with the highest 

concentration of aluminium (1774 mg/L) and silica (510 mg/L) in the world (Bowen 

and Benison 2009; Conner and Benison, 2013). Lake Magic, similar to other lakes in 

WA, has dynamic and characteristic stages of lake transformation, including 

flooding, evapo-concentration and desiccation that are driven by the local seasons 

(Bowen and Benison 2009; Conner and Benison, 2013). The lake is fed via both 

regional acidic groundwater and infrequent precipitation (Benison et al., 2007).  
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Figure 3.1: (A) Location of Lake Magic near Hyden town and tourist attraction of 
Wave Rock (Conner and Benison, 2013). Map shows the location of several lakes 
with varying pH. (B) Lake Magic during evapo-concentration stage; Lakebed 
showing halite precipitation. 
 

 

Recent studies of the microbial diversity of Lake Magic have revealed that the lake 

hosts acidophilic, acidotolerant, halophilic and halotolerant bacterial species 

(Zaikova et al., 2018). Moreover, fluid inclusions of halite crystals from Lake 

Magic, exhibited the presence of micro-algae and prokaryotes trapped within them 

(Conner and Benison, 2013). More recently, metagenomic analyses of lake water, 

groundwater and within the sediment of Lake Magic revealed that the lake is 

dominated by only a few species, such as Salinisphaera, and has a low 

representation of other bacterial species (Zaikova et al., 2018). Interestingly, the 

pelagic zone of the lake was abundant in eukaryotes, including fungi and green 

(A) (B) 
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algae, giving rise to the bright yellow colour of the lake (Conner and Benison, 2013; 

Zaikova et al., 2018). These studies provide indicators of the community residing 

within the lake and the functional niches they occupy. However, they do not 

emphasize the survival mechanisms adopted by the resident microorganisms and 

how the diversity of microbial populations residing within the lake changes during 

different transformational stages of the lake. 

 

Molecular approaches to understand the dynamics of Yilgarn Craton lakes in the past 

have focused primarily on spatial composition (Mormile et al., 2009; Johnson et al., 

2015; Zaikova et al., 2018; Aerts et al., 2019). However, these studies implicitly 

assume that a single time point can provide a comprehensive representation of the 

community members. In opposition, temporal approaches to study microbial 

community dynamics have recently revealed considerable variability within 

microbial community compositions over time (Ju and Zhang, 2014; Chénard et al., 

2017; Nagarkar et al., 2018; Cruaud et al., 2019), showing that some taxa remain 

consistent in their abundance whilst others exhibit sudden blooms (Nagarkar et al., 

2018). 

 

We hypothesize that the large fluctuations in environmental parameters during lake 

transformations are key drivers which will lead to marked changes in microbial 

populations, and contribute to the mechanisms driving the dynamics of these 

communities (Cruaud et al., 2019). Therefore, studying the temporal dynamics of 

microbial communities in poly-extreme ecosystems such as Lake Magic could reveal 

crucial information about the trophic interactions and survival mechanisms 

(Nagarkar et al., 2018). This study attempts to investigate the diversity and 
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functional dynamics of bacterial, archaeal (referenced as ‘prokaryotes’ from hereon) 

and fungal communities, over a period of one year. Using 16S rRNA gene and ITS 

gene sequencing data, we elucidate the diversity patterns generated during lake 

transformations and assess likely mechanisms the resident microorganisms adopt in 

order to survive in the face of multiple stressors.  

3.1 Materials and methods 

3.1.1 Sample collection  

Samples were collected from Lake Magic for every lake stage (flooding, evapo-

concentration, desiccation) in a span of one year (July 2017-July 2018). Multiple 

sampling sites were chosen around the lake to eradicate a spatial sampling effect. 

Sediment samples were taken as cores (as described in Chapter 2), which were 

divided into salt mat and sediment layers (Figure 3.2).  All samples were taken with 

sterile cores and spatulas. After every sample the cores and spatulas were sterilized 

with 70% ethanol. A total of 40 sediment samples and 40 salt mat samples (8 cores 

for each time point) were collected. Temperature, pH, and salinity were measured for 

each sampling point. All samples were kept frozen at -20°C in 50 ml Falcon tubes 

until further processing. 
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Figure 3.2: A single core of sample (~6 cm long) showing the salt mat and sediment 
sections. The bottom figure shows the salt mat with salt crystals on the top of 
sediment, sampled as a separate sample. 

Salt mat 

Sediment 
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3.1.2 DNA extraction 

DNA from sediment and salt mat samples was extracted using the method developed 

in Chapter 2. All extractions were carried out in triplicate. Tubes containing no 

sample were incorporated as extraction blanks (controls) and were treated identical 

to sample extractions. The final DNA pellet was resuspended in 50 µl of TE buffer 

and stored at -20°C until further processing. DNA concentration was measured 

through fluorometry using a Qubit dsDNA HS Assay Kit with a Qubit 2.0 

fluorometer (Life Technologies).  

 

3.1.3 PCR amplification and amplicon sequencing 

Extracted DNA from all timepoints were diluted 10-fold prior to PCR amplification 

of the 16S rRNA and ITS regions. All PCR reactions were carried out in triplicate. 

PCR amplification of the 16S rRNA gene V4-V5 region was performed using the 

universal PCR primer set 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R 

(5’-GGACTACHVGGGTWTCTAAT-3’), targeting members within both bacterial 

and archaeal domains (Whiteley et al., 2012). The forward primer included the 

addition of an Ion Torrent PGM sequencing adapter, a GT spacer and a unique Golay 

barcode to facilitate multiplexed sequencing. Barcoded PCR reaction mixtures (20 

µl) consisted of DNA template (1 µl), universal primer mix (untagged 515F and 

806R at a final concentration of 0.2µM), tagged 515F primer (0.2 µM), 600 ng BSA 

(Life technologies) and 2.5 x 5’Hot Master Mix (5Primer, Australia). The 

thermocycler conditions are detailed in Table 3.1. 
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BACT v4/5 - Amplification Conditions     
Stage Temp Time 

 

Denature 94° 2m 
 

Denature 94° 45s x 25 cycles 
Anneal 50° 60s 
Extend 65° 90s 
Denature 94° 45s x 2 cycles 
Anneal/Extend 65° 90s 
Final Extension 65° 10m 

 

Hold 4° ∞ 
 

Table 3.1: PCR conditions for 16S rRNA gene amplification. 

 

Amplification of the fungal component was carried out using the universal primer set 

ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 R (5’-

GCTGCGTTCTTCATCGATGC-3’) (Gardes and Bruns, 1993; White et al., 1990), 

with the addition of an Ion Torrent PGM sequencing adapter, a GT spacer and a 

unique Golay barcode to the forward primer. The barcoded PCR primer mixtures (20 

µl) included DNA template (1 µl), universal primer mix (untagged ITS1 F and ITS2 

R at a final concentration of 0.2 µM), 600 ng BSA (Life technologies), tagged ITS1 

F primer (0.2 µM) and 2.5x 5’ Hot Master Mix (5Primer, Australia). The PCR 

thermocycler conditions are detailed in Table 3.2.  
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Table 3.2: PCR conditions for ITS gene amplification 

 

Several positive, no template (as negative controls) controls and DNA extraction 

controls (extraction blanks) were amplified along with the samples for both bacterial 

and fungal marker genes. For positive control DNA was extracted using the same 

method in section 3.1.2 from soil collected from UWA campus. PCR performance 

was checked by loading PCR amplicons along with positive and negative controls on 

a 2% (w/v) agarose gel. The amplicons were quantified using a Qubit dsDNA HS 

Assay Kit on the Qubit 2.0 fluorometer (Life Technologies). All amplicons were 

subsequently pooled in one composite mixture at a concentration of 20 ng/µl, 

including negative controls. The pool was purified using AMPure XP (Beckman 

Coulter, Australia) and the quality of the pool was checked by visualising on a 2% 

(w/v) agarose gel. The composite pool was sequenced at the QEII medical centre 

(UWA, Australia) on an Ion Torrent PGM. 

 

3.1.4 Sequence analysis and statistics 

Raw sequences were de-multiplexed and quality filtered through a custom QIIME 

pipeline (Quantitative Insights into Microbial Ecology) (Caporaso et al., 2010) with 

a minimum average quality score of 20. The minimum sequence length was 

Fungi v4/5 - Amplification Conditions       
Stage Temp Time 

 

Denature 94° 2m 
 

Denature 94° 45s x 25 cycles 
Anneal 50° 60s 
Extend 65° 90s 
Denature 94° 45s x 9 cycles 
Anneal/Extend 65° 90s 
Final Extension 65° 10m 

 

Hold 4° ∞ 
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maintained at 130 b.p. and maximum sequence length of 350 b.p. Chimeric 

sequences were removed using USEARCH v6.1. No forward or reverse primer 

mismatches or barcode errors were allowed and maximum sequence homopolymers 

allowed were 15. The maximum number of ambiguous bases was set at six. Denovo 

OTU picking was performed using ULCUST at 97% sequence identity cut off values 

and taxonomy was assigned through the Greengenes database (version 13.8). For 

fungal data, taxonomy was assigned using the SILVA v123 database (Quast et al., 

2012).  

 

The OTU tables obtained for different levels of taxonomy were used as measures of 

taxa relative abundance in univariate statistical analysis. The OTUs detected in 

negative controls were manually removed from the data set. Alpha (α)- diversity at 

the phylum level for both 16S rRNA gene and ITS gene data was calculated using 

the richness, evenness and Shannon Weiner diversity index using the relative 

frequency table generated from a rarefied ‘biom’ table. Data normality was checked 

with the Shapiro-Wilk test and log transformations of the data were performed where 

appropriate. Differences in the diversity for each stage and layer (sediment, salt mat), 

was calculated using a two-way analysis of variance (ANOVA). Tukey HSD post 

hoc comparisons of groups were used to identify which groups were significantly 

different from each other.  

 

Beta diversity (β) of microbial communities was calculated with nonmetric 

multidimensional scaling (nMDS) using Bray-Curtis dissimilarity (Bray and Curtis, 

1957). Statistical significances of dissimilarity, based on temporal data and sample 
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layer, was assessed using main effect and pairwise ANOSIM in R using the vegan 

package.  

 

Phylogeny was inferred using Phylosift (Darling et al., 2014) for sequences that 

could not be classified past the domain level. The OTU abundance and diversity 

patterns were calculated using the vegan package (Dixon, 2003) in R software (R 

Core Team, 2014). Plots and heat maps were produced using ‘ggplot2’ (Wickham, 

2011), ‘ggpubr’ packages in R and the online suite ‘Calypso’ (Zakrzewski et al., 

2017). The co-occurrence networks were produced with Calypso using Spearman 

rank analysis with cut off values of 0.25. 

 

Predicted microbial functions of the bacteria residing within Lake Magic were 

generated using FAPROTAX, using default settings. FAPROTAX is a manually 

constructed database that maps the microbial taxa to metabolic functions (Louca et 

al., 2016). The output from FAPROTAX was visualised in R using the ggplot2 

package.  

 

3.1.5 Chemical analysis 

Ten grams of sediment sample for each time point was oven dried at 60⁰C until 

completely desiccated. The sample was crushed, sieved, packed in plastic bags and 

sent to the School of Agriculture and Environment (SAgE), University of Western 

Australia (UWA) chemical analysis laboratory. The analytical analysis included 

analysis of phosphorus, potassium, sulfur, organic carbon, nitrogen, iron, copper, 

sodium, boron, calcium, zinc, aluminium, magnesium and manganese. 

Concentrations were expressed as percentage per weight and mg/kg.  
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3.2 Results  

3.2.1 Lake stages and their physico-chemical parameters  

A total of 5 time points representing 5 different stages of Lake Magic were sampled 

for this study. Although the lake did not go through some of the more extreme 

physical changes during the year, the transformation of one stage to the next was 

evident. Namely, we observed flooding, early evapo-concentration, mid evapo-

concentration, late evapo-concentration and early flooding in the lake (Figure 3.3) 

details of which are presented in Table 3.3. During the span of this study the lake 

did not reach complete desiccation due to heavy rainfall from 2017 to 2018.  

 

The first sampling point was during late winter to early summer in 2017, where the 

lake was filled with several centimetres of clear blue water (July 2017) (Figure 

3.3A). The lake sediment was rich in clay and a small amount of wet salt mat sample 

was acquired. In October 2017, the lake became shallower (Figure 3.3B) during 

early evapo-concentration (Table 3.4), characterised by clear water but where halite 

precipitation was evident on the lake shore. The lake transformed into a shallow 

yellow lake during January 2018 sampling (Figure 3.3C) where the surroundings of 

the lake were rich in halite precipitation, the lake itself exhibited a pungent acidic 

odour and the salt mat became desiccated and substantial. During mid-summer 

(March 2018) the lake bed became dry and a thick salt crust was observed on the 

surface of the sediment (Figure 3.3D) with visible salt crystals (Figure 3.2), 

constituting the late evapo-concentration stage. At this stage the lake was also rich in 

iron oxide precipitation, which was evident due to its distinct colour. The final 

sampling timepoint was the beginning of the flooding stage in July 2018 (Figure 
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3.3E) where the lake started to fill with water, with a concomitant dissolving of the 

halite and iron precipitation observed during the evapo-concentration stages. 
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Figure 3.3: Five stages of Lake Magic in a span of one-year (a) July 2017, flooded (b) October 2017, early evapo-concentration (c) January 
2018, mid evapo-concentration (d) March 2018, late evapo-concentration (d) July 2018, early flooding. 
 
 

(A) (B) (C) 

(D) (E) 
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The pH and salinity of lake water and sediment changed as the lake became 

shallower, where the pH of lake water drastically changed from 4.2 to 2.7 when 

compared to the pH of the sediment, which was more stable and ranged from 4.2 to 

4.8 (Figure 3.4). The salinity increased in both sediment and lake water; however, 

being greater within the lake water (7 mS/cm to 55.9 mS/cm) when compared to the 

sediment (73.5 mS/cm to 226.7 mS/cm). 

 

Carbon and nitrogen concentrations in all samples were found to be relatively low 

during different lake stages (Table 3.4), representing a low nutrient environment. 

Aluminium concentrations, as expected, were high and relatively stable, whilst, iron 

levels were the highest during the late evapo-concentration stage (77 mg/kg) and 

during the flooded stage (64 mg/kg). This was also apparent during the sampling of 

sediments as large amount of iron oxidation products (K-jarosite and 

schwertmannite) were observed to be deposited on the lakebed. 

 

An increase in sulphur concentration was also evident during sampling due to the 

pungent odour of sulfuric acid. The concentration of sulphur was highest during late 

evapo-concentration stage (16261 mg/kg) and the lowest during flooded stage (488 

mg/kg). Moreover, an increase in the concentrations of sodium, potassium, 

magnesium, phosphorous and calcium ions was observed as the lake became drier 

(Table 3.4). 
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Figure 3.4: pH, EC and temperature measured for each time point during sampling. 
pH and EC were measured for lake water (grey) and sediment (black). The 
abbreviations of lake stages are as mentioned in Table 4.4. All values shown were 
taken for a single sample for each time point. (FL= flooding, EE = early evapo-
concentration, ME = mid evapo-concentration, LE = late evapo-concentration, EF= 
earlyflooding). 
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Table 3.3: Description of sampling site at different sampling time points.  
 
 
 

 
 
 
 
 
 

Sample code Date collected Lake stage Lake description 

FL July 2017 Flooded Clear blue lake water, very thin salt mat 
layer  

EE October 2017 Early evapo-concentration Shallow blue water, salt mat becomes 
more evident 

ME January 2018 Mid evapo-concentration Yellow slime water, salt foams forms on 
the lakeshore, thick salt mat layer 
develops, strong pungent smell in the air 

LE March 2018 Late evapo-concentration A thick layer of salt mat with visible 
halite precipitation as crystals 

EF July 2018 Early flooding Salt mat intact, water fills the dry lake 
bed, clear blue water  
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Table 3.4: Chemical data for samples at different time points. All values shown are assessed using a single sample at each time point. 
 

Stage Sampling 
time 

% 
Carbon  

% 
Nitrogen  

Al 
(mg/kg) 

B 
(mg/kg) 

Ca 
(mg/kg) 

Cu 
(mg/kg) 

Fe 
(mg/kg) 

K 
(mg/kg) 

Mg 
(mg/kg) 

Mn 
(mg/kg) 

Na 
(mg/kg) 

P 
(mg/kg) 

S 
(mg/kg) 

Zn 
(mg/kg) 

Early flooding July 2018 1.56 0.064 1186 6.8 10790 0.7 33 781 2661 1.5 33759 7.4 9190 0.2 

Late evapo-
concentration 

March 2018 0.739 0.085 1099 7.5 20565 0.6 77 1065 2750 2.5 37861 8 16261 0.2 

Mid evapo-
concentration 

Jan 2018 1.30 0.088 1256 5.7 2750 0.6 52 598 1462 1.5 19260 12 2591 0.2 

Early evapo-
concentration 

Oct 2017 0.597 0.061 1023 3.6 11308 0.4 47 357 733 0.9 9526 10 8716 0.1 

Flooding  July 2017 1.01 0.062 1007 3.7 350 0.8 64 323 587 0.6 7056 6 488 0.1 
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3.2.2 Temporal dynamics of the Lake Magic microbiome 

In order to assess the microbial community dynamics in the lake at different stages, 

we used 16S rRNA gene and ITS gene Ion Torrent sequencing (15 Salt mats; 15 

Sediments) in triplicate. After DNA extraction, all samples had detectable amounts 

of DNA, but the DNA concentration was consistently higher for salt mat samples 

when compared to the sediment samples (As shown in Chapter 2; Figure 2.1). 

However, there was no significant difference (ANOVA p>0.05) between diversity 

and richness indices of salt mat and sediment layers for both bacteria and fungi 

analyses (Figure 3.5), likely indicating minimal diversity analysis bias despite wide 

variations in DNA extraction concentrations. Generally, we found DNA extraction 

easier from salt mat samples, relative to sediment samples, due to the lower amount 

of clay present in the salt mat samples.  

 

A total of 330,913 reads were obtained for 16S rRNA microbiome analyses, 

representing 15947 OTUs. The OTUs were assigned to 37 phyla, 135 classes, 260 

orders, 426 families and 739 genera of archaea and bacteria. Only OTUs which 

appeared in sequenced negative controls were discounted from the analyses and no 

other OTUs were filtered. This is because low abundance OTUs can have a 

significant effect on the diversity metrics for the microbial communities in low 

biomass environments, hence, filtering of OTUs with low representation in the 

microbiome can result in loss of crucial information. Analysis of the ITS gene 

sequences revealed a total of 724,490 reads, representing 4005 OTUs and were 

assigned to 15 phyla, 44 classes, 86 order, 177 family and 259 genera.  
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Figure: 3.5: Shannon diversity index of 16S rRNA gene and ITS gene between salt 
mat and sediment layers at phylum level. No significant difference was seen for 
diversity between the layers (ANOVA, p>0.05). Colours represents:  Salt mat 

Sediment 
 

 

 

3.2.3 Bacterial communities are dynamic in Lake Magic 

The Lake Magic microbiome OTU richness was analysed for salt mat and sediment 

samples (Figure 3.6) at phylum level which varied significantly between the five 

stages of the lake (ANOVA p= 0.001). The richness index varied from 9 to 23 for 

16S rRNA gene and the OTU richness was significantly higher during the EF stage 

(mean richness = 21). The second highest OTU richness was observed during the 

ME stage (mean richness = 18). The LE stage showed the lowest mean richness of 

13.6, whereas, OTU richness at the FL stage was significantly different and showed 

a mean richness of 16. A mean richness of 15.5 was seen during EE stage. 
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The Lake Magic microbiome diversity varied during the different lake stages 

(Figure 3.6) and followed a similar trend to that of OTU richness. The Shannon 

diversity index ranged from 1.61 to 2.13 for bacterial communities, where the 

diversity was seen to increase during EE (mean diversity = 1.65) and the ME stage 

(mean diversity =1.87). However, the diversity decreased during the LE stage and 

was recorded as the lowest diversity index (mean diversity= 1.39) of all stages. The 

highest diversity was seen during the EF stage (mean diversity= 2.11). The ANOVA 

test was further analysed with a Tukey post hoc test for diversity and richness 

indices, which revealed that the diversity during FL, LE and EF stages were 

significantly different from each other, whereas, the richness was significantly 

different only during FL and EF stages (Figure 3.6).  
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Figure 3.6: 16S rRNA gene OTU richness (ANOVA, p= 0.001) and Shannon 
diversity index (ANOVA, p<0.001) at phylum level. The letters show significant 
differences as obtained with Tukey post hoc test. Colours represent:  Sediment  
Salt mat     FL     EE     ME     LE     EF 
 
 
 
 
3.2.4 Lake Magic prokaryotic composition 

The Lake Magic prokaryotic composition under different lake stages was analysed 

and are shown in Figure 3.7. Archaeal community diversity in the microbiome was 

represented by only two phyla, the Crenarchaeota and the Euryarchaeota, whilst the 

bacterial domain contributed the dominant microbial sequences observed within the 

16S rRNA gene analyses. The majority of the sequences for bacteria originated from 

two phyla: Bacteriodetes (20%) and Proteobacteria (39%), most of which could not 

be classified below family level, indicating that a large proportion of the bacterial 

taxa in Lake Magic appear to be relatively poorly characterised.  
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FL-S 

ME-SM 

ME-S 
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LE-SM 

EF-SM 

EF-S 

Figure 3.7: Bar chart showing bacterial composition at genera level for each sample layer at different time points. The samples have been arranged so more closely related are 
clustered together. 
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3.2.5 The prokaryotic community becomes more specialised as stress increases  

For taxa which could be classified to genera, varying trends were observed during 

different lake stages and within the sample layers (Figure 3.8). Specifically, key 

bacterial genera fluctuated within the salt mat and sediment during the various lake 

stages. The correlation analysis of chemical data with the bacterial diversity revealed 

that microbial dynamics is strongly driven by salinity, temperature, pH and carbon 

content in the lake (Appendix I). For instance, members of the Acidiphilium genus 

were low in abundance during the FL stage in both the salt mat and sediment 

samples, whilst their relative abundance was seen to increase within in the salt mat 

during evapo-concentration stage as the lake conditions became more stressful. A 

significant increase (ANOVA, p<0.05) in Acidiphilium relative abundance was 

observed within the salt mat during the LE stage and significantly decreased during 

the EF stage of the lake (Figure 3.8, Acidiphilium). Similarly, the Acidobacterium 

genus’ relative abundance was high within sediment during the FL stage and a 

significant increase in abundance within the salt mat was seen during all evapo-

concentration stages (Figure 3.8, Acidobacterium). Similar to the Acidiphilium, 

Acidobacterium abundance decreased when the lake was in the EF stage. In contrast, 

sequences belonging to the Arthrobacter, Bacillus, Flavbacterium and Sporosarcina 

genera increased significantly in abundance during the EF stage in both the sediment 

and salt mat, whilst genera such as Nitrososphaera were only present during the EF 

stage in high abundance (Figure 3.8). 
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Interestingly, it was also observed that the abundance of the Sulfurimonas, 

Syntrophobacter, Halothiobacillus, Acidobacterium, Acidiphilium and 

Alicyclobacillus genera decreased during the EF stage in both the salt mat and the 

sediment whilst, the Syntrophobacter population increased in relative abundance 

within the sediment during LE. During the FL stage Salinisphaera was found to be 

more abundant in the salt mat when compared to the sediment. However, when 

compared to the LE, its abundance increased in the salt mat (Figure 3.8).  
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Figure 3.8: Abundance of key genera during different stages and sample layers. 
Statistical significance is shown as asterisks (ANOVA). 
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To further understand the influence of stressors on the microbiome composition 

under changing lake conditions, network analyses of 16S rRNA genes were 

performed. The networks were assembled to test the hypothesis that microbial 

interactions became more positive during stressful conditions. For this, individual 

networks were created for the salt mat and sediment samples for every lake stage. 

Figure 3.9 shows the microbial networks of top 100 most abundant OTUs in the salt 

mat and sediment of the lake. It can be seen in Figure 3.9 that the individual nodes 

and edges, representing individual OTUs, form more complex associations with 

other OTUs during the evapo-concentration stages. These edges represent the 

positive interactions between associated OTUs. Thus, it was observed that the salt 

mat and sediment microbial communities both became dominated with positive 

interactions as the acidity and salinity increased; however, it is interesting to see that 

during LE stage, when the pH and salinity was the highest, the salt mat network is 

more complex when compared to the microbial network of the sediment during the 

same stage (Figure 3.9).  
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Figure 3.9: Microbial co-occurrence networks of salt mat and sediment samples during five different stages of Lake Magic. Blue circles indicate 
individual OTUs. Size of the circle correspond to the OTU abundance. Top 100 most abundant OTUs have been used. Only positive interactions 
are shown. Correlations were calculated using Spearman’s correlation (cut off value= 0.25) 
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3.2.6 The fungal community becomes less diverse under extreme conditions within 

Lake Magic 

The diversity and richness of the fungal community within Lake Magic significantly 

decreased (ANOVA, p < 0.001) as the lake conditions became more extreme. The 

richness index ranged from 2 to 7 whereas the Shannon diversity index ranged from 

0.004 to 1.28 (Figure 3.10). The highest mean richness was observed for the FL and 

EE stage. The OTU richness consistently decreased after the EE stage, with lowest 

OTU richness observed for the EF stage (mean richness = 2). The fungal diversity 

showed a varying trend when compared to OTU richness, where the highest diversity 

index was observed for the FL stage (mean diversity index =1.11) whereas the 

lowest was observed for the extreme EF stage (mean diversity index= 0.28). A Tukey 

post hoc test revealed that the FL and EE stage were statistically similar to each 

other, whilst, the ME and LE stages were statistically similar, and the EF stage was 

significantly different from all other stages. Additionally, a Tukey test for OTU 

richness showed that the FL, EE and EF stages were significantly different from all 

other stages.  

 

Interestingly, when the fungal community composition was visualised (Figure 3.11), 

an increase in unidentified fungi belonging to the Ascomycota phylum was observed. 

This indicated that a large portion of the fungi living in Lake Magic are likely 

unidentified. The salt mat during the EF stage was, however, seen to be the most 

diverse when compared to other time points and was abundant with the 

Cladosporium genus. Variation in the composition of other genera including 

Fusarium, Ulocladium and Hostaea was also seen (Figure 3.11).  
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Figure 3.10: ITS gene OTU richness (ANOVA, p= 0.001) and Shannon diversity 
index (ANOVA, p<0.001) at phylum level. The letters show significant differences 
as obtained with Tukey post hoc test. Colours represent:  Sediment  Salt mat     
FL     EE     ME     LE     EF 
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Figure 3.11: Bar chart showing fungal composition at genera level for each layer at different time points. The samples have been arranged so more closely related are placed together. 
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3.2.7 Beta diversity of the prokaryotic and fungal communities 

The dissimilarity between microbial communities at different lake stages was 

assessed using Nonmetric multidimensional scaling (nMDS) and Bray-Curtis 

dissimilarity indices. The sediment and salt mat bacterial communities from the FL, 

ME, LE and EF stages tightly clustered together (Figure 3.12A). In contrast, the salt 

mat and sediment communities under the EE stage clustered separately (ANOSIM, 

R2= 0.49, p=0.001). However, similar to alpha diversity, when an ANOSIM test was 

applied to determine the variability in the salt mat and sediment samples, no 

significant difference was observed.  

 

The nMDS analysis of fungal communities showed less clustering when compared to 

the bacterial community analysis (Figure 3.12B), where none of the lake stages 

clustered separately (ANOSIM, R2 =0.462, p= 0.001), but no significant difference 

was seen between sediments or salt mat samples.  
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A 

B 

Figure 3.12: Non-metric multidimensional scaling plot (nMDS) of (A) 16S rRNA (B) ITS sequences for 
different time points and layers. Samples are coloured according to the time points and shaped 
according to the layer. 
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3.2.8 Predicted ecological functions of the prokaryotic communities 

The ecological function of the prokaryotic communities analysed was predicted 

using the FAPROTAX pipeline for the different stages of the lake. These analyses 

indicated aerobic chemoheterotrophy, iron oxidation and sulphur related pathways as 

likely dominant functions within the lake’s bacterial community (Figure 3.13). 

Functions related to carbon metabolism, such as methylotrophy and methanotrophy, 

were predicted but were not abundant. Nitrogen related functions included 

nitrification and ammonia oxidation and were observed to fluctuate between 

different lake stages. For instance, these data indicated that nitrification and 

ammonia oxidation were significantly higher within the salt mat during the EF stage 

(Figure 3.14). Interestingly, the nitrogen related activity was also high in the 

sediment samples during the EE and ME lake stage. Sulphur related functions were 

lower during the EF stage, but significantly increased in the sediment layer during all 

evapo-concentration stages. Sulphur related activity was found to be highest in the 

sediment during the EE stage (Figure 3.14). Iron oxidation and reduction was 

relatively low at all timepoints, but significantly increased during the EE and LE 

stage within the sediment layer.  Finally, Iron based respiration pathways fluctuated 

more frequently when compared to sulphur and nitrogen related functions during all 

lake stages (Figure 3.14).  
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Figure 3.13: Dot plot showing the FAPROTAX predicted functions of the bacterial 
community within the salt mat and sediment samples at different lake stages.  
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Figure 3.14: Bar plots of individual functions of bacteria in the sediment and salt 
mat layer at different stages of Lake Magic. The statistical significance (ANOVA) is 
shown as asterisks. 
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3.3 Discussion  

Acid saline lakes in WA host unique microorganisms that can be studied to 

understand life under extreme conditions, novel biogeochemical processes and new 

biotechnological avenues (Benison et al., 2007). In this chapter, the bacterial and 

fungal microbial community dynamics were studied using a temporal approach to 

resolve how an extreme lake microbiome changes during different stress phases due 

to changes in the physico-chemical properties of the habitat.  

 

Previous studies on acidic hypersaline lakes in WA revealed a high level of bacterial 

diversity within Lake Magic and other WA lakes water (Mormile et al., 2009; 

Zaikova et al., 2018), but have relied upon single time (lake stage) sampling points. 

Our results indicate that the alpha (α)-diversity of the bacterial and fungal microbial 

communities differed significantly between the less extreme (FL) stage and the more 

extreme (LE) stage. These differences indicated that the lake microbiome diversity is 

driven to a large degree by the high salt and low pH conditions within the lake 

(Podell et al., 2014). It has previously been reported for hypersaline environments 

that the ionic concentration in these environments hinders the solubility of oxygen, 

and hence, the oxygen concentration is very low in acid saline lakes (Sherwood et 

al., 1991). However, the majority of microorganisms isolated from hypersaline 

environments are aerobic heterotrophs who are capable of anaerobic facultative 

fermentation (Dyall-smith, 2009). Our results are also in line with these previous 

findings. Moreover, our results show that the number of OTUs in the salt mat layer 

were consistently higher in all samples. These results are also similar to the results 

obtained by Aerts et al., (2019), for four acid saline lakes in Western Australia, and 

suggest that the majority of the microbial community diversity resides in the salt 
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mat, where it likely has increased access to light, water and oxygen. This is likely 

explained by the availability of oxygen at the air/water interface, which exhibits an 

unequal distribution of oxygen between the salt mat and the sediment layer. Since 

the salt mat is directly in contact with the water column in the lake there is higher 

availability of oxygen locally (Podell et al., 2014). Comparing the microbial 

composition of the salt mat and sediments in Lake Magic also indicates that 

microorganisms more tolerant to high salt and pH conditions are selected within the 

salt mat, where the conditions are harsher than those in the sediment. 

 

The prokaryotic community at all stages of the lake cycle was dominated by 

halotolerant and acidophilic microorganisms, whilst archaeal taxa were found in 

much lower abundances.  Archaeal sequences were derived from only two phyla and 

these observations are in good agreement with Johnson et al., (2015) who observed 

low archaeal diversity within four acidic hypersaline lakes in Yilgarn Craton. It has 

been reported for Lake Tyrell in Victoria, Australia, that succession of different 

microorganisms is dependent upon the solutes present in the lakes (Podell et al., 

2014). Hence, the variation in solute concentration in Lake Magic at different stages 

is likely driving the succession of archaea and bacteria. It could also be hypothesised 

that bacterial taxa outcompete archaeal taxa in these unique environments because of 

the dynamic nature of the WA lakes, where environmental changes are frequent and, 

therefore, stress tolerant species are selected, as opposed to obligate archaeal 

extremophiles (Benison and Bowen, 2006).  

 

Organic carbon and nitrogen values were found to be low at all lake stages and 

increased slightly during the flooded (FL) stages, in line with previous studies in 
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similar lakes in WA (Ruecker et al., 2016; Aerts et al., 2019). Similarly, phosphorus 

levels were also low  in Lake Magic, as in other WA lakes (Aerts et al., 2019), with  

phosphorus often being considered a limiting factor along with carbon and nitrogen 

for the growth of microorganisms (Elser et al., 2007). Microbiome community 

analyses indicated an abundant community of heterotrophs within the lake and 

hence, low carbon, nitrogen and phosphorus are likely to be responsible for the low 

the biomass in these samples (Aerts et al., 2019). However, carbon and nitrogen 

levels were highest during the ME and these increases are likely due to 

photosynthetic inputs via blooming of the saline tolerant algae Dunaliella. This is 

also reflected in the increased microbial diversity during the ME stage. Blooming of 

algae commonly occurs during this lake stage and provides a source of 

photosynthetically derived nutrient input which causes increased diversity in the lake 

(Zaikova et al., 2018). 

 

During the evapo-concentration stages iron concentrations increased which was also 

mirrored in the predicted microbiome functions of increased iron respiration activity 

within the bacterial community. Iron metabolism is considered an important function 

of the sediment inhabitants and is thought to be responsible for the lowering of pH in 

the sediment (Lu et al., 2016; Zaikova et al., 2018). The Alicyclobacillus genus 

members are reported to be involved in iron oxidation along with archaea in other 

acid saline lakes in WA (Johnson et al., 2015; Lu et al., 2016). The members of the 

genus are also capable of reducing iron (Yahya et al., 2008; Lu et al., 2010). 

Previous metagenomic studies of Lake magic indicated that Alicyclobacillus was the 

most abundant genus within the sediment. Moreover, the Acidiphilium genus was 

also found to be abundant in the sediment samples (Zaikova et al., 2018) with 
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members of this genus are involved in iron reduction (Weber et al., 2006; Sánchez-

Andrea et al., 2011; Zaikova et al., 2018).  

 

These data indicated, that the abundance of the Alicyclobacillus and Acidiphilium 

genera varied across different lake stages and is likely more complicated than first 

thought, in terms of lake biogeochemistry (Zaikova et al., 2018). Alicyclobacillus 

abundance was significantly higher in sediment samples during the FL stage and was 

significantly increased during the EE stage within the salt mat samples. In contrast 

the, Acidiphilium genus was more abundant within the salt mat samples during the 

later LE stage. Interestingly the overall abundance of these genera decreased during 

the higher stress stages of the lake. Previously it has been suggested that archaea 

dominate iron oxidation in acid saline extreme environment and that the role of 

bacteria is limited. Moreover, the Iron activity is known to decrease by the presence 

of high salt in the environment (Lu et al., 2016). In the study, Acidiphilium spp. were 

isolated from an acid saline lake in WA which formed long filamentous structures 

during low pH and high salinity conditions indicating that these species have 

developed a coping mechanism for extreme stress (Lu et al., 2016). Examining the 

functional profile of our samples it can be seen that predicted iron respiration would 

increase significantly in the sediment during the EE and LE stage and is the lowest in 

the sediment during the FL stage potentially because of the coping mechanism 

adapted by these species.  

 

The activity of acidophiles is known to decrease significantly in presence of high 

concentration of chloride ions (Suzuki et al., 1999; Shiers et al., 2005). However, Lu 

et al., (2016) found that Acidiphilium spp. formed long filaments as a coping 
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mechanism to high chloride ions within the Dalyup river in WA. These data, in 

concert with previous results, suggest that iron metabolism is affected by the 

presence of chloride ions and we hypothesise that this may explain the bacterial spp. 

of Alicyclobacillus and Acidiphilium being dominant during EE and FL stages. 

These data also suggest that under the high chloride conditions, based upon 

community data, these species are responsible of lowering the pH in the sediment. 

Hence, we postulate from these results that microorganisms in Lake Magic adapt to 

stressful conditions of pH and salinity not only physiologically, but also play crucial 

roles in changing their external environment making it more habitable for themselves 

and other members of the Lake.  

 

One of the most abundant genera detected in these data was the Salinisphaera (7%), 

in both the sediment and salt mat. Salinisphaera species are mesophilic, halotolerant 

and slightly acidophilic (pH range 5.0-7.5), surviving in a range of moderately acidic 

and saline conditions as well as high concentrations of metal ions. Species belonging 

to the Salinisphaera genus have been isolated from a range of environments, 

including hydrothermal vents, solar salterns, brine from salt wells,  seawater and 

marine fish surfaces (Antunes et al., 2003; Mormile et al., 2007; Crespo-Medina et 

al., 2009; Bae et al., 2010; Gi et al., 2010; Park et al., 2012; Zhang et al., 2012; 

Shimane et al., 2013). Critically, these species are able to metabolize both 

autotrophically and heterotrophically (Antunes et al., 2003; Crespo-Medina et al., 

2009; Bae et al., 2010; Antunes et al., 2011a; Park et al., 2012; Zhang et al., 2012; 

Shimane et al., 2013). In addition, Salinisphaera species are also involved in the 

uptake of iron and siderophore production (Antunes et al., 2003). Molecular studies 

here indicated that the abundance of Salinisphaera was consistently high in salt mats 
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during all lake stages, except during the flooded (FL) stage, where it was more 

abundant within the sediment. Salinisphaera was previously reported to be the single 

most dominant OTU in the lake water (Zaikova et al., 2018) during evapo-

concentration in Lake Magic. These findings together indicate that most of the 

Salinisphaera spp. reside in the water column of Lake Magic. The dramatic increase 

in its representation during the LE stage in the salt mat and sediment suggests that it 

is highly tolerant of extreme pH and acidic environmental conditions, including 

tolerance to heavy metal ions, allowing it to survive through the evapo-concentration 

stages. 

 

Members of the Sulfurimonas genus have been isolated from diverse environments 

such as hydrothermal vents, marine sediments and terrestrial habitats and are known 

to play an important role in chemoautotrophic processes (Han and Perner, 2015). The 

members of this genus can grow on a variety of electron donors and acceptors and, 

thus, are able to colonize disparate environments. These include different reduced 

sulphur compounds such as sulphide, elemental sulphur, sulphite and thiosulfate 

(Han and Perner, 2015). Many members of the genus are also involved in nitrogen 

and hydrogen metabolism. In our samples, Sulfurimonas (1.2%) abundance 

continuously decreased in salt mats but increased in abundance within the sediments 

as the environmental conditions became more stressful. Ultimately, it decreased 

significantly during the most extreme (LE) lake stages but still maintained a low 

representation in the sediment. When examining the functional profile data, sulphur 

respiration significantly increased in the sediment samples during the evapo-

concentration stages, suggesting that Sulfurimonas spp play a crucial role in cycling 

key nutrients in the sediment. Since the members of the genus are able to survive 



 

 87 

chemolithoautotrophically using various electron acceptors and donors (Campbell et 

al., 2006; Grote et al., 2008), it suggests that these species are capable of adapting to 

the changing environmental conditions of Lake Magic. A similar trend of abundance 

was seen for Flavobacterium, Bacillus and Syntrophobacter genera where their 

abundances increased in the sediment during the evapo-concentration stages and we 

postulate that they play a crucial role in niche construction by interacting with other 

dominant taxa as the stress increases.  

 

The positive interaction is also evident from the microbial association networks; 

where we observed that key microbes form tight positive associations with other 

microbes during stressed stages in the lake. During different lake stages, an increase 

in the abundance of halophilic and acidophilic bacteria in the salt mat was seen. 

These results also indicate the niche partitioning formed by microorganisms in the 

salt mat and the sediment, and is strongly correlated to the physico-chemical 

parameters and redox gradients as suggested previously (Zaikova et al., 2018). These 

data also indicate that salt mat acts as a reservoir for more tolerant species during the 

extreme stages whilst, the sediment harbours less tolerant species until the stress 

decreases and the flooding is restored. A previous study discussed the presence of 

prokaryotes in the fluid inclusions during desiccation stage of Lake Magic (Conner 

and Benison, 2013) suggesting it as a survival strategy. This finding and our data 

indicates that Lake Magic is a dynamic system where species are selected into 

different survival niches during the increased and decreased stress in the lake.   

 

The fungal diversity was seen to decrease as the environmental conditions became 

more extreme. A single phylum, Ascomycota (76.8%) became dominant as the lake 
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became dry and hypersaline. Most of the members of this phylum are unidentified, 

and hence, most of the fungi residing in Lake Magic are either novel, or the sequence 

length of the marker gene used in this study is not sufficient to be able to characterise 

these members. It can be deduced that these fungi are tolerant of the acidic 

hypersaline conditions of the lake. In a previous study on Lake Magic microbiology, 

the water samples were found to be highly diverse in terms of eukaryotic community 

composition, being abundant (~98.5%) in Ascomycota. Aspergillus and Penicillium 

were the most abundant genera in Lake Magic water. However, the results for 

sediment samples were quite similar to our results (Zaikova et al., 2018). The 

presence of the halotolerant algae Dunaleilla during evapo-concentration stages is a 

major contributor to carbon content in the lake. It can be deduced from the data that 

as Dunaleilla increase in the Lake (during ME) the diversity in the salt mat increases 

rapidly. Interestingly, this difference in the diversity of lake water and sediment 

column indicates the exchange between the two compartments in terms of nutrition. 

The water column is more abundant in oxygen and has access to sunlight whilst, the 

higher composition of eukaryotes in the water column which contribute to the carbon 

and nitrogen content in the salt mat and the sediment.  

 

In conclusion, our results in this chapter highlights that the diversity in Lake Magic 

is strongly driven by the pH and salt concentrations at different stages of the lake. In 

both the salt mat and sediment samples, bacteria were found to be more abundant in 

the lake, comprising of halotolerant and acidotolerant species and only a small 

representation of archaea was seen. We can conclude from our results that, the 

sediment was seen to become more specialised in microorganisms involved in 

buffering their external environment, evident from the increase in abundance of 
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acidotolerant and halotolerant species involved in various functions such as sulphur 

and iron metabolism. Moreover, due to microbial activity the environmental 

conditions do not change to the same degree in the sediment when compared to the 

salt mat, resulting in a safe haven for microbes, where they are able to thrive during 

extreme conditions. These findings confirm our hypothesis and the SGH that, during 

stressed conditions, microorganisms extensively rely on associations with other 

microorganisms and the interactions increasingly become positive (Piccardi et al., 

2019). This also suggests that microbial interactions are involved in stabilising the 

ecosystem and is responsible for the resistance and resilience of these communities 

(Zengler and Zaramela, 2018; Naidoo et al., 2019). 
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Chapter 4 

Culturing Bacterial and Bacteriophage 
Communities from Lake Magic to enable 
Extremophile Synthetic Ecology Studies 

 
 
 
 
 

Preface 

This chapter focuses on Aim 3 of this thesis. It utilises the 
culture-dependent and microscopy techniques to characterise 

bacterial and viral communities residing in the lake. 
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4.0 Introduction 

Molecular sequencing of 16S rRNA gene in natural environments is now routine, 

with the majority of recent studies based upon it (Mormile et al., 2009; Podell et al., 

2014; Johnson et al., 2015; Nagarkar et al., 2018). Despite its significant inputs into 

the realisation of the diversity in Earth’s habitats, it does not provide cultures which 

can be studied in the lab and, importantly, isolates which can be used to understand 

interactions which are key to ecological communities. For example, Candidatus 

‘Pelagibacter ubique’ (SAR11) is one of the most abundant organisms on Earth, 

having been detected for years by sequencing before being brought into culture, 

where it’s physiology and functions can now be studied (Morris et al., 2002). In fact, 

the majority of the key members of an environment are still to be cultivated in the 

laboratory and have only been characterised using sequencing approaches (Morris et 

al., 2002). However, using sequencing data, such as those presented in Chapter 3, a 

directed culture approach can be applied to isolate and study key community 

members ex situ within the laboratory (Lu et al., 2016). Therefore, sequence based 

targeted culture strategies can facilitate new generation approaches in synthetic 

community ecology, approaches which are rooted in the natural communities.  

 

It is clear that culture dependent studies do have significant bias, in terms of 

community representation, as only a handful of microorganisms are currently 

cultivable in the lab (Joint et al., 2010). However, isolation of key members is 

critical for the generation of strains which can be studied in vitro, or, for use in 

biotechnological processes (Joint et al., 2010). For acid saline lakes, previous 

culturing studies have yielded a range of different types of organisms. For example, 

short rod-shaped iron oxidizers that affiliate closely with Acidiphilium cryptum and 
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are capable of withstanding high salt conditions (Lu et al., 2016), or acidophilic 

haloarchaeal species, closely related to family Halobacteriaceae (Minegishi et al., 

2008). Mormile et al., (2007), was able to isolate a Salinisphaera spp. from Lake 

Brown in WA, which was closely related to the Salinisphaera shabanesis species. 

Isolations from several other hypersaline environments, such as solar salterns (Park 

et al., 2012), surface seawater (Bae et al., 2010) and deep-sea hydrothermal vents 

(Crespo-Medina et al., 2009) have resulted in identification of different species of 

the genus Salinisphaera.  

 

Other previous efforts of culturing bacteria from acid saline lakes also include 

isolation of halotolerant and/or halophilic acidophiles, for example, Acidithiobacillus 

ferrooxidans (Colmer and Hinkle, 1947) and Thiobacillus halophilus, which was 

isolated from a hypersaline lake in WA by (Wood and Kelly, 1991) and can oxidise 

sulphur ores. These isolates are of great importance in biomining in countries where 

freshwater is scarce (Zammit et al., 2012; Rea et al., 2015). Using microorganisms 

that can withstand dual stress of acidity and salinity is important as the ability to 

bioleach by organisms is severely hindered in the presence of high salt (Dopson et 

al., 2017). Hence, it is also important to use culture dependent studies along with 

molecular approaches, in order to meet the demands of industry and biotechnology.  

 

Whilst culture approaches provide bacterial reagents for laboratory studies, they 

further allow isolation of virus particles for characterisation and future 

experimentation.  In recent years there has been a significant  increase in virus 

related research in the natural environment, and especially within extreme saline 

environments, where 109 virus-like particles (VLPs) per millilitre may exist 
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(Atanasova et al., 2015b). There are many studies that highlight the isolation and 

metagenomic studies of archaeal viruses from hypersaline environments (Atanasova 

et al., 2015a; Atanasova et al., 2012; Atanasova et al., 2016; Atanasova et al., 

2015b; Pietilä et al., 2014; Emerson et al., 2012; Roux et al., 2012), but relatively 

few which characterise bacteriophages. Moreover, the characterisation of viruses 

from poly-extreme environments is even more scant. 

 

The first bacterial virus (bacteriophage) was isolated in the 1910s, however the first 

archaeal virus was discovered much later in the 1970s (Pietilä et al., 2014). About 16 

different morphotypes of archaeal viruses have been described, whereas, only nine 

morphotypes of bacteriophage are known (Figure 4.1). Interestingly, no new 

morphotypes have been discovered for bacteriophages since the 1970s, even after 

repeated examinations of new isolates. The International Committee on Taxonomy 

of Viruses (ICTV) has classified bacteriophages into 10 families and archaeal viruses 

into 15 families (Ackermann and Prangishvili, 2012; Pietilä et al., 2014). Moreover, 

all known archaeal viruses have a DNA genome, whereas bacteriophages have either 

DNA or RNA genomic material. Viruses likely play a major role in shaping the 

evolution of an environment (Atanasova et al., 2012), especially, in acid saline lakes. 

However, no comprehensive study of viruses within acid saline lakes has been 

performed to date. 

 

This chapter describes the isolation of bacteria and viruses from the lake water and 

sediment samples and their characterisation in order to provide further knowledge 

upon culturable members, as well as a stored biobank resource for Lake Magic. 

Previous studies centring on  Lake Magic have suggested that the groundwater and 
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sediment samples are dominated by acidophilic Firmicutes (Zaikova et al., 2018). 

However, highly resolved temporal sequencing data presented in Chapter 3 has led 

to the hypothesis that bacterial taxa dominate the community and the majority are 

members of the genus Salinisphaera. All bacteria and viruses were isolated and 

characterised as far as possible, to facilitate further physiological and molecular 

studies on Lake Magic, including future synthetic community and cross kingdom 

experiments using multitrophic bacterial and viral interactions (Pascelli et al., 2018). 
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Figure 4.1: Virion morphotypes of archaeal and bacterial viruses. Names of viral 
genera or families based on the ICTV report (Fauquet and Mayo, 2001) are written 
below the schematic virus particle. Individual names are given to the viruses that 
have not been assigned to a family or genus. The virions have not been drawn to 
scale. Abbreviations: APOV1, Aeropyrum pernix ovoid virus 1; APSV1, Aeropyrum 
pernix spindle-shaped virus 1; PAV1, Pyrococcus abyssivirus 1; 
SMV1, Sulfolobus monocaudavirus 1; Sulfolobus tengchongensisspindle-shaped 
virus 1 (STSV1); STSV2, Sulfolobus tengchongensis spindle-shaped virus 2; 
TPV1, Thermococcus prieurii virus 1. Illustration taken from Pietilä et al., (2014).  
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4.1 Materials and methods 
4.1.1 Sampling 

Sediment and salt mat samples were collected for FL, EE, ME, LE and EF stages as 

indicated in Chapter 3. In addition, 1 litre of lake water sample was collected in 

sterile containers for all stages. All samples were kept at 4⁰C in the dark and cultures 

were initiated on returning to the laboratory, usually on the same day of sampling.   

 

4.1.2 Isolation of bacteria 

4.1.2.1 Culture media and growth of organisms 

All culture media were prepared using MILLIQ water and sterilized by autoclaving 

at 15 psi and 121⁰C for 15 min. Trace metal solutions and solutions sensitive to 

autoclaving were sterilised through 0.22 µm pore size sterile filters. All cultures 

were initiated using sediment, salt mat and water samples from Lake Magic for the 5 

time points during which molecular analyses were undertaken as indicated 

previously (Chapter 3). 

 

4.1.3 General isolation media 

4.1.3.1 MH1 media  

MH1 media (Minegishi et al., 2008) was used to isolate bacteria from Lake Magic 

samples (salt mat, sediment and water). The medium was prepared as a liquid base 

and a solid base separately. Since the salt concentration of the media is extremely 

high, if agar and salt are autoclaved together, the agar does not solidify, especially at 

low pH. Therefore, the solid and liquid bases were autoclaved separately and mixed 

just before pouring the plates. The liquid base was made with 2 g L-Glutamic acid, 2 

g tri-sodium citrate.2H2O, 1 g KH2PO4, 1 g NH4Cl, 5 g K2SO4, 1 g MgCl2.6H2O, 150 
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g NaCl, 4 g Casamino acids (Sigma Aldrich), 2 g Yeast extract (Sigma Aldrich), 2 

ml of 0.2% FeSO4.6H2O and diluted to 800 ml using MILLIQ water. The pH was 

adjusted to 4.5 with KOH. Filter sterilised trace metal solution (2 ml) was added 

after autoclaving. Trace metal solution was prepared with: 0.3 g CoCl2.6H2O, 0.1 g 

MnCl2.4H2O, 0.1 g ZnCl2, 0.02 g H3BO4, 0.10 g Na2MoO4.2H2O, 0.10 NiCl2.6H2O, 

0.01 g CuCl2.2H2O, 0.04 g AlCl3, 0.02 g Na2WO4.2H2O, 1 g CaCl2.2H2O, 0.1 g 

BaCl2.2H2O, 2 g Na2S2O3.5H2O in 1 L of MILLIQ  water and pH adjusted to 4.0 

using HCL. The solid base was made by adding 50 g NaCl to 20 g Agar (Sigma 

Aldrich) and diluting with 200 ml of MILLIQ water.  

 

4.1.3.2 Modified growth media (MGM) 8% 

MGM was prepared following the recipe from (Rodriguez et al., 2006) and 

(Torreblanca et al., 1986) with suggested modifications mentioned in 

(https://haloarchaea.com/halohandbook/). The medium contained two parts, the 

concentrated artificial saltwater stock and the working media. One litre of 

concentrated saltwater (30%) was made by adding 240 g NaCl, 30 g MgCl2.6H2O, 

35 g MgSO4.7H2O and 7 g KCl. MILLIQ water was added to 800 ml and the 

solution was stirred on a magnetic stirrer with heating. Once dissolved, 5 ml final 

concentration 0.5 g/l of sterile CaCl2.2H2O was added to the solution slowly whilst 

stirring. The pH was adjusted to 4.5 and MILLIQ water was added to bring the 

volume to 1L. The saltwater stock solution was autoclaved and stored at room 

temperature. To make 1L 8% MGM working media, 266.6 ml of 30% saltwater was 

added to 733.3 ml of MILLIQ water. To this, 5 g peptone and 1 g yeast extract was 

added. If required, the pH was adjusted to 4.5. To make solid media, 15 g of agar 

was also added to the 8% MGM.  Since MGM and MH1 plates tend to dry and 
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precipitate salt quickly the plates were wrapped in plastic bags and stored at 4⁰C and 

were heated at 60⁰C for 10 min just before use.  

 

4.1.4 Functional guild specific isolation media 

4.1.4.1 Mineral base media (MBM) 

Mineral base media (MBM) with monomethyl amine (MMA) as the only source of 

carbon and nitrogen was used as a specific isolation media to isolate functionally 

distinct guilds from Lake Magic, in this instance, ecologically important halo-

tolerant methylotrophs (Poroshina et al., 2015). C1 compounds (e.g. methylated 

amines) are widely present in saline environments and could be important C/N 

sources within the community and, as such, received specialised attention. 

Methylotrophs are found to be abundant in hypersaline environments as they form 

biofilms and exhibit slow growth as a survival mechanism during desiccation 

(Fredrickson et al., 2008). However, only a few taxa have been described thus far. 

Therefore, MBM was prepared with 2 g KH2PO4, 0.2 g MgSO4.7H2O, 30 g NaCl, 

0.002 g FeSO4.7H2O in 1L of MILLIQ water. 1 mM MMA-HCl (Sigma- Aldrich) 

was filter sterilised and added to the autoclaved, cooled media. For MBM media 

containing alternate sole sources of carbon and nitrogen, 10% glucose solution and 

10% (NH4)2SO4 were filter sterilised and added to the media. To make solid media 

15 g of agar was added to the liquid broth.  

 

4.1.5 Enrichment cultures and isolations 

Bacterial isolations were initiated by setting up enrichment cultures for sediment, salt 

mat and water samples. 1g of salt mat or sediment sample was added to 60 ml of 

MH1, MGM and MBM liquid broth in 250 ml culture flasks. For water samples, 20 
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ml of lake water was added to 60 ml media in a 250 ml culture flask. All cultures 

were incubated at 37⁰C, shaking at 200 RPM for 4 weeks. Sterility controls were set 

up for each culture consisting of sterile media without sample and incubated under 

the same conditions as the experimental flasks. When the cultures were turbid (with 

respect to the negative sterility control), 50 µl from each flask was spread on several 

plates (MH1, MBM and MGM respectively) to acquire diverse colonies. The plates 

were wrapped with parafilm, wrapped in plastic bags and incubated at 37⁰C for a 

week.  

 

Upon appearance of colonies, the plates were observed under the microscope and 

morphologically different colonies were picked and streaked through 3 passages to 

purify and obtain pure isolates. The pure colonies were grown in 5 ml of their 

respective media for 2 days and 500 µl of culture was added to 500 µl of 50% 

glycerol in cryovials and stored at -80⁰C for future characterisation. 

 

4.1.6 Identification and characterization of pure isolates 

Pure isolates were characterised by 16S rRNA PCR sequencing. Briefly, Isolates 

were streaked from the freezer glycerol stock onto 8% MGM plates and incubated 

for 2 days at 37oC. Visible colonies were subsequently picked and suspended in 

100µl of sterile molecular grade water, heated at 80⁰C for 10 min and centrifuged at 

10,000 x g for 10 min. The supernatant was transferred to a clean tube and used as a 

template for 16S rRNA amplification as described in Chapter 3.  
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4.1.7 Phylogenetic analysis and bioinformatics  

Sequences derived from colony 16S rRNA analyses were de-multiplexed and quality 

filtered through QIIME (Caporaso et al., 2010) with minimum average quality score 

of 20. Minimum sequence length was kept at 130 b.p and maximum sequence length 

of 350 b.p. Chimeric sequences were removed using USEARCH v6.1. No primer 

mismatch or barcode error was allowed and maximum sequence homopolymers was 

15. Sequences were uploaded in NCBI BLASTN. The top hit sequences were 

downloaded in the Geneious software (version 8.1.9) (Kearse et al., 2012). 

Sequences were aligned using the Geneious multiple sequence alignment tool. A 

Neighbour-joining tree was built within Geneious using Jukes and Cantor genetic 

distance model. The trees were uploaded and edited in iTOL (Letunic and Bork, 

2019).  

 
4.1.8 Prokaryote TEM sample preparation 

Pure isolate cultures were centrifuged at 10,000 x g for 10 min. The pellet was 

resuspended in fresh 20 µl media and fixed using 1% glutaraldehyde solution. TEM 

copper grids were prepared by pipetting the sample onto the grid and drying for 20 

min. Subsequently, the grids were washed three times with filtered water to remove 

excess salt from the media. The grids were dried by touching a filter paper to the 

edge of the grid. Finally, the grid was negatively stained with 1% uranyl acetate. The 

samples were left to dry for 24 hours before analysing with a JEOL 2100 

Transmission Electron Microscope at an operating voltage of 120 kV at the Centre 

for Microscopy, Characterisation and Analysis (CMCA) at the University of Western 

Australia.  
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4.1.9 Bacteriophage enrichment and characterization 

4.1.9.1 Enrichment culture for phages 

To isolate viruses specific for cultured bacterial isolates derived from Lake Magic, 

samples of sediment were added to sterile 8% MGM in a 1:4 (w/v) ratio in a flask. 

The flask was shaken at 37⁰C overnight to make an enriched slurry. The slurry was 

centrifuged the next day at 8000 x g for 10min and the supernatant filtered through 

0.22 µm sterile filters to remove any bacteria and elute the phages into the filtrate 

passing through the filter.  Phage purifications were stored at 4⁰C. The HG1 hosts for 

phage selection were prepared by streaking isolated hosts from glycerol stocks onto 

8% MGM plates and incubating them for two days. Subsequently, a single colony 

for a host was selected and grown in 5 ml of 8% MGM broth at 37⁰C overnight with 

shaking at 200 RPM to provide the host starter culture.  

 

To obtain host specific phages, 10 ml of sediment derived phage community was 

added to 40ml sterile MGM broth in a 250 ml flask to which 100µl of an exponential 

host culture was added. The mixture was incubated at 37⁰C with shaking at 200 

RPM, either overnight, or to when the solution became clear due to the lysis of the 

host. Ten millilitre of this phage – host enrichment culture was subsequently 

transferred to 15ml centrifuge tube and centrifuged at 8000 x g for 10min. The 

supernatant was filtered through a 0.22 µm filter to remove host cells and the flow 

through liquid containing phage particles stored at 4⁰C before preparing it for TEM 

samples.  
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4.1.10 Virus Like Particle (VLPs) direct isolation from lake sediment and water 

To prepare TEM grids for VLPs naturally present in the lake sediment and water, 

two methods were used. First, 500 ml of lake water was filtered through 0.45 µm 

Millipore nitrocellulose filters and then concentrated through 0.22 µm Millipore 

nitrocellulose filters. 20 µl of the filtrate was used to prepare TEM grids. The second 

method adopted was to detach and precipitate VLPs from sediment and salt mat 

samples. For this, 5 g of sediment and salt mat mixture was mixed with equal 

amounts of sterile lake water sample and incubated at 37⁰C shaking for 24 hours at 

120 RPM. The slurry was centrifuged the following day for 30 min at 8000 x g. The 

supernatant was filtered using Millipore nitrocellulose filters having 0.45 µm pore 

size, to remove remaining bacteria. The purified solution was used to prepare TEM 

grids. 

 

4.1.11 Bacteriophage TEM sample preparation 

TEM copper grids were prepared by pipetting 20	µl of purified viral extracts onto the 

grid and allowed to dry for 20mins, followed by three washings with filtered water. 

Grids were dried by touching a filter paper to the edge of the grid and grid was 

negatively stained with 1% uranyl acetate. The prepared sample grids were left to 

dry for 24 hours before analysing with TEM JEOL 2100 at the Centre of 

Microscopy, Characterisation and Analysis (CMCA) at the University of Western 

Australia.   
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4.2 Results  

Overall, 227 isolates were obtained over a period of one year during the bacterial 

isolation campaign. These were generated using a range of culture approaches and 

nutrient sources, detailed as below. 

 

4.2.1 General isolation considerations 

Bacterial isolation using rich non-selective media with yeast and peptone as the 

organic source (MH1 and MGM media, see methods) and 20% and 25% salt 

concentrations respectively, were left shaking at 37⁰C in dark for four weeks. In 

general, MGM media displayed turbidity after one week for all water, sediment and 

salt mat samples tested.  Significantly, however, no bacterial growth was ever 

observed when sediment, salt mat or water samples were spread directly on agar 

plates. Direct isolation strategies involved plating 50µl of sediment samples, 

disrupted in water with glass beads, directly onto MH1 and MGM agar plates. Even 

after 4 weeks all plates tested displayed no growth and isolate cultures only grew 

when prior enrichment in liquid media was performed. This clearly indicated that 

direct isolation from such poly-extreme environments is problematic and should be 

avoided when trying to obtain pure cultures. 

 

4.2.2 Bacterial isolates commonly observed from Lake Magic on a non-selective 

media 

In order to increase the chance of capturing a wide range of cultured diversity, a sub-

set of enrichment cultures were diluted on weekly basis and cultures were spread on 

agar plates for four weeks (MGM and MH1). However, similar yellow/orange 

colonies were consistently recovered during the enrichment process and were 
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identified as Salinisphaera species (with molecular data discussed later), indicating 

their dominance within the culturable component of the community (Figure 4.2). 

For specific sample types and media, sediment samples displayed reduced levels of 

isolate growth when compared to the salt mat and water samples, indicating the salt 

mat was a key reservoir for isolates. Further, isolations from the salt mat displayed 

faster enrichment growths than other samples and became turbid in just one week for 

MH1 media and 1 day for MGM media.  

 

4.2.3 Isolation of function specific guilds: Halotolerant Methylotrophs 

To examine functional guilds (methylotrophs) presumed to be important in Lake 

Magic, enrichments using MBM media supplemented with MMA as the sole source 

of carbon and nitrogen were initiated. In parallel, MBM supplemented with 

alternative C and N sources, to differentiate between obligate and facultative MMA 

utilisers were also performed (those capable of deriving both C/N from MMA, or, 

only C or only N). These included MBM with MMA and glucose and MBM with 

MMA and ammonium sulphate solution.  

 

Growth in MBM cultures, where MMA was the sole carbon and nitrogen source 

were, as expected, comparatively slow with the media becoming turbid after four 

weeks of incubation. For this enriched culture, 100µl of each MBM media culture 

was transferred to fresh media after four weeks, but the majority of the cultures 

ceased to grow after the first liquid passage. However, when the primary enrichment 

culture was spread directly onto MBM agar plates tiny bacterial colonies appeared 

after extended incubation of the plates, indicating transferring the primary 

enrichment to plates, not fresh media, was the optimum method to purify MMA 
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utilising bacteria. When transferred to MMA plates and grown for 4 weeks the MMA 

utilising colonies were transparent to whitish in colour and much smaller than the 

colonies obtained with the rich MH1 and MGM media (Figure 4.2). In fact, 

inspection of the plates with a microscope indicated most of the colonies on the plate 

were not visible to the naked eye. Subsequent molecular analysis of these small 

colony isolates indicated that all isolates were not extant halotolerant methylotrophs. 

In fact, the colonies were Salinisphaera, indicating this isolate seems to also be 

capable of methylotrophy and able to grow using MMA as a sole source of carbon 

and nitrogen. 

 

In contrast, growth in cultures with MMA and the addition of extra glucose or 

nitrogen sources was much faster than MMA as the sole C/N source and displayed 

yellow/orange colonies when spread onto plates similar to the colony morphology 

obtained with MH1 and MGM media. Molecular analysis of these colonies also 

revealed these isolates to be Salinisphaera. Many of these isolates ceased to grow 

when inoculated back in the liquid MBM containing only MMA. Some cultures 

ceased to grow even in the presence of glucose. To be able to store these isolates as 

glycerol stocks, pure colonies were inoculated in MGM 8% broth in which they grew 

well.  

 

4.2.4 General physiological characteristics of the isolate collection 

All isolates were also tested for growth on MBM, MGM and MH1 media with 

alternate carbon sources such as glycerol and succinate. The bacteria grew well on 

both carbon sources and similar yellow/orange colonies were obtained upon 

spreading on agar plates (Table 4.1). Finally, the growth of all isolates was checked 
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on different media and different salt concentrations of liquid and solid media (30%, 

20%, 18%, 12% and 8%). All isolates grew best at 8% media and 37⁰C-40⁰C. At 

30% salt concentration in the media the growth was extremely slow but after long 

incubation times colonies appeared and the growth was visible in both liquid and 

solid media.   

 

4.2.5 Isolate collection identities 

A total of 227 pure colonies were obtained and when identified by 16S rRNA 

analysis the majority of the isolates were closely related to Salinisphaera 

hydrothermalis species with varying percentage identity (96%-98%). The isolates 

obtained with MBM media having MMA as the sole source of carbon and nitrogen 

source were also closely related to Salinisphaera hydrothermalis. Other isolates 

obtained were identified as Halobacillus mangrovi with an exact identity match. 

Table 4.1 shows properties of unique isolates obtained. HG1 was isolated from 

sediment sample and showed 97% similarity to Salinisphaera hydrothermalis 

species during phylogenetic placement (Figure 4.3). Other isolates (Table 4.1) 

showed variable sequence identity to S. hydrothermalis. 
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Figure 4.2: (A and B) Morphology of Halobacillus mangrovi on an MGM 8% petri 
dish. (C) Colonies after a week of growing on base media agar plate with MMA as 
sole C and N source. 
  

A B 
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Table 4.1: Bacterial isolates from Lake Magic samples. All organisms in the column refer to the type strains of the respective species. Identity 
refers to 16S rRNA gene sequence identity ~300 b.p. Percentage identity is the hit score obtained from NCBI BLAST. (Growth strength: + low, 
++ medium, +++ high).  
 

Isolate Phylogeny Percentage 
identity 

Isolation 
source 

Growth on different media 

  MH1 MGM MMA MMA+
Glucose 

MMA+N Glycerol  Succinate 

HG 8 Salinisphaera 
hydrothermalis 

98% Sediment +++ ++ + +++ + +++ +++ 

HG1 Salinisphaera 
hydrothermalis 

97% Sediment +++ ++ + +++ + +++ +++ 

SM9  Salinisphaera 
hydrothermalis 

96% Salt mat +++ ++ + +++ + +++ +++ 

WA 5 Salinisphaera 
hydrothermalis 

97% Water +++ ++ + +++ + +++ +++ 

SM7 Halobacillus 
mangrovi 

100% Salt mat + +++ + +++ + ++ ++ 
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Figure 4.3: Phylogenetic relationships of bacterial 16S rRNA gene sequences (~300 

bp) of HG1 isolate grown on MH1 20% media. The tree was made using the 

Neighbour-joining method (1000 bootstrap replicates). Names of bacteria are as 

deposited in NCBI.  
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The SM7 isolate was obtained from salt mat sample of Lake Magic using MGM 8% 

media. The BLAST results showed 100% similarity with H. mangrovi and 99% with 

Halobacillus hunanensis, Halobacillus naozhouensis and Halobacillus alkaliphilus 

strains. The phylogenetic tree showed H. mangrovi as most closely related to the 

SM7 isolate (Figure 4.4). The isolate is Gram-positive, short rod 2-3µm long and 

0.5µm wide. SM7 is motile and the TEM micrograph of the bacterium shows the 

presence of flagellum (Figure 4.5). The colonies on the plates were circular and 

elevated which started off as cream colour colonies and later became light yellow. 

The optimum growth of isolate SM7 was seen in 8% artificial saltwater 

concentration. SM7 was able to grow in a range of salt concentrations (artificial 

saltwater strength). The growth was very slow (>1 week) in 30% MGM but was still 

able to grow given long incubation hours indicating it is halotolerant rather than 

strictly halophilic.  
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Figure 4.4: Phylogenetic relationships of bacterial 16S rRNA gene sequences (~300 

bp) of SM7 isolate grown on MGM 25%. The tree was made using the Neighbour-

joining method (1000 bootstrap replicates). Names are as deposited in NCBI. 
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Figure 4.5: TEM images of SM7 (Halobacillus mangrovi) species.  

 

 

 

4.2.6 Viral like particles (VLPs) and bacteriophage characterization 

Apart from bacterial isolation, an attempt was made to isolate pure phages from the 

lake samples. However, no plaques were obtained after exhaustive attempts using 

phage extracts and cultured hosts. Consulting the literature, there was no specific 

requirement for the phages to grow on agar plates, provided the salt concentration 

was 1-2% less than the host preference and the temperature was right. However, 

there was no visible phage lysis upon plating them at a range of salt and pH 

concentrations and temperatures. Interestingly, the phages grew well in a liquid broth 

at host preference temperature, salinity and pH but did not show plaques in solid 

media. Thus, after several failed attempts, VLPs were characterised directly using 

TEM from two type of samples (1). Direct characterization of lake water and 

Flagella 
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sediment samples for VLPs, (2). Enriched cultures of phages against specific hosts 

(See methods, section 4.1.9). The TEM analysis of different samples revealed a 

diverse population of VLPs in Lake Magic. A total of 20 morphotypes were 

observed (Figure 4.6, Figure 4.7, Table 4.2 and Table 4.3).  

 

4.2.6.1 Sediment viruses 

Direct imaging of sediment samples after detaching them from the sediment using 

shaking and centrifugation procedures (See methods section 4.1.10), revealed 

majority of the VLPs were linear viruses (Figure 4.6 C1, C2 and C3). The second 

most abundant morphology was spherical. Long flagellum like VLPs are associated 

with both archaeal viruses and bacteriophages. A morphologically distinct virus was 

seen in the sediment samples (Figure 4.6 B) that has not been reported till now. We 

hypothesise that these VLPs can be classified as spindle shaped viruses clustered 

together that look like chains with beads. However, searching in the literature, the 

spindle shaped viruses when clustered together are usually seen as a star shape and 

not in a chain (Quemin et al., 2015). Hence, this might be a new virus morphology. 

Another morphology seen in the micrographs were spherical viruses (Figure 4.6 D-

I). This morphology is most closely related to the Globuloviridae family member. 

No tailed VLPs were seen in any of the samples. 
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Figure 4.6: Representation of VLPs morphotypes in Lake Magic sediment. Scale bars 50nm shown in the micrographs. Inset in (B) 
morphologically different VLPs. 
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VLP 
morphotype 

Size Details 

A Length 482nm, Diameter 39 nm. Spindle shaped with two-tails. Morphologically related to Bicaudaviridae 
family. 

B Length 1796 nm, Diameter 74nm-111nm of 
beads 

Long thread with bead shaped virion.  

C Varying lengths.  Flagellum like VLPs, closely related to Inoviridae 

D Diameter 46nm. Spherical shaped virus. Enclosed in membrane. Morphologically related 
to Globuloviridae 

E Diameter 120nm. Spherical shaped virus. Enclosed in membrane. Morphologically strong 
resemblance to Globuloviridae 

 
Table 4.2: Details of VLPs in sediment sample of Lake Magic. 
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4.2.6.2 VLPs enriched cultures with HG1 as a host 

Enriched VLPs cultures were used to prepare TEM grids. All cultures showed lytic 

activity in the cultures as the dense host cultures cleared after 3 days. The resulting 

micrographs showed a diverse population of viruses in the sample confirming 

enrichment of host specific phages (Figure 4.7). Some of the phages were similar to 

the VLPs found during direct imaging of sediment samples such as spherical viruses. 

While others had unique morphologies.  

 

In the enriched cultures pleomorphic viruses were also seen along with spherical 

viruses which were not found in the sediment samples (Figure 4.7 C). Though most 

closely relating to pleomorphic family, the micrographs do not clearly show the lipid 

layer and protein spikes typical of pleomorphic viruses. In addition, these viruses are 

not lytic. Whilst, the virus seen in the micrograph might be a new member of the 

family isolated from acidic hypersaline environment.  

 



 

 119 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Representation of VLPs morphotypes in sediment enrichment with HG1 isolate as host. Scale bars 50nm shown in the micrographs. 
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Figure 4.7 (continued): Representation of VLPs morphotypes in sediment enrichment with HG1 isolate as host. Scale bars 50nm shown in the 
micrographs. 
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VLP 
morphotype 

Size Details 

A Diameter 80nm.  Spherical shaped virus. Enclosed in membrane. Morphologically 
related to Globuloviridae 

B Diameter 84nm, inner dark matter diameter 
62nm. 

Spherical VLP has a dense dark centre matter that looks like the virus 
has two membrane an outer and inner.  

C Diameter 69nm Oval shaped VLP, membrane enclosed.  

F Diameter 49nm. Diameter of smaller top 
sphere 12nm. 

Spherical VLP, non-uniform membrane bound. A small crown sphere 
on top. 

G Length of VLP 32nm. Diameter of inner 
sphere 12nm. 

Avacado shaped VLP, membrane enclosed. Dark centre matter. 

I Diameter 83nm. Spherical VLP. Seems to have double membrane. Resembles plant 
stomatal cells.  

 
Table 4.3: Details of VLPs in enriched culture with HG1 as host. 
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VLPs with membranes covering a dark matter were seen (Figure 4.7 B and E). We 

hypothesis that these could be related to Globuloviridae family members. A slightly 

different morphology but closely relating to pleomorphic and Globuloviridae 

families was seen but cannot be placed in either of them with surety (Figure 4.7 F). 

Likewise, (Figure 4.7 I) are also a unique phage morphology that was not found in 

any literature related to archaeal viruses of phages. (Figure 4.7 G) phage 

morphology had close resemblance to that of Plasmaviridae family which infects 

bacterial hosts. None of the members of this family have previously been isolated 

from hypersaline or other extreme environments.  

 

4.3 Discussion 

4.3.1 The Salinisphaera genus  

The first member of Salinisphaera genus was Salinisphaera shabanesis isolated 

from brine seawater interface of the Shaban Deep, northern Red Sea. It was grown 

on modified SD medium (Antunes et al., 2003) with 10% NaCl and pH 6.0. The 

isolated bacteria were Gram negative having small, round, cocci brownish-yellow 

colonies. These were found to be facultative anaerobes. The optimum growth 

temperature was found to be between 30⁰C- 37⁰C, optimum pH between 4 and 8 and 

optimum salinity was found to be between 1% and 28% NaCl. Salinisphaera genus 

members have been of interest to scientists because of its capability to withstand a 

range of salt concentrations in different environments. More recently, S. shabanesis 

is being utilised as a model organism for space exposure experiment as it can 

withstand long desiccation and UV radiation exposure (Andre Antunes unpublished 

data). There has been only one report of isolation of a Salinisphaera spp. by 
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Mormile et al., (2007). Mormile and colleagues (2007) isolated S. shabanensis 

closely related species from Lake Brown water, an acid saline lake in WA. The 

isolate had an optimum pH of 4 and optimum salt concentration for growth was 

found to be 5%. The HG1 and other isolates closely relating to Salinisphaera 

hydrothermalis were isolated using MH1 media with 20% salt concentration.  

 

S. hydrothermalis strain has been isolated from hydrothermal fluids obtained from 

diffuse flow vents  previously (Crespo-Medina et al., 2009). The strain is 

mesophilic, halotolerant, aerobic, facultative chemolithoautotrophic bacterium. It has 

rod shaped or cocci morphology and grows best in 1-25% NaCl, 5-7 pH and 20-40⁰C 

temperature. Interestingly, the isolates were able to grow on MMA media and media 

containing glycerol and succinate. Although they grew well on alternate carbon 

sources, its growth was comparatively slower in other media (doubling time >30 

hours). This indicates to the potential of these species to be able to grow under poly-

extreme conditions of pH, salinity, oxygen availability and carbon and nitrogen 

sources. The bacteria were isolated from all sample types that is, water, sediment and 

salt mat indicating its dominance in the environment. These data suggested that the 

isolates obtained seemed to undergo rapid physiological reversion when placed upon 

defined plates and indicated that passage should be reduced to a minimum, prior to 

glycerol storage to preserve key characteristics of the original isolate strain. 

 

4.3.2 The Halobacillus genus 

The genus Halobacillus was first described in 1996 (Spring et al., 1996). The first 

members of the genus were Sporosarcina halophile (Claus et al., 1983), 

Halobacillus litoralis and Halobacillus truperi. Halobacillus species are known to 
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produce ellipsoidal or spherical endospores and has a characteristic cell wall 

peptidoglycan type based on L-Orn-D-Asp. Halobacillus mangrovi was isolated 

from surface of leaves of the black mangrove Avicennia germinans (Soto-Ramirez et 

al., 2008). The first report of H. mangrovi stated that it could only grow in the range 

of pH 6-9. However, all media for isolation from Lake Magic samples were 

maintained at pH 4-4.5 and SM7 was well adapted to acidic pH to the best of our 

knowledge. The SM7 was also able to grow on alternate carbon sources including 

MMA, glycerol and succinate. This suggests that these isolates evolve quickly and 

respond to the available resources, in order to survive during stress conditions. This 

isolation is the first report of H. mangrovi from an acidic hypersaline environment to 

the best of our knowledge.  

 

4.3.4 TEM classification of viruses in Lake Magic  

Morphology is a crucial part of viral classification. However, like all methods, TEM 

also has some limitations (Pascelli et al., 2018). VLPs are very small and most of the 

time, they are overlooked and not considered viral particles, rather contaminants or 

organelles on the grid. We took special care of taking multiple images and 

comparing them to negative control grids. Despite our best efforts and thorough 

method, there is always a possibility that some VLPs may not be true viruses. The 

most diverse population was seen in the sediment samples directly used for TEM 

imaging. The diverse morphologies observed included circular, enveloped, non-

enveloped, filamentous, beaded and spherical. Similarly, a diverse morphology was 

seen when sediment samples were enriched with HG1 as a host. The VLPs obtained 

with enrichment of Lake Magic samples with HG1 host revealed many unique 

morphologies that were difficult to characterise to existing virus morphologies. The 
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micrographs show that Lake Magic holds many unique extremophile viruses and 

phages that are yet to be isolated and characterised.   

 

The most abundant morphology in sediment samples was linear VLPs. All 

characterised linear viruses till now infect hyperthermophilic Crenarchaea. They 

have also been seen in hypersaline environments (Pietilä et al., 2014). Viruses 

having similar filamentous or rod-shaped morphology are classified into 

Lipothrixviridae family for archaeal viruses and Inoviridae for phages. The former 

have characteristic lipid virions and we could not see any visible lipid layer.  

Archaeal and bacterial filamentous viruses also differ in their genomes having 

ssDNA in bacterial viruses and dsDNA genomes for archaeal viruses. Hence, we 

hypothesise that the linear VLPs in the micrographs are a new morphotype.  

 

Spindle shaped viruses are abundant in diverse extreme environments including 

hypersaline environments (Oren et al., 1997; Sime-Ngando et al., 2011; Krupovic et 

al., 2014) and all isolated viruses so far only infect archaeal hosts. Spindle shaped 

viruses are classified into Fuselloviridae and Bicaudaviridae families. However, the 

two-tail shapes of the spindle virus that we found in our sample is a distinct 

characteristic of Bicaudaviridae family. The sole member of the family isolated thus 

far is a hyper thermophilic archaeal virus Acidianus two-tailed virus (ATV) 

(Prangishvili et al., 2006). The members of the Globuloviridae family infect archaeal 

hosts only and have spherical morphology. According to the ICTV taxonomy profile, 

Globuloviridae family members enveloped viruses, with linear double stranded DNA 

genomes (Prangishvili et al., 2018) and have been isolated only from geothermal 

environments. 
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The water sample exhibited a relatively lower concentration of VLPs which could be 

due to several reasons. First, a lack of dense host population in the water column. 

Second, technical difficulties such as in terms of concentrating the VLPs in the water 

samples as it requires laborious filtration and purification and sophisticated filtration 

gear (Edwards and Rohwer, 2005). Moreover, we should not ignore the clogging of 

filter membranes that can clog and withhold larger viruses on the membrane which 

never pass through in the filtrate.  

 

Overall, these data highlight the potential of several unique untouched extremophile 

viruses in poly-extreme environments such as that of Lake Magic. More studies 

should be focused on isolation of these viruses and their role in the biogeochemical 

cycles in such environments.  
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Chapter 5 

Design and Testing of a Two Species Co-
culture System for use in Synthetic 

Ecological Studies of Microorganisms 
 

 
 
 

Preface 

This chapter builds on all previous chapters results and studies 
the microbial interactions in an environment that closely mimics 

Lake Magic.  
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5.0 Introduction 

In natural environments, microbes live in communities where individual cells 

simultaneously interact with both neighbouring cells and their surrounding 

environment, leading to intricate dynamics. For example, evidence suggest that 

microbes are capable of chemically modifying and/or influencing their neighbours 

by secreting or consuming chemical cues (reviewed in Atkinson and Williams, 2009; 

Schmidt et al., 2019). These chemical changes have a direct influence upon the 

bacterial cells themselves and on their neighbours. Having established that microbes 

are capable of influencing their environment, and communicating with each other, a 

central question in microbial ecology is “how do interspecies interactions affect 

basic ecosystem functioning?”(Piccardi et al., 2019)  

 

For microbe-microbe interactions, interactions can be cooperative or non-

cooperative in nature, where either facilitation or competition with each other will 

depend upon the environment they are in. In general, most microbial interactions are 

mostly competitive in order to gain an advantage in regard to available resources, 

space and survival (Ghoul and Mitri, 2016) whilst cooperative outcomes usually 

exist during periods of stress. Amongst cooperative interactions, facilitation (Bruno 

et al., 2003) tends to be more prevalent than mutualism and commensalism, since 

most species benefit indirectly from each other by chance depending upon their 

circumstances (Zelezniak et al., 2015; Germerodt et al., 2016; D’Souza et al., 2018; 

Goldford et al., 2018; Piccardi et al., 2019) .  
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In natural environments microbial communities are constantly faced with 

environmental fluctuations, in addition to chemical change induced by their partners. 

Since the natural environment is a dynamic system, the two-way relationship 

between the neighbouring microbes, the microbes themselves and further with their 

environment adds complexity and makes understanding species interactions a 

challenging task (Widder et al., 2016). However, there is growing experimental 

evidence to suggest that bottom-up approaches for example, assembly of component 

species) can resolve these complex interactions (Wintermute and Silver, 2010; De 

Roy et al., 2014; Rodríguez‐Verdugo et al., 2019). The use of synthetic microbial 

communities for studying microbial interactions has been widely applied to many 

different environments, such as microbes of the human gut (Venturelli et al., 2018), 

communities within tree holes (Foster and Bell, 2012) and communities in metal 

working fluids (Piccardi et al., 2019). Critically, many studies have been able to 

understand the microbial community interactions and how they modify and react to 

their environment, by assembling microbes together synthetically (Kim et al., 2008; 

Lawrence et al., 2012; Piccardi et al., 2019; Rodríguez‐Verdugo et al., 2019). 

Synthetic communities are advantageous in studying microbial interactions as they 

offer a higher degree of experimental control and replication in order to gain a 

rigorous understanding of the mechanistic aspects of microbial interactions 

(Rodriguez-Verdugo et al., 2019). 

 

Microbes may interact physically, or, exchange a range of chemical cues (Dudler and 

Eberl, 2006; Seth et al., 2014) with other microorganisms (refer to Chapter 1, section 

1.0). More recently, chemically mediated relationships were recognised and 

microbe-driven chemical ecology is now in the spotlight (Schmidt et al., 2019). 



 

 131 

Bonnie Bassler coined the term ‘microbial language’ when she first discovered 

bacterial intra-specific quorum sensing during her pioneering work (Bassler et al., 

1997; Bassler, 1999). Hence, it is now well established, that chemical ecology in 

relation to microbes must be a crucial part of microbial interactions studies.  

 

Microbial chemical interactions are commonly studied as co-cultures where the 

effect of one, or more, species on the other is studied. Common techniques include 

well mixed co-cultures (Fiegna et al., 2015; Ratzke et al., 2020), conditioned media 

exchange (Traxler et al., 2013) or physically separating microbes (Stadie et al., 

2013; Moutinho et al., 2017). Each of these techniques have their own limitations. 

Some techniques only provide unidirectional flow of molecules, while others do not 

provide temporal data of microbial growth.  

 

In a recent study by Moutinho and colleagues (2017), a new co-culture model was 

introduced. This model is based upon a tissue culture plate format and allowed the 

microbes to be physically separated by a vertical semi-permeable membrane within a 

single co-culture well, allowing them to interact chemically. Although the idea of 

physical separation of microbes is not new, this strategy allows the study of real time 

microbial interactions by taking optical density measurements via a plate reader. 

However, the original design was relatively complicated with many small parts that 

were needed to completely assemble a single co-culture plate. This not only 

increased the plate cost but also assembly time. Therefore, there is a need to take the 

original design principles and produce a simpler, more convenient and economical 

version of the analysis system.  
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In this chapter, a modified co-culture plate design is described which simplifies 

previous designs and substantially reduces assembly time and costs. This system 

allowed highly replicated synthetic communities within a single analysis plate and is 

demonstrated by assessing microbial interactions within two key taxa from Lake 

Magic, under high salt and low pH conditions which mimic Lake Magic (Isolation 

details in Chapter 4). These two-species consortia, in its defined chemical 

environment represents a tractable model system for studying the role of biotic and 

abiotic ecological dynamics within poly-extreme microbial communities.  

 

Using this system the SGH (Bertness and Callaway, 1994) was tested for the two key 

culturable taxa within Lake Magic. Specifically, the SGH predicts that positive 

interactions should be more prevalent in a stressful environment, whereas permissive 

environments should favour competition (Chapter 1). Hence, we hypothesise that 

within the stressful and dynamic environment of the lake, microbial taxa have a 

greater chance of survival by forming facilitative and/or cooperative interactions 

with each other. Previous community data (Chapter 3) suggested that taxa within 

Lake Magic displayed more positive interactions as the environmental stress 

increased. Here, we test this hypothesis by setting up a two-species microbial 

community under extreme conditions experienced within the lake and demonstrate 

their single and pairwise growth over a fixed period of time. To the best of our 

knowledge, no study has been carried out on isolates from any poly-extreme 

environment related to their microbial interactions.  
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5.1  Materials and methods 

The synthetic co-culture system designed here was based upon the initial idea and 

design diagrams found in Moutinho et al., (2017). Modifications were made to the 

material and design of the plate to facilitate easier assembly and more 

straightforward routine application of the plate without compromising on its 

efficiency of operation. The design and fabrication of the plate was performed at the 

Science SDC Workshop, The University of Western Australia.  

 

5.1.1 Plate components  

The parts required for assembly of a single plate are shown in (Figure 5.1). The list 

of the parts included: 

1. Eight Isopore polycarbonate membranes from nuclepore pore size 0.22µm, 25mm 

diameter. The plate is compatible with any pore size membrane. 

2. Sealing O-rings stock (size 16mm) for bottom and (size 12mm) for front. 

3. Silicone grease tub. 

4. Screws box stainless steel (3.10mm x 6.40mm) having 3.5mm head width. 

5. Micro screw drivers. 

6. Pipettes for sample and media loading. 

7. Pipette tips (preferably with filters). 

8. Tweezers (preferably sharp and narrow) 

9. Scalpel. 

10. Scissors. 

11. 70% ethanol. 

12. Petri dishes (sterile). 

13. Sterile Breathe easy© membrane (Sigma Aldrich) 
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14. Acrylic base cut at a specific size and dimensions as described in the technical 

drawings (5.2a). 

15. Milled Teflon chambers as described in the technical drawings (Figure 5.2b) 

16. Gloves. 

 

  

 

 

Figure 5.1: Individual parts of co-culture plate. From left: scalpel, forceps, 
screwdriver, screws, scissors, 1000ml pipette, O-rings, silicone grease tub, 25mm, 
0.22µm membrane and breath easy membrane.  
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5.1.2 Plate design  

The single co-culture plate harbours 16 wells (16 individual chambers), that were 

assembled as 8 pairs, separated with a membrane. The base of the plate is the size of 

a standard 96 well plate and is compatible with any standard plate reader (Figure 

5.2). We substituted the base material of the plate with acrylic instead of an 

aluminium structure and a polycarbonate base for the individual chambers in the 

original design. This substitution not only brought the manufacturing price down, but 

also made the plate easier to assemble. Thus, the base assembly parts were decreased 

from three individual parts to only one. The acrylic base used has a refractive index 

of 1.48 at 600nm and can provide OD600 data efficiently for microbial interactions 

studies. The base has holes drilled in for the secure attachment of each chamber, with 

measurements as shown in (Figure 5.2a). Finally, the base can easily be autoclaved 

and cleaned with 70% ethanol before each experiment to ensure sterility. 

 

Further modifications included fabricating the individual chambers from Teflon as 

opposed to polypropylene in the original design. Teflon chambers can be autoclaved 

to sterilise before an experiment due to its inert nature and represents a significant 

cost saving. Each Teflon chamber harbours four holes that hold the screws and 

allows attachment of the chamber securely to the base (Figure 5.2b). Each 

individual chamber has two grooves, one on the side and one at the bottom that 

allows the O-rings to secure and seal the chamber to the membrane and to the base, 

respectively. All parts of the plate can be re-cycled and re-used except the O-rings 

and filters. The O-rings can perish with heat from autoclaving after several cycles 

and it is suggested that they be regularly replaced to avoid leakage and cross 

contamination of the chambers.  
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Finally, the shape of the inlets for each chamber were re-designed from spherical to 

round, which decreased the cost of cutting and shaping the chambers by more than 

half. This design did not compromise the efficiency to obtain OD data and increased 

the well volume by ca. 15% from 2 ml to 2.3 ml. 

 

 

 
 
Figure 5.2: (a) Acrylic base of the co-culture plate showing, holes drilled to attach 
individual chambers with screws. Each chamber is secured on the base using four 
screws. The measurement of the holes and plate dimensions are shown. 
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Figure 5.2: (b) Pair of chambers made of Teflon with holes to hold screws are 
shown. Each chamber has two inlets. The membrane is placed on the side inlet and is 
attached to another chamber to make a pair. The side inlet shows a groove for O-
rings. Each chamber is secured on the base using four screws. The measurement of 
the holes and chamber dimensions are shown.  
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5.1.3 Plate assembly  

Before using the plate for an experiment, it is essential to sterilise all parts. The plate 

can be autoclaved after assembly, or, individual parts can be autoclaved separately as 

required. To assemble the plate silicone grease was applied to the side and bottom 

groove of each chamber. Next, the O-rings of respective sizes (see section 5.1.1) 

were placed on the side and bottom grooves on each chamber, allowing for complete 

sealing of the plate. Subsequently, each chamber was screwed to the base, leaving 

sufficient room to allow for thermal expansion during autoclaving. For sterilisation 

of the full base assembly the plate was wrapped in aluminium foil and autoclaved for 

20min at 120⁰C and 15psi.  

 

After autoclaving the plate was allowed to cool and final assembly undertaken within 

a laminar flow hood for sterility. Using a pair of clean scissors, the 25mm, 0.22µm 

pore size membranes were cut in half and soaked in 70% ethanol in a petri dish prior 

to loading the membrane halves into the plate. The membranes were not autoclaved 

as autoclaving them reduces the passive diffusion and surface hydrophobicity of the 

membrane (Moutinho et al., 2017). 

 

Within the biosafety hood, wearing sterile gloves, the plate was taken out of the 

aluminium foil and care was taken not to touch the base, a factor that can hinder 

optical density measurements. For each chamber pair, one of the paired halves was 

unscrewed using a clean screwdriver and the soaked ethanol membrane was placed 

onto the chamber using forceps, avoiding any wrinkles on the surface to provide 

maximum surface area for exchange (Figure 5.3).  The chamber with the membrane 

was placed back on the base, and screws were fully tightened on both chambers of 
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the pair. The same process was repeated until all 8 pairs had membranes installed in 

them.  

 

Once the plates were completely assembled, they were left to stand in the biosafety 

hood for ten minutes to allow the ethanol on the membranes to evaporate (Figure 

5.3). After ten minutes, bacterial media was loaded into each well, followed by 

inoculation of the bacterial cultures to be used for the experiment. After loading all 

the wells, a Breath-easy membrane was placed on the on top of the whole assembly 

to seal it. The Breath-easy membrane allowed easy exchange of gases between the 

plate and the environment without causing contamination. The plate was placed in 

the Perkin Elmer’s EnightTM plate reader for optical density measurement for 48 

hours at 37°C with the plate remaining within the plate reader. The optical density 

readings were taken every 5 min at 600 nm with Kaleido 2.0 data acquisition and 

analysis software.  
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Figure 5.3: A complete assembled plate having eight pairs of chambers before 
loading with bacterial media.  
 
 
 
 
5.1.4 Strains and growth conditions 

For all experiments, strains HG1 (Salinisphaera hydrothermalis) and SM7 (Halobacillus 

mangrovi) isolated from Lake Magic sediment and salt mat samples respectively were used 

(Chapter 4). To prepare the strains for co-culture experiments, glycerol stocks were 

streaked onto 8% MGM plates and incubated at 37⁰C in the dark. After two days the plates 

were checked for colony growth and contamination. Single colonies were picked from each 

plate and were inoculated into 5ml of 8% MGM and incubated at 37⁰C, shaking at 120RPM 

for two days in the dark to obtain exponential phase cultures. After two days the OD600 was 

measured for each strain before proceeding to the co-culture experiment. 
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5.1.5 Validation of the co-culture plate  

To validate the functionality and efficiency of the co-culture plate, a pilot experiment was 

carried out. For this experiment, the co-culture plate was set for four conditions: (I) SM7 

strain (Halobacillus mangrovi) In MGM 8% media against a blank MGM 8% media to test for 

any contamination passing between the chambers (II) SM7 strain in water against 8% MGM 

media to test the efficiency of diffusion of media (III) Blank media for internal monitoring of 

measurements taken by the plate reader to test for machine noise or drift, and, as an 

overall sterility check (IV) SM7 strain in water against diluted MGM media (12.5%, 25%, 

37.5% and 50%). The dilutions were made with sterile water to provide different 

concentration of media to SM7. This condition tested the efficiency of nutrient diffusion 

between the chambers, as a function of media concentration, a potential factor which may 

affect the microbial interactions. All conditions were carried out in triplicate and were run 

in continuous analysis mode for 48 hours at 37⁰C, where the plate remained in the plate 

reader and OD600 readings measured every 5 min (See section 5.1.7 for details).  

 

5.1.6 Experimental setup for inference of microbial interactions 

For the microbial interaction experiment, 8% MGM was used to mimic the flooded stage of 

the lake (pH 4.5, 8% MGM). Monocultures and pairwise cultures were initiated with 2ml of 

total media in each well. For monocultures, one well of a pair was inoculated with bacterial 

culture against the same amount of blank media. For co-cultures, both wells were 

inoculated with the required bacterial strains. All bacterial strains were inoculated at a 

calculated OD600 of 0.2. All experiments were carried out in triplicate. 
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5.1.7 Data collection and experimental conditions 

All co-culture plates were incubated in the Perkin Elmer’s EnsightTM plate reader for 48 

hours. The temperature of the run was set at 37⁰C and the “no condensation” feature was 

turned on. The program was set to take readings every 5 minutes for 48 hours. The plates 

were shaken at every time point. All files were saved as excel sheets and transferred to R (R 

software version1.2.1335) for data analysis.  

 

5.1.8 Estimation of population densities (CFU/ml)  

Colony forming units were counted for monocultures and pairwise cultures. Briefly, a serial 

dilution to 10-6 of the original culture in each well of the co-culture plate was performed, at 

the start and end of the experiment. 50µl of the dilutions were spread onto 8% MGM 

plates and incubated at 37⁰C in the dark for two days, or, until full colony emergence. 

Colonies were then manually counted. 

 

5.1.9 Data analysis and statistics  

To infer the microbial interactions between the two species, the area under the curve 

(AUC) was calculated for monocultures and co-cultures in triplicate. ANOVA was applied to 

test for statistical significance of the interactions, followed by post hoc Tuckey’s test. To 

infer the nature of interactions as positive, negative or neutral the p-value from ANOVA 

was used. If the AUC of monocultures was significantly (p<0.05) higher or lower than the 

AUC of co-cultures, we deemed the interaction to be positive or negative respectively 

(Piccardi et al., 2019). Where the interaction was insignificant, we deemed it to be neutral. 

All graphs were made in R software using the ggplot2 package (Wickham, 2011). 
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5.2 Results 

For any experiment co-culture means both chambers are inoculated with a specific 

species. Whereas, in a monoculture one chamber is inoculated with a specific 

bacterial and the other chamber contains sterile medium. Before performing any co-

culture experiment, the basic function and efficiency of the plate was validated. The 

aim of this experiment was to confirm that the design of the plate was compatible 

with the experimental requirements. We first tested the plate for any contamination 

and leakage issues. We then tested if the membrane was a sufficient barrier and if the 

pore size of the membrane was sufficient for the following experiments. For this we 

tested the growth of SM7 under two conditions. In the first condition, SM7 was 

inoculated in MGM 8% media against blank 8% MGM. The results of this chamber 

would show if there were any contaminations. Under the second condition, SM7 was 

inoculated in sterile water against blank rich media (8% MGM). This experiment 

would validate the exchange of media between the two cells as SM7 could only grow 

if the nutritional media could pass through the membrane.  

 

The experiment ran for 48 hours and after 48 hours there was no visible leakage 

from the plate. Moreover, the OD600 data of the blank chambers did not show 

contamination issues of any sort, confirming a tight sealing of the chambers from all 

sides (Figure 5.4a). This also confirmed that the membrane provided a sufficient 

barrier for bacteria as they were not able to pass through and contaminate the 

adjacent chamber containing blank media. It was also established that 48 hours was a 

sufficient time to investigate these interactions and that a 37°C temperature and the 

shaking conditions employed were suitable. 
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Next the efficiency of exchange of materials between the chambers was tested. For 

this the growth of SM7 inoculated in sterile water and sited next to a chamber 

containing growth medium. A slow growth of SM7 was observed in these chambers, 

indicating that an exchange of growth medium was taking place via the membrane. 

Further, no growth was found in the non-inoculated chambers confirming no 

contamination was occurring (Figure 5.4b).  

 

Finally, the growth pattern of SM7 inoculated in sterile water against four different 

concentrations of media (low to high) was tested. The experiment would assess if 

diffusion of MGM media across the membrane was dose responsive. Logically, the 

concentrated media should show faster growth. We observed a slight difference in 

growth between the different concentrations of media tested (Figure 5.4a) however, 

a growth response was evident (faster growth in high concentration of media).  
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Figure 5.4: Experimental data for pilot study to validate the basic function of the co-culture plate. (a) OD600 vs Time graph of SM7 growth in 
real time when inoculated in water against different concentrations of MGM (12.5%, 25%, 37.5%, and 50%) in each chamber. (b) OD600 vs time 
graph showing the mean growth in real time of SM7 inoculated in MGM 8% against MGM 8% (mixed), inoculated in water against 8% media 
(gradient) and blank media.  
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Figure 5.4 (Cont.): (c) AUC plot of SM7 in gradient (inoculated in water against 
8% media), mixed condition (SM7 inoculated against MGM 8%) and blank (No 
inoculation in 8% media).    
  

C 
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5.2.1 Microbial interactions observed in a two species poly-extreme system  

After establishing that the plate was functioning as predicted, a series of experiments 

were performed to elucidate whether the developed system could measure and 

quantify interactions between Lake Magic taxa. Specifically, a central focus was 

determining the potential nature of any metabolic interaction, including competition, 

cooperation or neutrality. For this HG1 and SM7 were incubated in monocultures 

and co-cultures for 48 hours and their OD600 was recorded in real time every 5min. 

Self-competition experiment were also initiated by inoculating HG1 against itself 

and SM7 against SM7 in a separate experiment. Species’ interactions were 

determined by comparing the area under the curve (AUC) of all monocultures and 

pairwise cultures as detailed by Piccardi et al., (2019) where AUC combines growth 

rate, death rate and final yield in one value (see materials and methods section 

5.1.9).  

 

If the AUC of co-culture (For example HG1 against SM7) was larger than the 

monoculture (For example HG1 against blank media) of a species, we considered it a 

positive interaction. The results obtained varied significantly between monocultures 

and co-cultures for HG1. The AUC of HG1 in co-cultures with SM7 were 

significantly larger than that in monocultures (HG1 against blank media) (p<0.05, 

Table 5.1 and Figure 5.5b). The OD600 for co-cultures were consistently high in all 

cultures whereas, the growth of HG1 in monocultures was low (Figure 5.5a). The 

results collected for SM7 in monocultures and co-cultures with HG1 depicted no 

significant difference between AUC of its monocultures and co-cultures (p>0.05, 

Table 5.1 and Figure 5.6b). SM7 grew well in the absence or presence of HG1 
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(Figure 5.6a). SM7 grew approximately at the same rate in both the monocultures 

and the co-cultures. 

 

We also tested the effect of larger starting population on the growth of SM7 in both 

monoculture (SM7 against blank) and co-culture (SM7 agianst HG1). A larger 

starting population would have given an advantage to SM7 over HG1 at the start of 

the experiment. If the two players were affected by the experimental conditions, 

SM7 could outcompete HG1 with a larger population. However, the results showed 

no significant difference between the two conditions (Figure 5.6a). Interestingly, the 

OD600 in this well quickly levelled off as compared to other co-cultures of SM7. 

Hence, the results confirm that, SM7 facilitates the growth of HG1 remaining 

unaffected itself.   
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Figure 5.5: (a) Graphical representation of HG1 OD600 in real time. Black lines represent growth in co-culture in triplicate. Grey lines represent 
growth in monocultures in triplicate. Dashed lines show the mean of both conditions (red= co-culture, purple=monoculture). (b) AUC of HG1 in 
monoculture (blue) and co-culture (red) in triplicate.  
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Figure 5.6: (a) Graphical representation of SM7 OD600 in real time. Black lines represent growth in co-culture in triplicate. Grey lines represent 
growth in monocultures in triplicate. Dashed lines show the mean of both conditions (red= co-culture, purple=monoculture). (b) AUC of SM7 in 
monoculture (blue) and co-culture (red) in triplicate. 
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5.2.2 Co-culture experiment of SM7 self-competition  

Since SM7 had no significant interaction with HG1, we tested if SM7 growth is 

affected when incubated in a co-culture with itself (i.e. each chamber is inoculated 

with SM7). Similar to its previous co-culture results, no significant difference 

between AUC in co-culture and mono-culture systems were observed (Figure 5.7b, 

Table 5.1). However, again if the OD600 data is analysed, we can see that player 1 

quickly becomes dominant over player 2 and affects its growth rate (Figure 5.7a). 

the change in growth and interaction cannot be seen clearly in 48 hours’ time. 

However, the trend is still noticeable. 
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Figure 5.7: (a) Graphical representation of OD600 vs Time of SM7 in different cultures. Only mean of growth is shown for all conditions. Grey 
lines represent self-competition between SM7 (dotted= Player 1, dashed= Player 2). Black line shows mean growth of SM7 in monoculture. Blue 
line shows mean growth of SM7 in co-culture. (b) Represents AUC of SM7 in monoculture, co-culture and in competition with itself. Data is 
shown for all replicates. Red=co-culture, green= Player 1 in competition, Blue= Player 2 in competition and purple= SM7 in monoculture.  
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Table 5.1: AUC and P value (ANOVA) for different experimental conditions for SM7 and HG1. The nature of interaction has been derived from 
AUC difference between monocultures and co-cultures. (Significance level p< 0.05). Data has been shown for all repeats.

Strain Condition Repeat AUC P value  interaction 
SM7 monoculture 1 15.04409 0.9723 Neutral 
SM7 monoculture 2 9.600439 
SM7 monoculture 3 17.01343 
SM7 Co-culture with HG1 1 16.29616 0.9723 Neutral 
SM7 Co-culture with HG1 2 15.29058 
SM7 Co-culture with HG1 3 25.97751 
SM7 P1 Co-culture with SM7 1 28.5798 

 
0.983 Neutral 

SM7 P1 Co-culture with SM7 2 22.35895 
 

SM7 P1 Co-culture with SM7 3 7.84688 
 

SM7 P2 Co-culture with SM7 1 18.49451 
 

0.6043 Neutral 

SM7 P2 Co-culture with SM7 2 26.85687 
 

SM7 P2 Co-culture with SM7 3 20.11276 
 

HG 1 monoculture 1 17.21126 0.0017 Positive 
HG 1 monoculture 2 14.55287 
HG 1 monoculture 3 17.92102 
HG 1 Co-culture with SM7 1 9.028945 0.0017 Positive 
HG 1 Co-culture with SM7 2 8.099594 
HG 1 Co-culture with SM7 3 7.426155 
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5.3 Discussion 

Microbes can modify their surrounding environment via exchange of material with 

neighbouring microbes. These interactions are in turn affected by the fluctuations of 

the environmental conditions (pH, salinity, temperature) (Ratzke et al., 2020). Lake 

Magic is a complex environment because of its dual stress of high salt and low pH. 

Moreover, the lake’s environmental conditions are highly dynamic, providing 

constant fluctuations in the abiotic environment for the microorganisms living in the 

lake water and sediment. In such environments, species are also faced with 

additional challenges of low nutrients and oxygen. Many recent studies have showed 

that microbial interactions can be studied and predicted by understanding how they 

react and modify their surrounding environment (Ratzke et al., 2020; Goldford et al., 

2018; Ratzke and Gore, 2018; Niehus et al., 2019). We hypothesised that in such an 

environment, species interactions and coexistence must play a crucial role as they 

have been shown previously to protect vulnerable species from harsh environments 

through positive interactions (Stachowicz, 2001). To test this hypothesis, a series of 

microbial interactions experiments were performed in a co-culture plate by 

measuring dynamics of monocultures and co-cultures in real time. 

 

Metabolic exchange is considered as a common of interaction among microbes 

(Friedman et al., 2017; Goldford et al., 2018). Moreover, it has been shown 

previously that a simple bottom-up approach can be used to anticipate the response 

of communities in a fluctuating environment (Friedman et al., 2017). Whilst, the 

pilot experiments to test the ability of our co-culture plate model to efficiently 

measure the dynamics of microbial interactions between a two species system 
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confirmed that the plate design and materials used were sufficient. The co-culture 

plate allowed microorganisms to interact via chemical exchange whilst, maintaining 

a physical barrier. As presented, the chemical exchange took place at a sufficiently 

high rate, providing rapid changes to growth of the microbes at different conditions. 

The plate provides accurate real time measurements of microbial growth without 

compromising the growth conditions (Moutinho et al., 2017).  

 

Synthetic co-culture systems like the one described in this chapter provides a 

controlled environment to study microbial interactions (Rodriguez- Verdugo et al., 

2019). The plate was setup using environmental conditions similar to that of Lake 

Magic’s so that the isolates could grow easily. Although these microbes have been 

isolated from Lake Magic, this environment in the flooding stage (pH 4.5, 8% 

saltwater concentration) is still considered to be a ‘stressed’ environment for these 

microbes. As the data from Chapter 4 shows that these microbes are rather tolerant 

to these environmental conditions of Lake Magic and are not extremophiles by 

nature.  

 

The SGH (Hammarlund and Harcombe, 2019) hypothesise that positive interactions 

are more prevalent in stressful environment. A recent study showed that in a 

microbial population, species competing for a single carbon source can coexist by 

niche formation usually by secreting metabolic products that other species can utilise 

for growth (Goldford et al., 2018). Coexisting species can breakdown or excrete 

substances that are otherwise not available or are present in their complex forms. 

When the neighbouring microorganisms gain access to these unique resources, they 

achieve a growth rate boost that allows them to persist for coexistence (Neihaus et 
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al., 2019). It is hypothesised that species in stressed environments such as that of 

Lake Magic can coexist as long as a subset of the species are working towards 

buffering the stressful conditions (Piccardi et al., 2019). Data generated from our 

study provides similar results with positive interactions dominating the system. 

These results are also in line with another recent study where the interactions became 

more positive as the environment became toxic (Piccardi et al., 2019).  Specifically, 

HG1 was seen to be benefitting from SM7, however, HG1 did not reciprocate SM7 

in any positive or negative way. It is suggested that this interaction as a 

unidirectional positive interaction, commonly known as “Commensalism” (Dolinšek 

et al., 2016) and not cooperation. Specifically, we call it commensalism as HG1 

species established a positive interaction with SM7 without providing any advantage 

or disadvantage to it. Whilst, it can be that the growth of SM7 here is providing such 

passive cross feedings to other partners such as HG1. There is a possibility of this 

relation occurring by chance rather being evolved.  

 

The neutral nature of SM7 interaction seems as if, SM7 is more tolerant of stressed 

environments than HG1 and it is evident from these results that SM7 is very well 

adapted to the Lake Magic conditions of high salt and low pH. In all conditions SM7 

grew better than when it was incubated with HG1. One explanation can be the 

different lag phase of these microbes and we cannot deduce the growth effect on 

SM7 in 48 hours as these microbes are slow growing. It might also be possible that 

SM7 requires a physical interaction to interact with HG1. Together, these results are 

in agreement with the SGH that abiotic stress induces facilitation in communities 

(Lawrence and Barraclough, 2016; Hammarlund and Harcombe, 2019).   
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The self-competition experiment of SM7 further highlights the role of SM7.  In the 

results no significant difference between the monocultures and co-cultures was 

found. Interestingly, the competing strain in our experiment grew better than the 

strain grown in isolation (monoculture) and the strain grown against HG1. This is 

because two cultures, despite being similar are not exactly the same. Hence, the 

culture that is bigger can use the resources faster than the smaller culture and 

dominate the interactions. In such experiments, both players have an equal chance to 

become dominant. This can be further scrutinised by studying the materials being 

exchanged between the players.  

 

The lack of information on the materials being exchanged between the two players is 

an important caveat in our study. Nevertheless, our data provides us with preliminary 

data for microbial interactions in poly-extreme environment. Moreover, the co-

culture plate model developed here has many potential applications. In addition to its 

application in studying simple interactions like the one above, it can also be applied 

to study the metabolomics of the interacting players. One such potential application 

being studying interactions using isotopically labelled substrates and analysing them 

with techniques such as NanoSIMS and mass spectrometry.  

 

Recent studies have been able to predict community level properties by studying 

single species behaviours (Louca and Doebeli, 2015; Hanemaaijer et al., 2017; Hart 

et al., 2018, Rodriguez-Verdugo et al., 2019). Moreover, it is now established that 

the strength of species interactions determines the stability and diversity of microbial 

communities (Ratzke et al., 2020). Hence, the co-culture plate can be utilised to 

study the effect of fluctuating environments on the stability of microbes in extreme 
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environments. The plate can also be used effectively to study the interactions 

between bacteria and their phages. Studying microbial interactions in environments 

similar to their natural environments like this one, can help us answer many crucial 

questions regarding the stability and functioning of many complex communities in 

the nature.  
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Chapter 6 

General Discussion 

 

 

Preface 

This chapter draws a synthesis of the aims and findings of this 
PhD thesis  
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6.0 Overview 

Poly-extreme environments are interesting ecosystems to study the limits of life. 

They provide an intriguing opportunity to understand how life can survive and thrive 

in such stressful environments. Lake Magic is a unique poly-extreme environment 

that exhibits both high salinity and hyper-acidity. Moreover, the dynamic nature of 

the lake adds another fluctuating stress for any life in the lake. In this thesis I have 

attempted to understand the survival mechanisms of microorganisms living in Lake 

Magic during different stages of the lake’s hydrological cycle. The lake stages 

constantly challenge the adaptations of these microorganisms and put a selection 

pressure upon them. The foundation of the research question in this thesis is that, 

“Microorganisms rely on positive interactions with their neighbouring microbes to 

survive in stressful environment”.  The findings of the thesis are summarised in 

Figure 6.1. 
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Figure 6.1: Summary of the key findings in this thesis includes (1) Rich diversity of 
bacteria and viruses in the sediment (2) Fungi population rich on Ascomycota phyla 
(3) Increased iron and sulphur metabolism (3) possible exchange between microbes 
pf the water column and sediment (4) The sediment becomes highly specialised 
during stress (5) microbes forms niche in the sediment, positive interactions to buffer 
the sediment environment. 
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Chapter 1 highlighted the knowledge gaps addressed in this thesis. In this chapter I 

discussed the findings, their implications and drew conclusions using previous 

literature. I also discussed the limitations of my research methods and highlighted 

the future research questions that arose from the findings of this thesis. This PhD 

thesis is the first report of a comprehensive study on a poly-extremophile system’s 

microbiome, using a range of technologies (culture based, NGS, interactive studies) 

to provide a ‘bottom up’ understanding of a unique environment. It has addressed the 

following knowledge gaps which were raised by Harrison et al., (2013), as key 

questions related to poly-extremophiles living in various environments: 

 

(1) Cultivation of poly-extremophilic taxa within a unique extreme environment and the 

first morphological characterisation of an acid saline virome. Further, I identified 

potentially novel traits within common lake isolates, namely MMA utilisation by commonly 

isolated taxa as well as new bacteriophages and viruses. 

 

(2) Investigated the dynamic nature of the key drivers of community stress and the 

consequent microbiome response. Uniquely, this was performed over a full lake evolution 

cycle, substantially enhancing previous observation on Lake Magic and other such acid 

saline lakes. 

 

(3) Identified through technical developments, potential interactions amongst cultured 

isolates with a system which is suitable for a high-resolution co-culture studies and is 

capable of underpinning advanced technologies associated with genomics, transcriptomics, 

metabolomics and isotopic approaches.  
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Aim 1: To develop and validate improved methodologies for studying the 

microbiome in acidic hypersaline environments to create more robust and reliable 

data. 

 

The aim of Chapter 2 was to develop a method that was robust and yielded high 

quality DNA with minimal loss during extraction procedure. I developed the method 

by modifying the phenol-chloroform method (Zhou et al., 1996). Specific 

modifications were made to cater for the unique physico-chemical properties of the 

Lake Magic sediment and salt mat sample, which represent some of the most 

difficult samples to work with in microbiome studies. Specifically, the presence of 

large amount of clay in the sediment samples especially during the evapo-

concentration stages posed serious challenges during DNA extraction mainly due to 

adsorption of DNA by clay during extraction (Direito et al., 2015). This problem 

was addressed by combining physical and chemical lysis, precipitation of extracted 

DNA using longer incubation times and replacing alcohol with aqueous based 

reagents.  

 

Direct comparison of the developed method and three previously reported methods 

(Direito et al., 2012; Johnson et al., 2015; Zaikova et al., 2018) resulted in 10 to 

100-fold increase in the yield of extracted DNA. Moreover, qPCR results showed 

that the extracted DNA is of good quality and can be successfully amplified for any 

microbiome analysis. Previously, the low amounts of DNA yield have been 

addressed by applying whole genome amplification in low biomass environments 

(Abulencia et al., 2006). However, this can significantly impact the representation of 

different taxa (Inceoglu et al., 2010) and may be a source of bias (Dirieto et al., 

2015). Several studies have reported that the DNA yield and observed taxa diversity 
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is heavily dependent upon the choice of extraction method (Martin et al., 2001; Luna 

et al., 2006; Lakay et al., 2007; Kallmeyer and David, 2009). Therefore, this method 

is an important addition to the field of microbial ecology for producing reliable and 

robust data of extreme environments. The method developed in this chapter is 

specifically for acidic hypersaline lakes. However, the results have implications 

beyond this specific environment. 

 

Aim 2: To decipher the dynamics of microbial communities during key physical 

and biological phases of the lake, equating to differing stress conditions which 

appear as regular cycles.  

 
Chapter 3 of this thesis is the first report of the temporal microbial community 

dynamics within Lake Magic, and indeed, for acid saline lakes in general in WA 

(Mormile et al., 2009; Zaikova et al., 2018; Aerts et al., 2019). In this chapter I used 

the DNA extraction method developed in Chapter 2 to study the sediment and salt 

mat samples. This enabled me to extract high quality DNA and produce robust 

results for each stage of the lake. I collected the sediment and the salt mat as separate 

samples for more stringent data. More importantly, I showed the difference in pH, 

salinity and metal composition profile of salt mat and sediment layers. The data 

collected showed the microbial community stratification in the lake components. I 

linked the lake sediment and salt mat samples next generation sequencing amplicon 

data for prokaryotes and fungal communities with different stages of the lake. I used 

high throughput sequencing of rRNA genes and ITS regions to characterise 

prokaryotic and fungal communities over a temporal sampling campaign. These data 

revealed that during the stressful stages of evapo-concentration the lake became 
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abundant in microorganisms that are more specialised and well adapted to survive in 

such conditions. Although there was no significant difference between the richness 

of bacteria and fungi in the sediment and salt mat, significant differences were 

observed in their composition at different time points.  

 

With temporal chemical analyses in Chapter 3, I showed that Lake Magic is highly 

dynamic with widely fluctuating environmental conditions (Conner and Benison, 

2013). These environmental fluctuations cause different levels of pH and salinity 

stress within the lake. Additionally, fluctuations in metal concentrations and 

availability of nutrients and oxygen are also major stressors for the microbial life in 

such environments. Therefore, by showing the temporal trends of both chemical and 

ecological data I was able to highlight the importance of temporal studies 

specifically by drawing the relation of environmental fluctuations to microbial 

community dynamics. By using these data, I was able to demonstrate that pH, 

temperature, salinity and carbon content significantly drives the diversity in the lake 

sediment at different stages which was previously thought to be driven by pH and 

salinity without molecular evidence (Zaikova et al., 2018). Most notably, the phylum 

Firmicutes is strongly driven by pH whereas, Proteobacteria phyla is driven by the 

carbon content. Previous studies reported the abundance of many microorganisms at 

one timepoint in the lake water and sediment (Zaikova et al., 2018). In my work, the 

abundance of Salinisphaera phyla was observed in the sediment using NGS. 

Although the abundance of Salinisphaera has been reported in previous studies 

(Zaikova et al., 2018; Aerts et al., 2019) the change in its composition in the Lake 

Magic has not been shown before.   
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Moreover, I teased out potential functional attributes of these communities and 

linked them to the abundance data of microbial community at different stage. I also 

extrapolated these findings by linking the abundance data and the functional profile 

to the chemical analysis data obtained in this chapter. This methodology gave 

insights of the adaptation strategies along with microbial interactions of these 

microbes. Previously, metagenomics analysis of water and sediment sample of Lake 

Magic revealed the distribution of metabolic genes of microbial communities 

(Zaikova et al., 2018) which included genes involved in metabolism of vitamins 

metabolism, iron and other metals metabolism. Using a more stringent approach of 

temporal data I showed that the metabolic dynamics in Lake magic sediment and salt 

mat. These data revealed that during stressful stages of evapo-concentration, the lake 

became abundant in microorganisms that are more specialised and well adapted to 

survive in such conditions. It has been shown previously that the metabolic 

flexibility of microbes is a major factor that forms their spatial distribution in 

environments (Carbonero et al., 2014). The results also indicate that iron, sulphur 

and nitrogen metabolism are important functions of microbes in Lake Magic. 

 

Studying the diversity dynamics of fungal community in Lake Magic revealed that 

the lake become abundant in Ascomycota phylum. These data highlight the presence 

of potential novel species within the Ascomycota phylum that are capable of 

withstanding and surviving in a harsh poly-extremophile system. Previously, a 

diverse eukaryotic community consisting of fungi, protists and algae was reported in 

Lake magic water column, whereas, the sediment samples were abundant in diatoms 

during evapo-concentration stage (Zaikova et al., 2018). These results and my study 

indicate the exchange between the lake water column and the sediment. Fungi are a 
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rich source of organic compounds and it is suggested that, fungal species are 

involved in forming mutualistic interactions with the prokaryotic community in the 

lake (Zaikova et al., 2019). Moreover, many pathogenic fungi are known to produce 

compounds that play a role in lowering or increasing pH of their surrounding 

environment (Prusky et al., 2001; Prusky and Yakoby, 2003; Bi et al., 2016). 

Previous studies have reported the presence of algae, bacteria and organic 

compounds in fluid inclusions of halite and gypsum collected from different acid 

saline lakes (Benison, 2013; Conner and Benison, 2013; Benison and Karmanocky, 

2014). It is hypothesised that, during evapo-concentration and desiccation stage, the 

microbial community in the lake water is entombed in the halite or gypsum as a 

strategy to survive through stressed conditions (Conner and Benison, 2013). They 

are dissolved back into the water during flooded stage. With the new temporal data 

generated in this thesis, I was able to reinforce the different survival strategies these 

microorganisms adopt to survive during different stages of the lake.  

 

In summary, the results from this chapter provide new insights into the survival 

mechanism of poly-extremophile communities during fluctuating stress in the 

environment. According to the SGH, the positive interactions between species 

increases (Piccardi et al., 2019) during stressed conditions. During stressful 

conditions species tend to excrete or breakdown substances in their external 

environment that are used by their neighbouring cells (Piccardi et al., 2019). The co-

occurrence networks derived in this chapter showed that positive interactions 

consistently increased during periods of high stress in the Lake. Whilst, the 

generated data in this thesis showed that the specialised microbes’ form a niche in 

the sediment and salt mat layer of the lake. The interspecies interactions of these 
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microbes enable them to buffer the surrounding environment, making it more 

habitable for themselves and their neighbours. In a bigger picture, we were able to 

understand the role of microbial interactions in environmental fluctuations. 

Moreover, the results from this study helps applying microbial interactions context 

to real communities.  

 

Aim 3: To cultivate and characterise the prokaryotic and their bacteriophage 

community in a poly-extremophile system. 

 

Chapter 4 focused on Aim 3 of this thesis, that was to cultivate and characterise the 

prokaryotic and viral community within this unique ecosystem. For this, I carried out 

an exhaustive culturing of prokaryotes and characterised them using in-depth 

molecular sequencing techniques. In addition, I also characterised the viral 

community residing in the lake using microscopy imaging.  

 

With the advent of culture independent techniques, microbial culturing is often 

overlooked. However, a combination of culture dependent and molecular techniques 

provides in depth analysis of the microbial community at community level (Joint et 

al., 2010). Previously only a limited number of studies have reported bacterial 

isolations from acid hypersaline lakes within WA (Mormile et al., 2007; Lu et al., 

2016; Dopson et al., 2017). These studies reported the isolation of the iron oxidiser 

Acidiphilium cryptum and halotolerant Salinisphaera spp. In Chapter 3, I showed 

that Lake Magic seems to have a high abundance of bacteria which are yet to be 

identified or have low representation in current sequencing databases. The isolation 

of poly-extremophiles is challenging and, despite of the ongoing efforts to isolate 

halotolerant acidophiles for the past 20 years, only a relatively low number have 
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been isolated (Watling, 2016; Zammit and Watkin, 2016). Most of these are iron and 

sulphur oxidisers. These microorganisms are amongst the few microbes that can 

carry out their functions in the presence of high salt and low pH conditions.  

 

In my work I was able to isolate Salinisphaera spp. that was closely related to S. 

hydrothermalis (HG1). Many other Salinisphaera spp. with varying sequence 

identity to S. hydrothermalis were also isolated. Isolation efforts using different 

media and serial dilutions repeatedly resulted in isolation of Salinisphaera species 

from water, sediment and salt mat samples of Lake Magic. The isolations revealed 

that these species are able to withstand extreme pHs (2-4.5), extreme salinity (8%- 

30% saltwater concentration) and mesophilic temperature (37°C- 40°C) conditions. 

Moreover, they were able to survive on a range of carbon and nitrogen sources 

(glycerol, succinate, glucose and MMA, ammonium chloride and ammonium 

nitrate).These results confirmed ecological sequencing data in Chapter 3, indicating 

that the Salinisphaera genus is abundant within Lake Magic and is able to adapt to 

various environmental conditions (Antunes et al., 2011b). Salinisphaera spp. have 

recently become the highlight in Astrobiology studies as it is reported that the 

species of this genus are able to withstand additional stress conditions such as high 

UV index, temperature and pressure (Salinisphaera shabanensis – a new 

extremophilic model organism for the space exposure experiment mexem conference 

paper by Antunes et al., 2018). Further, it is clear that the isolation of different 

Salinisphaera species from poly-extreme environment also has important 

implications in biomining, biotechnology and various industrial catalytic 

applications (Dopson et al., 2017).  
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I was also able to isolate a Firmicute (SM7) that was closely related to Halobacillus 

mangrovi when placed phylogenetically. Woo et al., (2017) indicated, through 

genome sequence analysis of a H.mangrovi isolated from Topan salt, that the strain 

uses universal strategies to adapt to extreme environments, including sporulation and 

dormancy. Another study reported isolation of H.mangrovi from the leaves of 

A.germinans (Soto-Ramirez et al., 2008). This strain was isolated from alkaline soil 

and could grew optimally at pH 7. However, these data from Chapter 4 are the first 

report of an SM7 isolation from an acid saline environment. These data revealed that 

SM7 could grow under a range of pH, salinity, temperature, carbon and nitrogen 

sources similar to HG1. Critically, it was observed that the SM7 isolated here was 

well adapted to pH 4.5, 8% salinity and a range of carbon sources, making it a likely 

target for future studies on poly-extremophile within this phylum.  

 

In Chapter 4, I also studied the VLPs residing in the Lake Magic. Virome studies in 

poly-extreme environments are particularly underrepresented within the literature 

and represent a significant knowledge gap. Moreover, the majority of the existing 

studies only apply molecular approaches to study the viral community (Ramos et al., 

2019) but, nevertheless, these studies have revealed considerable genetic diversity 

and complexity (Ramos et al., 2019; Dion et al., 2020). Significantly, the viral 

community within extreme environments not only influences the microbial evolution 

(as an only source of predation in many cases) and also plays a key role in the Earth 

biogeochemical cycles (Weitz and Wilhelm, 2012; Munson et al., 2018). However, 

culture dependent approaches, including microscopy imaging, are still an important 

tool in order to develop a good understanding of the viral community present in an 

environment (Pascelli et al., 2018). The robust microscopy methodology adopted in 
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Chapter 4 revealed a remarkable diversity of viruses in Lake Magic with many 

unique morphotypes of viruses and bacteriophages having been seen for the first 

time.  

 

In my approach to study the diversity of viruses present in the lake, I not only used 

the sediment and water sample but also enriched the bacteriophages of HG1 isolate. 

With this approach, I was able to enrich a diverse community of bacteriophages for 

HG1 isolate (Salinisphaera hydrothermalis) and similar to bacterial profile, the viral 

composition was also observed to be abundant in bacteriophages rather than archaeal 

viruses. The imaging of sediment enrichments revealed that spherical shaped phages 

are most abundant. Spherical and spindle shaped viruses have previously been 

reported to be abundant in hypersaline environments (Oren et al., 1997; Pina et al., 

2011; Nagando et al., 2011; Atanasova et al., 2012). Previous studies on poly-

extreme acidic geothermal environment revealed the presence of linear and spherical 

viruses (Bize et al., 2008). Results of chapter 4 also showed the abundance of linear 

viruses in the sediment. It has been seen in various studies that archaeal viruses 

predominate extreme environments (Oren, 2002b; Atanasova et al., 2012) due to the 

abundance of archaea in such environments. However, the microscopy images in this 

chapter did not show morphologies similar to that of archaeal viruses. It may be 

because of the abundance of bacteria in the lake that phages are more abundant. 

Several new morphologies of viruses and phages were observed in Lake Magic 

samples which highlight the presence of unique viruses in the lake. These results call 

for further investigation including isolation of these novel viruses.  
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Aim 4: To understand the role of microbial interactions in survival of isolated 

microorganisms 

 

Several studies have reported that microorganisms live in interacting communities 

(Little et al., 2008; Zengler and Zaramela, 2018; Piccardi et al., 2019) however, only 

a few studies have deciphered the role of these interactions in terms of the stability 

of these communities. Moreover, most of these studies use synthetically assembled 

microbial communities, where data on the role of microbial interactions on real 

communities with isolates from a specific environment is sparse. Although these 

studies are useful in understanding the assembly and stability of microbial 

communities in general, they do not provide data that can be linked natural 

environmets and their microbial communities. Chapter 5 is the first report of 

studying a poly-extreme environment in situ for the role of microbial interactions. 

This study used microbes that have been isolated from their natural environment for 

possible interactions between the species under conditions that closely mimicked 

their natural environment. This enabled me to link the data directly to the natural 

environment setting backed up by the molecular data presented in the preceding 

chapters. Chapter 5 used the data generated in preceding chapters to test the 

hypothesis that microbial interactions in stressed environments are positive and 

microbes tend to facilitate each other in order to stabilise the surrounding 

environment (Piccardi et al., 2019). To test this hypothesis, I developed a co-culture 

plate which was able to measure the growth dynamics of species isolated from Lake 

Magic in real time. Specifically, I was able to tease out the nature of microbial 

interaction in an environment that closely mimicked the flooding stage of Lake 

Magic. 
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 In my work, a commensal relationship between key Lake Magic isolates was 

observed with growth data derived from monocultures and pairwise cultures. The 

species Salinisphaera spp. formed a positive facilitative relation with Halobacillus. 

This observation is in agreement with the SGH hypothesis as well as previous 

studies that report that during stressful conditions cooperation is prevalent (Piccardi 

et al., 2019; Rodriguez et al., 2019). Although the flooded stage is not as stressful as 

the other stages the lake exhibits, it is still considered stressful given the co-stress of 

pH and salinity. The molecular data in Chapter 3 shows that as the stress increases 

the number of positive correlations increases. We hypothesis that when the stress 

increases also forms a positive relation with HG1 which doesn’t exist during flooded 

stage.  

   

The results in my study showed that using a bottom-up approach using two species 

provides robust results for examining growth dynamics and therefore, microbial 

interactions. These interactions can be extrapolated to understand the community 

dynamics within the natural system. These results along with the results obtained in 

Chapter 3 show that microbial interactions have a crucial role to play in the stability 

of microbial communities in Lake Magic (Raes et al., 2008; Ratzke et al., 2020; 

Niehaus et al., 2019) as seen from the significantly better growth of HG1 in the 

presence of SM7.  

 

The plate design that I developed can be easily applied to study many potential 

questions in the field of microbial interactions (Moutinho et al., 2017) as synthetic 

systems provide a controlled model to study processes that are difficult to study in 

their real environments (Ratzke et al., 2018).  The method I have developed in this 
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study can be combined with sophisticated methods, such as the omics techniques or 

stable isotope probing technologies, to study almost real time functional interactions 

occurring within members of microbial communities. Moreover, the study of 

interkingdom, or viral and their host interactions can also be facilitated using the 

approaches developed in Chapter 5.  

 

6.1 Study limitation and future work 

The work presented in this thesis, like all research efforts, has some limitations and 

shortcomings. For instance, in Chapter 3, only sediment and salt mat samples were 

studied temporally. Previous results show that a diverse eukaryotic community 

resides in the water column. Hence, to fully understand the poly-extremophilic 

community dynamics in the lake, temporal studies of the water should also be carried 

out. This will also provide an understanding of the possible microbial interactions 

that takes place between different components of the lake. Moreover, I was not able 

to sample the absolute desiccation stage for this study. Desiccation is the most 

extreme stage of the lake and in order to understand the survival of microorganisms 

in the lake, the desiccation stage holds a crucial importance. However, the lake water 

analysis and desiccation stage analysis never materialised within the period of this 

thesis work.   

 

In Chapter 4, the TEM viral community analysis of water samples failed to yield 

meaningful results as the water sample was too diluted and virus particles highly 

spread over the TEM grids. Concentrating the viruses would provide better 

observation and it could be important to develop methods to concentrate viruses 

from hypersaline acidic water, bearing in mind the technical difficulty in 
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concentrating virus particles from high salt, low pH water. For the 16S rRNA 

sequences data for identifying bacterial isolates in Chapter 4, a better approach now 

would be to whole genome sequence the isolates to accurately identify them and 

reveal any novel capabilities/ physiologies these strains may have.  

 

In Chapter 5, only a two species system was studied. It is known that presence of a 

third species changes the nature of two species consortia. Hence, studying a larger 

number of species will help us answer crucial questions about poly-extremophiles.  

 

Ongoing work in Lake Magic includes extending the work presented in this thesis to 

isolate pure viruses from the lake, using hosts and plaque technique. This technique 

was not successful within the timeframe of this PhD., but is worth continuing due to 

novelty observed within the morphotypes described. Further, work is ongoing using 

the microbial interaction system developed in Chapter 5 using stable isotope 

labelled substrates and techniques such as IRMS based chemical identification and 

whole cell NanoSIMS. These approaches will help us deduce the specific molecules 

that the two species are exchanging and the passage of signals in and out of the cells. 

Using these systems, the effect of environmental fluctuations on the nature of 

interactions between microbes can be better understood.  
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Appendix I 
 
 
 
 

 
Appendix Figure 1: CCA plot showing the relation of significant environmental 
factors with bacterial phylum. The blue arrows show statistically significant 
environmental factors. Red arrows show the remaining statistically insignificant 

environmental factors.  
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Chapter 3

RNA Stable Isotope Probing (RNA-SIP)

Noor-Ul-Huda Ghori, Benjamin Moreira-Grez, Paton Vuong, Ian Waite,
Tim Morald, Michael Wise, and Andrew S. Whiteley

Abstract

Stable isotope probing is a combined molecular and isotopic technique used to probe the identity and
function of uncultivated microorganisms within environmental samples. Employing stable isotopes of
common elements such as carbon and nitrogen, RNA-SIP exploits an increase in the buoyant density of
RNA caused by the active metabolism and incorporation of heavier mass isotopes into the RNA after
cellular utilization of labeled substrates pulsed into the community. Labeled RNAs are subsequently
separated from unlabeled RNAs by density gradient centrifugation followed by identification of
the RNAs by sequencing. Therefore, RNA stable isotope probing is a culture-independent technique that
provides simultaneous information about microbiome community, composition and function. This chapter
presents the detailed protocol for performing an RNA-SIP experiment, including the formation, ultracen-
trifugation, and fractional analyses of stable isotope-labeled RNAs extracted from environmental samples.

Key words RNA-SIP, 16S rRNA, Gradient centrifugation, Community diversity, Community func-
tion, Isotope-labeled substrate

1 Introduction

One of the fundamental questions in microbial ecology still remains
“who is doing what?” [1]. The Golden Age of 16S rRNA sequenc-
ing, commencing with Carl Woese’s seminal work [2], revealed the
true extent of microbial diversity on Earth but raised a significant
issue in that, in most instances, functions could not be assigned to
many of the taxa identified by environmental sequence surveys
[3]. This was recognized as a major pitfall for all but the most
well-known taxa whose aligned sequences defined unique func-
tional groups, such as methanotrophs [4] and methanogens [5].

Prior to the advent of rRNA gene surveys, functional charac-
terization of microbial populations was addressed through the
laborious task of isolating microbial strains into the laboratory
followed by characterizing the isolates at the physiological, bio-
chemical and genetic levels. The metabolic properties and cellular
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interactions data acquired this way could be used to infer potential
functions of these microbes and their close relatives [6]. This
approach, however, was limited in terms of isolating only a small
portion of the community which was cultivable [3, 7] and when
compared to the sequences known to be present, clearly provided a
highly biased view of in situ diversity and function. In the first years
of the new millennium, a significant development to resolve this
issue was provided by Colin Murrell’s laboratory in the UK, with
the advent of 16S rRNA sequencing linked to specific substrate
mediated isotopic labeling [8], a technique we now know as stable
isotope probing (SIP).

Stable isotope probing is both simple in execution and elegant
as a concept, the workflow being represented in Fig. 1. It is based
upon the premise “you are what you eat.” Substrates synthesized
using nonradioactive stable isotopes (such as 13C, and later 15N and
18O) can be pulsed into natural samples and any organisms utilizing
and incorporating the substrate will become labeled with the stable
isotope signature [9]. Originally the method was used to trace
single carbon compounds into polar lipid derived fatty acids of
active sulfate reducers [10] and methylotrophs [10, 11]. The reso-
lution of the method was increased substantially as it moved from
PLFA to DNA based sequencing of heavy DNA, recovered by
density gradient centrifugation, bringing it directly into line with
the significant 16S rRNA sequencing efforts being performed
[8]. Several years later, density gradient separation of RNA, termed
RNA-SIP, was developed, which targeted RNA as the biomarker to
identify active bacteria [12]. While complementary to DNA-SIP,
targeting the heavy-labeled RNA directly made sense for several
reasons, including a relatively higher abundance of RNA within a
cell when compared to DNA content, faster turnover during activ-
ity periods and the ability to target gene expression through mRNA
[13]. In fact, the various cellular RNAmolecules can be turned over
(and hence labeled) without the need for DNA synthesis or repli-
cation of the organism itself [14], an important consideration in
many low growth environments, where cells may be actively turn-
ing over RNA but not replicating their DNA to a significant degree
[15]. Finally, in common with DNA-SIP, RNA-SIP allows for
identification of microorganisms without any prior knowledge of
their identity, owing to the sequence-based resolution provided by
SSU rRNA [14]. Since the RNA-SIP protocol was first published
[16] it has helped answer many fascinating questions including
assessing the relationship between function and diversity at both
the identity [14] and specific functional gene level [13]. Studies
that have applied the RNA-SIP technique are widespread and
include microorganisms in sandy soils [17], sulfate reducing bacte-
ria in paddy soils [18], methylotrophs in rice field soils [19, 20] and
novel applications of food web tracing by identification of bacterial
micropredators in a soil trophic network [21].
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This chapter discusses the protocol to perform a basic
RNA-SIP experiment. It outlines the formation, ultracentrifuga-
tion, and fractional analyses of gradients for the separation of 13C
stable isotope-labeled RNA extracted from the environment. The
protocol discussed here has been used for both rRNA and mRNA
analyses and the protocol has been updated from the original
publication of RNA-SIP [12], which relied upon reverse

Fig. 1 Graphical workflow of the stages involved in RNA-SIP. (a) Natural samples are pulsed in parallel with
unlabeled control substrate (e.g., 12C6-Glucose) and equivalent stable isotope-labeled substrate (e.g.,
13C6-Glucose). (b) Both control and labeled RNAs are extracted and subject to isopycnic ultracentrifugation
which bands the RNA according to buoyant density, the RNA derived from cells taking up the labeled isotope
banding lower in the gradient (c1) due to increased mass afforded by the heavier

13C isotope (orange band).
(c2). Each gradient is fractionated to recover the RNA in a series of tubes to isolate the fraction containing the
labeled RNAs followed by reverse transcription (d). Subsequently, downstream sequencing/analysis protocols
are performed to provide either (e) phylogenetic information if targeting rRNA with specific phylogenetic
primers, functional gene information if using specific cDNA primers to gene-specific mRNAs, or, new
generation transcriptomic analyses
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transcription PCR of whole fractionated gradients followed
by denaturant gradient gel electrophoresis (DGGE) analysis.
Before starting the protocol it should be ensured that the 13C
(or 15N, 18O) substrate used should ideally be fully substituted
and be of 99 atom% purity. We will not discuss the detailed protocol
of RNA extraction as there are many well documented protocols
already available (e.g., see Chapter 13), but we use our in house
method which has been proven in many environments previously
[22]. Following extraction, we further purify RNAs using commer-
cially available kits (see Subheading 2). This combination of meth-
ods yields sufficient quality of rRNA and mRNA for RNA-SIP
downstream processing and have been successfully applied to soil,
water, lithobiont, and bioreactor samples in the past.

2 Materials

2.1 Equipment

Required

The protocol described here is optimized for 2.2-mL tubes centri-
fuged in a fixed-angle tabletop ultracentrifuge rotor. Swing-out
rotors are not compatible with isopycnic centrifugation used in
RNA or DNA-SIP. For RNA-SIP, the use of other fixed angle
rotors and tubes (5 mL, vertical rotors, etc.), requires a straightfor-
ward adaptation of the presented protocol through rotor conver-
sions (e.g., by k factor), which can be supplied by many centrifuge
manufacturers. A detailed list of the required equipment is as
follows:

1. Beckman TLX benchtop ultracentrifuge (Beckman Coulter).

2. Beckman tube topper (Beckman Coulter).

3. Beckman Fraction Recovery System (Beckman Coulter).

4. Razel syringe pump (Semart Technical Ltd.).

5. GeneQuantPro RNA/DNA calculator (Biochrom) or QuBit.

6. Certified DNA/RNase-free filter tips.

7. Fully calibrated pipettes.

8. 1.5-mL microfuge tubes.

9. 2.0-mL microfuge tubes.

10. 2.2-mL polyallomer sealable centrifuge tubes (cat.
no. 344625; Beckman Coulter).

11. 2-mL Plastipak syringe.

12. 5-mL Plastipak syringe.

13. 23-gauge Luer lock needles (cat. no. SZR 175525K; Fisher).

14. Nitrile gloves.

15. Three-figure milligram balance.

16. Real-time PCR thermal cycler and plates.
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17. UV sterilizing PCR workstation.

18. PCR tubes.

19. 8-Channel pipettes.

2.2 Reagents

Required

1. Agarose: 1.5% agarose gel containing 200 ng/mL ethidium
bromide.

2. Tris–Borate EDTA buffer.

3. 10 mg/mL Ethidium bromide.

4. 2.0 g/mL cesium trifluoroacetate: prepare cesium trifluoroa-
cetate (CsTFA) gradient with a starting density of 1.8 g/mL
for 2.2 mL volume gradient by mixing 1.761 mL of 2.0 g/mL
CsTFA with 75 μL deionized formamide and 344 μL nuclease-
free water. This provides 2.180 mL of gradient to which 20 μL
of sample is added for a final volume of 2.2 mL.

Volumes can be scaled by taking account of the increased
volume of the tubes relative to 2.2 mL. For consistency, make a
“master mix” containing all the reagents needed for n + 1
gradients, where n is the number of samples to be run. Subse-
quently, aliquot master mix minus sample volume per gradient.
For example, for a 2.2 mL gradient aliquot 2.180 mL of above
master mix into a 2-mL microfuge tube, which contains 20 μL
of RNA sample. This avoids gradient to gradient variation due
to pipetting errors within a centrifugation batch. Deionized
formamide is best aliquot in small volumes and frozen at
�20 �C to avoid freeze–thaw cycles. Once defrosted do not
refreeze.

5. Nuclease-free water.

6. Deionized formamide.

7. Nuclease-free 10� Tris–EDTA.

8. Isopropanol (ice cold).

9. Ethanol.

10. Parafilm M.

11. 20 mg/mL bovine serum albumin.

12. AccessQuick RT-PCR System.

13. SYBR Green 10,000� concentrate. To prepare 20� SYBR
Green working solution, dilute SYBR Green stock 10,000�
in a 1:500 volume ratio in nuclease-free water. Make small
aliquots and store at �20 �C and thaw only once.

14. Primers at 50 μM stock solutions.

15. 16S and 23S ribosomal RNA standard (from E. coli), 100 μg/
mL in TE buffer, as contained in the RiboGreen RNA Quanti-
tation Kit (Invitrogen).
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3 Methods

3.1 13C-Labeled

Substrate Incubations,

RNA Extraction

and Purification

1. It is recommended that initial investigations using light isoto-
pic (12C, 14N etc.) version of substrates backed by chemical
analyses are performed prior to the labeled pulsing in order to
assess a time course for incorporation of substrate prior to
applying the expensive stable isotope substrate. The pulse can
be applied once the incorporation rate of the substrate is estab-
lished, using chemical or isotopic ratio mass spectrometry
based analyses to monitor substrate utilization. Always perform
parallel control unlabeled (e.g., 12C) and test labeled (e.g.,
13C) substrate pulses to account for where “native” RNA
should band versus the labeled RNA. It is also advisable to
use a time course of SIP incubation analyses to confirm the
entry of the pulse into the microbial community and to avoid
“single sample” experiments. This gives confidence that the
target organisms are labeling and reduces confounding effects
of “cross feeding” if pulses are left too long and a single sample
is taken.

Further, isotopic ratio mass spectrometry of extracted and
purified RNA is also advisable to assess the degree of isotopic
enrichments since successful RNA-SIP requires a minimum of
15 atomic % 13C substitution. A range of pulse options for
different environments with various substrates can be found
in Murrell and Whiteley [23]. Samples obtained from pulses
can be stored at �20 �C for up to a month or indefinitely at
�70 �C.

2. Extract RNA or total nucleic acids using an optimized protocol
and purify RNA further (e.g., RNA AllPrep Qiagen Kit) if a
total DNA/RNA extract is obtained from the primary
extraction.

3. Elute pure RNA in 50 μL of nuclease-free water and run 5 μL
on a 1.5% agarose gel containing 200 ng/mL ethidium bro-
mide in 1� TBE at 70 V for 20 min to observe intact 16S and
23S rRNA. Once checked for quality of RNA (using the 16S
and 23S rRNA bands as a proxy), quantify absolute concentra-
tion of RNA by spectrophotometry (e.g., GeneQuantPro
RNA/DNA calculator) or fluorimetry (e.g., Qubit) and dilute
RNA extract to 100 ng/μL with nuclease-free water. Samples
can now be stored at �20 �C for a month or indefinitely at
�70 �C.

3.2 RNA Gradient

Preparation

and Centrifugation

1. Prepare a sufficient amount of gradient medium (see Subhead-
ing 2.2, item 4) to allow an even number of centrifuge tubes
(typically up to 10 for the TLA120.2 rotor) depending upon
your rotor. Include at least one blank gradient (no RNA
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sample). The blank gradient acts as a reference gradient and
their density profiles are calculated after fractionation to assess
the efficiency of ultracentrifugation. Always run pairs of gradi-
ents, consisting of control (e.g., 12C substrate pulse) gradients
with their corresponding parallel labeled samples (e.g., 13C
substrate pulse). The control pulsed samples aid in locating
the unlabeled community RNA banding point and act as a
key reference to establish whether the stable isotope-labeled
test samples have incorporated isotope and banded further
down the gradient.

Further, artificially generated controls are highly useful and
can be generated by centrifuging RNA extracted from E. coli
grown in unlabeled or labeled substrates within defined M9
medium. For example, for carbon, E. coli grown on 13C fully
C6-labeled glucose as the sole source of carbon within the M9
in parallel to RNA extracted from cells grown on normal 12C
glucose. For other isotopes, labeled positive control RNA can
be generated by growing cells on a single 15N-labeled N source
(versus the equivalent 14N) within the M9 medium, or, using
heavy 18O water and normal 16O water for 18O SIP applica-
tions. These artificial controls are useful to generate and store
as a resource to develop and troubleshoot all SIP applications.
We routinely grow cells and extract RNA and store as a refer-
ence resource for organisms of different GC contents and even
defined atomic % RNAs to aid in method development and
calibration. For routine use, a minimum of equivalent control
and labeled samples together with blank gradients should be
analyzed on every run, while positive and negative labeled
artificial RNA controls (e.g., derived from E. coli) are useful
to ensure run consistency and accurately monitor the position
of “heavy” and “light” fraction locations.

2. Add 20 μL of RNA sample containing approximately 500 ng of
RNA to a clean and sterile 2-mL microfuge tube. Optimum
loading of the gradient is ca. 250 ng RNA per mL of gradient.
For example, 5 μL of a 100 ng/μL RNA sample would be
added to 15 μL of nuclease-free water in a clean 2-mL micro-
fuge tube to account for the 20 μL sample volume. For the
blank gradient simply add 20 μL of nuclease-free water instead.

3. Add 2.180 mL of premixed gradient medium to the microfuge
tube to generate 2.2 mL of gradient and take care to avoid
bubbles when drawing the 2.2 mL volume into a 2 mL-syringe
fitted with a 24-gauge needle. Once aspirated, invert the
syringe, tap to dislodge any bubbles to the neck of the syringe
and carefully move the plunger to remove any residual air in the
syringe without losing any gradient medium. Once primed,
deliver the gradient medium into a polyallomer QuickSeal
tube by placing the syringe needle through the open tube
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neck, tilt the tube and slowly fill from the bottom of the tube to
avoid air bubbles while carefully withdrawing the needle as the
tube fills.

4. Seal the polyallomer QuickSeal tube with a heat sealer while
wearing safety glasses. This avoids the possibility of eye con-
tamination, as occasionally a small amount of gradient medium
may be ejected due to reduction in the neck volume as the tube
seals in tandem with expansion of the medium due to heating
(see Note 1). Place the fully sealed tubes in the rotor (note the
tube position) and place a shoulder cap on the tubes to support
the tube tops to avoid tube crushing during centrifugation.

5. Spin at 128,000 � g for 42–65 h at 20 �C, with max accelera-
tion and max deceleration (see Note 2).

3.3 Gradient

Fractionation

1. Carefully remove the tubes from the centrifuge rotor with
forceps.

2. To optimize the fractionation and to obtain best results, use a
fraction recovery system that allows fraction collection from
the base of the tube via water displacement at the top of the
tube. For example, for the Beckman Fraction Recovery System,
prepare the gradient fractionator by connecting a 5-mL syringe
filled with 5 mL of nuclease-free water containing 5 μL of any
DNA loading buffer to color the water to visualize the progress
of fractionation. Prime the line by pressurizing the syringe to
force water through the line until a single drop emerges out of
the fractionator hood.

3. Place the centrifuge tube in the fraction recovery system and
carefully remove the tube top. Squeezing the tube is best
avoided and removal of the top can be achieved by using a
heated scalpel blade to minimize tube disturbance. Once the
top is removed lower the fraction recovery hood onto the top
of the open tube and ensure a tight seal is obtained.

4. Pierce the bottom of the tube by inserting the fraction collec-
tion needle, ensuring a tight seal is maintained. The seal can be
enhanced by stretching a small piece of Parafilm around the
base of the tube prior to placing it in the fraction collector.

5. Set a flow rate of 200 μL/min on the syringe pump and
simultaneously start the pump and a stop watch. In a series of
sterile microfuge tubes collect a fraction every 30 s, amounting
to ~100 μL per fraction and 20 fractions per gradient. The last
fraction tubes will contain traces of color if DNA loading dye is
used in the displacement water as a visual aid, these tubes
representing the location of the end of the fractionation series.

6. Calculate the absolute density by refractometry or weighing a
known volume of the fractions into a clean and sterile micro-
fuge tube on a three-figure balance. Plot the gradient shape
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using density in g/mL as a function of fraction number
(Fig. 2). Remember that fraction 1 is the bottom of the gradi-
ent and last fraction is the top of the gradient.

7. Clean the fractionator after each gradient is fractionated by
removing the fractionator hood and pipetting 2 mL of 0.1 M
NaOH into the empty centrifuge tube. Allow it to run out of
the collection needle. Repeat the process with 2 mL of absolute
ethanol.

3.4 RNA

Precipitation

1. To the 100 μL fractions add two volumes of ice-cold isopropa-
nol and incubate the tubes at �20 �C for 30 min. Samples can
be stored at �20 �C at this point for later processing.

2. Centrifuge tubes for 20 min at 14,000 � g in a prechilled
microtube centrifuge at 4 �C, carefully remove the supernatant
and add 150 μL of ice-cold isopropanol to wash away residual
CsTFA. Exercise care when pipetting supernatants and washing
as RNA pellets are not usually visible due to low concentrations
of RNA distributed over multiple fractions.

3. Spin the tubes at 14,000 � g for 5 min at 4 �C in prechilled
microfuge and remove supernatant. Perform a final spin of the
tube for 1 min at 14,000 � g and remove any remaining
isopropanol using a 20-μL volume pipette tip.

4. Air-dry the pellet and resuspend in 10 μL of RNase-free TE
buffer. Samples can be stored at�20 �C or optimally at�80 �C
at this point before further processing.

3.5 Quantification

of Bacterial RNA

in Gradient Fractions

The following protocol is that previously published for assessment
of RNA separation based upon qRT-PCR of 16S rRNA within
gradient fractions [12]. However, examples of mRNA-based
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Fig. 2 Typical 2.2-mL volume gradient fraction analysis by density and qRT-PCR of RNA locations for control
and labeled isotope SIP tubes
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gene-specific analysis protocols can now be found in [13] or more
recent advanced protocols for transcriptome analyses of heavy
fractions [24].

This 16S rRNA-based protocol utilizes short amplicons gener-
ated with universal primers targeting domain Bacteria but can be
adapted for Archaea and Eukarya with the relevant group-specific
primer sets within the literature such as [21, 25–27].

1. Prepare 40-μL qRT-PCR reaction mixtures according to
Table 1.

2. Label a set of eight sterile microfuge tubes in a rack with a
tenfold dilution series from 101 down to 10�6 and pipette 5 μL
of E. coli standard rRNA (100 ng/μL) into the first tube.
Dilute this tube 1:10 by adding 45 μL of nuclease-free water.
Mix by pipetting a few times. Repeat the process by removing
5 μL of the 1:10 dilution and place in the next tube, adding
45 μL of nuclease-free water and mixing to generate a 1:100
(100) dilution. Repeat this process down to the eighth tube to
yield a standard set ranging from 10 ng/μL down to
10�6 ng/μL (see Note 3).

3. Within a 96-well PCR plate (see Note 4), pipette 2 μL of each
gradient fraction in triplicate and add 38 μL of qRT-PCR
master mix (Subheading 3.5, step 1) to each template and
pipette a few times to mix (see Note 5).

4. Pipette triplicate negative controls within the plate by pipetting
2 μL of nuclease-free water into 3 wells and add 38 μL of
qRT-PCR mix as in step 4.

5. For the standard curve pipette 2 μL of each of the 8 E. coli
rRNA dilution standards (step 2) into adjacent wells, replicat-
ing as required, and add 38 μL of qRT-PCR master mix.

6. Amplify in a SYBR Green enabled qPCR thermocycler under
the thermal conditions below (Table 2).

Table 1
qRT-PCR reaction mixture

qRT-PCR master mix Volume (μL) Concentration in PCR

Nuclease-free water 16.4

AccessQuick 2� master mix 20 1�
BSA (20 mg/mL) 0.4 0.2 μg/μL

SYBR Green working solution (20�) 0.2 0.1�
519f-primer (50 μM) 0.2 0.25 μM

907r-primer (50 μM) 0.2 0.25 μM

AMV (5 U/μL) 0.6 3 U
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7. Finally, quantify the bacterial rRNA in each gradient fraction to
arbitrary E. coli 16S and 23S rRNA in ng/μL units via the
collected SYBR Green fluorescence threshold cycles (Ct) data
in each qRT-PCR reaction (see Note 6).

If all steps have been performed correctly, the gradient shape
(density versus fraction number) and location of 16S rRNA fluo-
rescence signals equating to “light” and “heavy” RNAs should be
obtained as shown in Fig. 2.

Typically, “light” unlabeled RNA bands at a buoyant density of
around 1.77–1.80 g/mL corresponding to fractions in the region
11–13. The median density (mid-point) within the tube should
reflect the initial gradient density of 1.8 g/mL while the “heavy”
RNA bands in the region of fractions 4–7, corresponding to a
density of around 1.84–1.87 g/mL. Once located, these fractions
can then be subject to sequencing to determine the active organ-
isms [14, 28], RT-PCR of key functional genes [29] or recently
described transcriptome analyses using linear amplification
[24]. Identified sequences linked to functionally active organisms
which are derived from RNA-SIP analyses can be further used to
design specific rRNA targeted probes to perform “full cycle” ana-
lyses using stable isotope enabled imaging technologies such as
Raman-FISH [29]. After probe development, the RNA-SIP func-
tionally defined cells can be identified by FISH probing to visualize
their abundance, habitat and ecology as well as simultaneously
performing single cell measures of isotopic content through
Raman spectroscopy to assess isotope uptake characteristics

Table 2
qPCR thermal cycler conditions

Step Temperature Duration Fluorescence

Reverse transcription 45 �C 20 min

Initial denaturation 95 �C 5 min

35 cycles of:

Denaturation 95 �C 30 s

Annealing 52 �C 30 s SYBR

Elongation 68 �C 30 s

Final elongation 68 �C 5 min

Final denaturation 95 �C 1 min

Reassociation 55 �C 30 s

Dissociation ramp 55–95 �C 30 min SYBR

Final hold 25 �C hold
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[13]. The Raman-FISH spectroscopy based method of isotope
measurement is particularly suitable to these applications due to it
being microscopy based, the ease of sample processing of previously
isotope-labeled samples, and its ability to detect most stable iso-
topes which are commonly used in SIP based studies [30].

4 Notes

1. Critically, make sure the seal is straight and secure, as defects in
the seal will cause tube failure. Check seal integrity by gently
squeezing the tube to ensure a watertight neck seal. If liquid
emerges from around the neck seal, discard the tube and
reform a new gradient.

2. Due to the density of CsTFA, rotors need to be de-rated to a
maximum run speed equivalent to 80% of their normal maxi-
mum speed.

3. Freshly prepare the standards for each qRT-PCR experiment
and do not let them stand for long as they are extremely
unstable and cannot be stored for more than 1 h at 4 �C.

4. Throughput can also be increased by scaling the volumes to
192 and 384 well PCR systems now commonly used.

5. When first calibrating RNA-SIP, run all gradient fractions to
visualize RNA horizons. However, as confidence builds and
gradient formation becomes routine, only a subset of fractions
(ca. 8–10 bracketing 12C and 13C horizons) will need to be
included within the plate.

6. Care must be taken to omit false positive Ct values that may be
caused by the formation of primer dimers in samples containing
no or extremely low amounts of template from analysis. These
false positives can be identified by their PCR products melting
profiles recorded during the dissociation ramp.
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