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II. Summary

The cryosphere represents a relatively unexploited ecosystem in terms of antimicrobial drug 

discovery. Microbes residing in these environments tend with extreme environmental stresses, 

such as low temperature, variable salinity and UV fluctuations. Therefore, it is posited that 

microbes here produce novel compounds in response to these environmental stresses. These 

novel compounds may have antimicrobial activity. Initially, a culture collection was 

established using environmental samples from Svalbard (Chapter 3), Sweden and the Alps 

(Chapter 4). These isolates were compared against previously published cultivation 

collections from the cryosphere and success of cultivation strategies to capture inherent 

heterotrophic bacterial diversity is discussed (Chapter 5). These 291 isolates were then 

screened for potential antimicrobial activity against strains of clinically relevant bacteria 

(Chapter 6). A subset of these were then selected for Whole Genome Sequencing, to enable 

genome mining of phenotypically interesting strains (Chapter 7). Following identification of 

a likely novel species within the Cryobacterium genus, Cryobacterium isolates were compared 

against publicly available Cryobacterium genomes (Chapter 8) and the genus was assessed on 

inherent Biosynthetic Gene Cluster (BGC) profiles. A pangenome was also generated using 

these sequences and the genus diversity is discussed. This thesis identified candidate strains 

with cross-species antimicrobial activity, but also uncovered wide-spread growth-promotion 

effects of cryosphere bacteria metabolites, providing information of microbial ecology of the 

cryosphere. 
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Chapter 1 Introduction 

1.1. The cryosphere 

The cryosphere is any location where it is so cold, water is frozen to form solid ice. It is so 

named from ‘kryo’, which is Greek for ‘cold’ (Barry et al., 2011). Cryospheric environments 

include sea ice, glaciers, ice sheets and frozen soil. Ice sheets are glacial ice, but dome shaped 

and cover ≥50,000 square kilometres. These two sheets currently cover most of Antarctica 

and Greenland. When these extended onto the sea, ice shelves are formed. Ice caps are 

smaller ice sheets, covering <50,000 square kilometres. Sea ice is oceanic water at 

temperatures below freezing. Frozen soil and ground- also termed ‘permafrost’ are at ≤0°C 

for two or more years. The National Snow & Ice Data Center (https://nsidc.org/) documents 

much of the current knowledge into the dynamics of this ecosystem, but only has two datasets 

concerning microbiological data. This reflects the disparate disciplines and need to integrate 

life and earth sciences to better understand cryospheric environments. 

Cryosphere research has been focused on several locations, including the Antarctic, the 

Arctic, elevated areas such as the Alps and the Himalayas. Most research has been conducted 

in the polar regions, particularly on the Arctic cryosphere (2,290,000) papers with the word 

‘arctic’ in their title, compared to the 1,160,000 papers with ‘antarctic’ in their title at the 

time of writing.)  

1.1.1 Glaciers 

A glacier is a collection of fallen snow that has slowly compressed to form large, mobile ice 

masses. Their mobility is due to their weight, enabling them to flow. Glaciers make up 10% 

of the Earth’s total surface and is the largest source of freshwater (Edwards et al., 2014).  

A cross section of a glacier (see figure 1.1) reveals several stages, mainly an accumulation 

zone and an ablation zone. The accumulation zone occurs on the glacier surface where the 

deposit of snow exceeds any ablation (loss) of snow, where the ablation zone is the inverse. 

These zones are ever changing, but seem to be most affected by seasonality. A longer colder 

winter deposits more snow, whereas a longer hotter summer melts more snow, thus 

increasing the ablation zone. Towards the bottom of the glacier is the glacier snout and any 

terminal moraines (this is the last maximum deposit of rock and debris as the glacier begins 

to recede). The space in between these two is called the forefield. Again, glacier ecology 

https://nsidc.org/
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research has covered many of the areas within glaciers and some interesting differences and 

similarities according to glacier zone have been uncovered. 

1.1.2 Glacial environments 

Glaciers themselves have several different environments: supraglacial, subglacial, englacial 

and proglacial (Laybourn-Parry et al., 2012), figure 1.1 demonstrates some of these. 

Supraglacial refers to any environment on or above the glacial surface itself, including 

cryoconite, ice packs, meltwater and ice. This is where most exploration of microbial 

diversity has been carried out, simply because it is easier to get to and collect samples. 

Conversely, subglacial (anything below the glacier surface) samples are extremely difficult to 

collect and thus much less research has been carried out. Englacial environments are anything 

below the ice surface of a glacier, but above the glacier bed. Proglacial is anything lying close 

to the glacier itself. As previously stated, most research has focussed on the supraglacial 

environment, and this is where cryoconite is found. While microbes can inhabit a variety of 

locations on a glacier (Hodson et al., 2008), there is an abundance of these organisms within 

cryoconite holes. 

1.1.3 Cryoconite 

Cryoconite is a quasi-spherical granular sediment found on glacial surfaces consisting of 

inorganic and organic matter (Cook et al., 2016). A pioneering study conducted into 1985, 

identified as cryoconite as a ‘niche’ for microbial life (Wharton et al., 1985). Within these 

niches, microbial metabolic activity can influence glacier darkening, particularly algal 

pigment production (Lutz et al., 2014). Allochthonous inputs of sediment also contribute to 

melt of the surrounding ice, creating depressions on the surface (Cook et al., 2016). 

Therefore, these structures are referred to as ‘cryoconite holes’: depressions of surface glacial 

ice due to microbial colonisation and dark sediment. This darkening process reduces ‘surface 

albedo’ (surface reflectivity), promoting the formation of ‘melt holes’ (Takeuchi et al., 2001), 

improving the environment for microbial life, thus more diversity and abundance develops. It 

has been shown fluxes in carbon and nitrogen across a variety of different environments on a 

glacier can enable dominant algal communities to provide nutrients to the whole community 

(Lutz et al., 2014). Not only this, but members within the community can also present 

keystone taxa, even if they are not ecosystem engineers, such as the structural role 

Actinobacteria played in the colonisation of a high Arctic ice cap (Gokul et al., 2016). 

Cryoconite morphology and biodiversity can vary greatly across glaciers, for example, 

Antarctic glaciers have been shown to have much less organic matter and bacterial abundance 
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(Anesio et al., 2010). There may be a feedback system between the microbes inhabiting 

cryoconite holes and the physical structure of said holes. For example, Cook et al (2010) 

demonstrated that because the Cyanobacteria and other photoautotrophs within cryoconite 

needs sunlight to photosynthesise, the depth of a hole can be influenced on the microbes 

attempting to disperse to avoid multiple layers and thus lack of sunlight. Following the results 

of that study (Cook et al., 2010), and subsequent study (Cook et al., 2015) a hypothesis has 

been proposed that microbes within the sediment can indeed influence the shape and size of a 

cryoconite granules. Despite initially limited research, cryoconite is now much more widely 

studied, not only for its microbial ecology, but also its role on a much larger scale- the 

resulting darkening of the ice surface where the ecosystem thrives is now known to play a 

role in climate change.  

 

Figure 1.1 A cross section of a glacier, with a graphical representation of a cryoconite hole indicated. 

1.2 Microbial diversity of cryosphere 

1.2.1 Extremophiles 

Research into microbial life in extreme environments accelerated in the 1970s- the term 

‘extremophile’ was only coined in (MacElroy, 1974) and the first European conference on 

this matter, entitled ‘Microbial adaptation to extreme environments’ took place a year earlier 

in the Netherlands (Stan-Lotter & Fendrihan, 2012). Extremophile refers to micro-organisms 

that survive and thrive in extreme growth conditions. Examples include temperature, pH or 

salinity concentration. Cryosphere microbes contend with several extreme conditions, using a 

range of adaptations. 
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Cryospheric microbes can be regarded as psychrophiles, given historically annual low 

temperatures. The term ‘psychrophile’ has sparked debate in recent years, as culture 

dependent exploration of the cryosphere has shown some organisms able to grow at 37°C 

(Lee et al., 2011; Poniecka et al., 2020). Earlier studies demonstrate there are true 

psychrophiles cultured from the cryosphere. Skidmore et al (2000) reported colonies initially 

cultivated at 4°C were unable to grow at 22°C Conversely, colonies initially grown at 22°C 

were able to grow at 4°C, suggesting a mix of ‘true’ psychrophiles and perhaps non obligate 

psychrophiles. During a review of adaptation techniques of ‘psychrophiles’ (De Maayer et 

al., 2014), it was accepted that lack of widely published temperature growth ranges (see table 

1.1) for microbes isolated in these environments make it hard to determine whether a microbe 

is truly psychrophilic (optimal growth temperature of <15°C, upper limit of 20°C, see table 

1.1) or psychrotolerant (survival at 0°C, but optimum growth between 20-25°C). De Maayer 

et al (2014) also acknowledges the bias of current cryospheric research into marine dwelling 

organisms, as opposed to the supraglacial/ glacier forefield samples used in this study. 

Table 1.1 is adapted from Prescott's Microbiology and shows the generally accepted growth ranges of each organism. 

Psychrophile Micro-organism that grows well at 0°, has an optimum temperature of 

≤15°C and maximum growth temperature of 20°C. 

Mesophile Micro-organism with a growth optimum between 20-45°C, a minimum 

growth temperature between 15-20°C and a maximum temperature of 

≤45°C. 

Thermophile Micro-organism that can grow at 55°C or higher, and a minimum growth 

temperature of 45°C. 

 

1.2.2 Adaptation mechanisms of cryosphere microbes 

Adaptation approaches to this unique habitat can be physiological or metabolic based. 

Coupling of both genome and transcriptome based analyses shed light on how these microbes 

are able to persist in the extreme conditions discussed previously (Raymond-Bouchard & 

Whyte, 2017). Of the most widely studied of these genes are cold shock proteins (CSPs). 

These bind to nucleic acid molecules and enable them to continue essential functions: 

transcription/translation. De Maayer et al (2014) explored the regulation of these genes, using 

studies (Campanaro et al., 2011; Frank et al., 2011; Gao et al., 2006) which take isolates and 

shift their growth temperature and analysis the gene expression associated with the 

temperature change. Here, the most upregulated genes were CSPs. It should be noted some 
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CSPs are also expressed in mesophiles, thus when they are expressed by true psychrophiles 

they can be dubbed Cold Acclimation Proteins (CAPs). When considering other ’omic data, it 

should be pointed out the presence of cold shock genes can also be determined by 

bioinformatic analyses of genomics. Annotation of a genome using tools such as RAST (Aziz 

et al., 2008) and Prokka (Seemann, 2014) mean coding sequences (CDS) can be identified 

which code for CSPs. Though this does not mean these genes are being expressed, it can be 

useful to know whether microbes in the same community share the same CSPs. 

Other mechanisms used by psychrophiles in cold adaptation include membrane fluidity, 

including Lipopolysaccharide (LPS) and Extracellular Polymeric Substances (EPS) 

associated mechanisms. These can be altered in response to temperature decreases. More 

specifically, there is a widely accepted shift in the ratios of polyunsaturated fatty acids to 

saturated fatty acids (De Maayer et al., 2014), and that this shift is important during the cold 

stress response by altering membrane fluidity (Králová, 2017). Furthermore, Singh et al 

(2014) reports fatty acid profiles from cultured isolates on Arctic glaciers, along with other 

phenotypic information.  

1.2.3 Supraglacial microbial diversity 

A combination of successful culture collections and sequencing data from these environments 

show a range of microbial life across glaciers. In particular, Cyanobacteria is a very abundant 

phylum in most glaciers (Chrismas et al., 2016; Cook et al., 2016; Kaczmarek et al., 2016a) , 

with 54 taxa identified globally from a variety of glaciers, mainly Arctic, Antarctic and 

European (Kaczmarek et al., 2016a).  As previously mentioned, Cyanobacteria are important 

ecosystem engineers. This photoautotroph is of supreme importance: when filamentous, it 

can bind inorganic matter together using its EPS, creating a viable niche for other microbes, 

so its dominance across glaciers seems logical. It has also been demonstrated to play a role in 

carbon fixing (Anesio et al., 2009), and is referred to as a ‘primary producer’ within the 

cryoconite ecosystem (Bell, 2012). More recent research has focused on characterising the 

many lineages of this phylum and the role of its EPS as a potential driver of the organism’s 

ability to tolerate cold stress (Chrismas et al., 2016). Cyanobacteria are very abundant in both 

Arctic and Antarctic glacial environments (Margesin, 2017). Studies have shown even when 

its abundance is lower than other bacterial species, its function as an engineer of the 

cryoconite ecosystem places it as a keystone species (Gokul et al., 2016).  
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Conversely, heterotrophic bacterial taxa show much more variation, both in abundance and 

function according to glacial regions (Edwards et al., 2014; Lee et al., 2011; Margesin et al., 

2002a). An abundance of heterotrophic aerobic bacteria has been identified across alpine 

glaciers in both culture dependent and culture independent methods (Edwards et al., 2011; 

Lee et al., 2011; Margesin et al., 2002a). The proliferation of phylum Proteobacteria is 

shown in Arctic, alpine and Antarctic environments (Anesio et al., 2017; Cameron et al., 

2012; Margesin, 2017). Slightly less abundant within these locations, but still extremely 

important is Actinobacteria, particularly family Microbacteriaceae (Gokul et al., 2016). 

Alpine environments however tend to contain more Bacteroidetes than Actinobacteria 

(Edwards et al., 2013), but representatives of both are usually present. At a class level, Arctic 

samples include a dominance of Alphaproteobacteria, whereas alpine samples tend to display 

an abundance of Betaproteobacteria. In either case, current research shows both intra-

regional and inter-regional differences in relative abundancies of bacterial taxa. Other 

research has also shown that microbial abundance does not necessarily influence ecosystem 

functionality. At a metabolic level, taxa that are not particularly abundant in samples can 

contribute a surprising amount to establishing and maintaining an ecosystem (Gokul et al., 

2016). Similar studies comparing abundance with activity demonstrated that some species 

within the ecosystem have very little activity (Stibal et al., 2015). The same study showed 

while a community of organisms at margins of an ice sheet may be scarcely active, samples 

taken further inland are the opposite, with most species actively transcribing within their 

community. There are seasonal shifts in activity too, thus there is much to be uncovered 

about the year-round supraglacial microbial community and their functions. 

Given this diversity according to cryosphere region, but also across a glacier surface itself, 

during culture-based exploration of these environments, it can be important to aim for diverse 

bacterial isolates, and importantly, chances of recovering diverse isolates can be increased 

simply by sampling at many locations across an environment, including many sample types 

and cryoconite consistencies. It is also imperative to tailor cultivation strategies, so that less 

abundant organisms may still be captured. Strategies include longer incubation duration, less 

nutritious growth media and less dilute sample as the inoculum. These are covered in more 

detail in chapters 3 and 4. 

1.2.4 Other microbes in cryosphere 

Other microbial life has been demonstrated on glaciers, namely fungi, viruses and protozoa 

(Cook et al., 2016; Hodson et al., 2008) . It is likely these all influence each other as with any 
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ecosystem. Studies have shown interactions between bacterial and viral species (Anesio et al., 

2007; Bellas et al., 2013), with newer studies demonstrating viral control over bacteria and 

killing of some bacterial species could be reversed by providing additional nutrients (Rassner 

et al., 2016). There has been some research into interactions between types of micro-

organisms on the glacier surface, with mostly neutral or positive interactions observed 

between algae and bacterium (Krug et al., 2020). 

1.3 Antimicrobials 

An antimicrobial is a compound that inhibits the growth of a micro-organism. It can be 

natural microbial products (antibiotics, meaning to originate from a living organism), or 

synthesized chemically or not originating from a living organism (antimicrobial). They can 

be cidal or static, meaning they either kill cells, or limit the microbial growth itself. 

Antibiotics may originate from peptides produced by a fungus or bacteria, or be a specialised 

secondary metabolite produced by bacteria or fungi that has an inhibitory effect. Exploring 

capability of microbes to produce antimicrobials, or other useful compounds is termed 

bioprospecting. 

1.3.1 Bacterial secondary metabolites 

Bacterial metabolites, sometimes referred to as Natural Products (NPs) are intermediary 

chemicals formed during metabolism. There are two kinds- primary and secondary. Primary 

metabolites are so called because they are of primary importance to the bacteria producing 

them, as they are essential to the growth or reproduction of the organism. Secondary 

metabolites however, are usually produced when growth has been established (see figure 1.2) 

and are more for maintenance, or less essential functions such as protection from other 

organisms. Production occurs when bacteria is usually approaching, or in the stationary phase 

of growth. Whereas primary metabolites are generally conserved across whole kingdoms, 

secondary metabolism can be much more specialised and therefore can be linked with the 

ecology of its associated organism (O’Brien & Wright, 2011).  
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Figure 1.2 shows a typical bacterial growth curve, with the phases of metabolite production indicated. 

There are several types of bacterial secondary metabolites, including peptides, poly-ketides, 

lipids and terpenoids/steroids. These can be incredibly complex molecules, their synthesis 

only possible due to previous molecules generated through primary metabolism and 

extremely specific enzymes that biosynthesize them. Their extreme chemical diversity means 

that a truly multidisciplinary approach is needed to explore microbial NPs, with expertise 

needed from organic chemists, biochemists, microbiologists and bioinformaticians. Though 

this research avenue has been extremely fruitful, with most of our current antibiotics in use 

today originating from microbial isolates, its long and expensive timeline has diminished 

pharmaceutical interest and investment. With the advances of sequencing technologies, it can 

be much cheaper to genomically determine areas of the genome which code for groups of 

genes encoding these specialised enzymes, so called Biosynthetic Gene Clusters (BGCs) and 

express these heterologously. To complicate this, BGCs can be cryptic/silent. Though these 

terms are often incorrectly used interchangeably, (Hoskisson & Seipke, 2020) proposes a 

formalisation of these terms, where ‘cryptic’ refers to BGCs and their associated NPs that are 

hidden or currently unknown. The term ‘silent’ should refer to a BGC that is known but not 

expressed. 

New secondary metabolites are still being discovered, with four Non-ribosomal peptides with 

known functions and four Polyketides isolated in the last decade (Dror et al., 2020) from soil 

bacteria alone. Other peptides and polyketides have been isolated, but elucidating their 

function is proving a challenge to researchers. This same study presents an optimal pipeline 
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for discovery of new NP within a soil ecology framework, but outlines culture based (isolate 

bacteria, screen for activity) and culture independent methods (sequencing, identification of 

NPs using bioinformatics) as being essential to success, both of which are explored in this 

body of work. 

1.3.2 Antimicrobial resistance 

Alongside the decline of novel antibiotic drug discovery, increasing levels of antimicrobial 

resistance (AMR) are being reported (Fridkin, 2001). Note the resistance is occurring to both 

antibiotic agents (originating from living micro-organisms), and antimicrobial agents (can 

include chemical compounds with no living origin, but nonetheless has an inhibitory effect, 

such as disinfectant or bleach). Current levels of antibiotic resistance are worrying, with 

700,000 deaths globally each year due to AMR, as estimated by a 2014 report by Jim O’Neill 

and his review team. This rise in resistance can be attributed to several factors, the most 

prominent being overuse in both humans (Llor & Bjerrum, 2014) and animals (Martin et al., 

2015). Overuse of antimicrobial cleaning agents are also commonplace. Domestically, 

cleaning products are usually used at a higher volume than needed and the endpoint for all 

this surplus is the wastewater system (Kaur et al., 2019), this in turn affects wildlife and the 

antimicrobial resistance present within wastewater systems. So much so, new technologies 

are being developed to try and remove pharmaceutical input of antibiotics from wastewater 

(Phoon et al., 2020). Even more worrisome, in April 2019 the Interagency Coordination 

Group on Antimicrobial Resistance (IACG) released a report predicting annual global deaths 

due to AMR could rise to 10 million by 2050 (IACG, 2019). The same report recommends 

the immediate halting of antimicrobials as growth promoters in the food chain and more 

investment into NP detection research. 

1.3.3 Testing for antimicrobial resistance 

There are several ways to test for AMR. The cheapest of which are disc-diffusion assays (also 

known as the Kirby-Bauer method (Bauer et al., 1966)). In this approach, microbes are grown 

on or within a Petri dish containing growth medium. Discs containing antimicrobial agents 

are placed onto the agar surface. After a sufficient growth period, the Petri dishes are 

examined for areas of no growth around the discs, known as ‘zones of inhibition’. These are 

measured as a crude way of determining levels of resistance. Due to its low cost, this 

approach is commonly used in hospitals to assess which antibiotic treatments to give a 

patient. It ensures the antibiotic given will be effective against a given pathogen, saving time 

and money. 
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Although disc diffusion is a popular test for AMR, a more quantitative and high-throughput 

approach to screening lies in the broth microdilution method. This approach uses decreasing 

concentrations of antimicrobial agents against an actively growing culture of microbes and 

monitors the growth by measuring the turbidity of the broth. This gives a more precise 

concentration of antimicrobial needed to control an infection. The smallest possible 

concentration needed to control the growth of a microbe can be determined using this 

method, resulting in a Minimum Inhibitory Concentration (MIC). Tenover (2019) provides a 

detailed explanation of the two methods and points out such data go beyond simply 

determining the sensitivity of any one microbe to antimicrobials. In a healthcare setting, this 

collective data is monitored and gives a more complete idea of the global levels of AMR, 

providing information on which pathogens are becoming multi drug-resistant (MDR). This is 

not a future problem, opportunistic pathogen Acinetobacter baumannii is an example of a 

MDR which now displays global resistance to carbapenems (Higgins et al., 2010), placing an 

over reliance on colistin, a ‘last resort’ drug owing to its considerable side effects. 

The importance of AMR to this project is two-fold: firstly, new antimicrobial compounds are 

needed and therefore a relatively unexplored ecosystem seems a promising avenue. Secondly, 

cryosphere environments are diminishing, fast. Irvine-Fynn & Edwards (Irvine-Fynn & 

Edwards, 2014) estimates an annual release of 3.15×1021 cells from glacier ice to downstream 

environments. This release not only represents hitherto unexplored, and therefore unexploited 

microbes, but also could contain pathogens. Edwards (2015) points out fungal, bacterial and 

viral threats present in the cryosphere and more recently, varied resistance to 8 different 

antibiotics among 118 bacterial isolates from Arctic glaciers was reported (Mogrovejo et al., 

2020). Therefore, the potential of what is and will be released from these systems, both in 

terms of bioprospecting, but also as a human health threat should be closely monitored. 

1.3.4 Antibiotic drug discovery 

The first reported mass-produced antibiotic was Penicillin (Fleming, 1929), a compound 

originating in Penicillium rubens with the capacity to stop growth of Staphylococcus aureus. 

Since then, antibiotic drug discovery has seen a ‘golden era’, in which several new classes 

were discovered; and has also more recently seen a sharp fall in the number of new 

antibiotics being uncovered: ‘resistance era’ (Brown & Wright, 2016). During this golden 

era, several classes of antibiotics were discovered, including β-Lactams, Aminoglycosides, 

Tetracyclines and Chloramphenicols to name but a few (Brown & Wright, 2016). 
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Antibiotic drug discovery can be conducted both culture-dependent and culture independent 

techniques. In the same way antimicrobial resistance can be detected using a variety of 

methods, potential antimicrobial agents can be screened for efficacy, to be considered a 

future drug candidate. 

An inexpensive method is again disc diffusion: suspected antimicrobial agents, such as 

metabolite extracts or general chemicals such as essential oils are impregnated onto blank 

discs. They are then placed onto a Petri dish in the same manner as outline above. The larger 

the zone of inhibition, the more promising the drug candidate. However, as outlined in the 

previous section, this is a crude method of determining inhibitory effects and it not thought of 

‘quantitative’. Thus, more commonly the broth micro dilution method is used in antimicrobial 

drug discovery. This enables far more candidates to be assessed and provides an MIC. This is 

essential for further downstream drug discovery analysis.  

The timeline of drug discovery is expensive and time-consuming. Current estimates of the 

timeline from promising compound to mass produced drug is 12 years (DiMasi et al., 2010). 

Even if a compound shows potential, it must be tested in a series of cytotoxicity assays to 

show the effect it would have in humans. Its mechanism of action must also be elucidated. 

These steps are all extremely costly and take much expertise to perform. DiMasi et al (2010) 

estimates a staggeringly low success rate of 13% of small molecules, from original discovery 

to clinical approval. Thus, there is now far less investment into antimicrobial drug discovery 

(Lewis, 2012). However, there is still some promise in exploiting bacterial NPs. As the cost 

of genome sequencing decreases, researchers are turning to genomic rather than phenotypic 

data to search for antimicrobial potential.  
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1.4 Genomics 

1.4.1 Genome sequencing 

Genome sequencing has changed drastically in the last decade, mainly due to the emergence 

of third-generation sequencing methods but remains a valuable approach to bioprospect 

microbes from an environment. The first bacterial genome (Haemophilus influenzae) was 

sequenced in 1995 using shotgun, cloning and assembly methods (Fleischmann et al., 1995). 

Whole genome shotgun sequencing involves random fragmentation of the DNA sequence 

into sizes suitable for Sanger sequencing, these fragments are sequenced as ‘reads’ and the 

process is repeated until there are overlaps in the sequences. These are computationally 

aligned into longer contiguous sequences ‘contigs’ which are assembled altogether until the 

entire genome is complete. Second generation sequencing techniques then emerged, mainly 

involving much more automation of sequencing and making it high throughput by sequencing 

multiple fragments in parallel. Third generation sequencing methods, such as Single 

Molecule Real-Time (SMRT) (McCarthy, 2010) and Nanopore sequencing (Deamer et al., 

2016) were then developed. These methods obtain much longer reads as there is no 

fragmentation of DNA. Both have been commercially successful, with Pacific Biosciences 

(PacBio) releasing Sequel systems for SMRT sequencing, and Oxford Nanopore Technology 

(ONT) releasing several platforms, such as the minION (portable), GridION (benchtop) and 

PromethION (high-throughput, scalable) sequencers. More information on all technologies is 

covered in section 1.4.4-1.4.5. 

While second generation sequencing typically results in short reads, needing to be assembled 

into contigs, third generation sequencing yields much longer reads. Both of these methods 

can be combined to give hybrid assembles, with longer contigs making up most of the draft 

genome, but shorter reads closing gaps and providing higher accuracy. This is particularly 

useful in de novo assembly (assemblies generated with no reference genome) and tools have 

been developed to enable hybrid assembly generation, such as Unicycler (Wick et al., 2017) 

and HYBRIDSPAdes (Antipov et al., 2016). Combining technologies, particularly ONT and 

Illumina reads can enable full resolution of bacterial genomes, even organisms with highly 

repetitive genomes (De Maio et al., 2019). Full/complete genomes with no errors is the 

benchmark of sequencing. 

Only a small minority of microorganisms from an environmental sample can be cultured in 

the laboratory (Harwani, 2012), leaving the enormous bioprospecting potential of the 

uncultured diversity unexplored. This resource can be accessed by improved cultivation 
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methods in which the natural environment is brought into the laboratory (Kaeberlein et al., 

2002) or through metagenomic approaches where culture-independent DNA sequence 

information can be combined with functional screening (Handelsman, 2004). The coupling of 

these two approaches circumvents the need for pure, cultured isolates and can be used to 

generate targeted information on communities enriched for specific activities or properties. 

More recently, metagenome-assembled genomes (MAGs) have been explored for their 

potential, and as their genomes have been generated from metagenomes, there is no need for 

microbial culture. This approach has already been successful with Washculin et al (2021) 

exploring Antarctic soil metagenomes and recovering full length BGCs. 

Bioprospecting in extreme environments is often associated with additional challenges such 

as low biomass, slow cell growth, complex sample matrices, restricted access, and 

problematic in situ analyses. In addition, the choice of vector system and expression host may 

be limited as few hosts are available for expression of genes with extremophilic properties. 

(Vester et al., 2015) summarizes the methods developed for improved cultivation as well as 

the metagenomic approaches for bioprospecting with focus on the challenges faced by 

bioprospecting in cold environments. Additionally, there is the Nagoya protocol to consider 

when bioprospecting environments. This is an internationally agreed protocol that applies 

specifically to genetic resources and aims to promote equitable sharing of any benefits arising 

from utilisation of these genetic resources. In this case, it means any success arising from 

bioprospecting in extreme environments must acknowledge countries who have contributed 

to the research- e.g. the location of the sample collection, if it emerges these samples have 

hitherto undiscovered benefit to the world. 

1.4.2 DNA extraction for genomic analysis 

There are various methods for extracting DNA from bacterial isolates. Cheaper methods 

involve phenol:chloroform methods (Marmur, 1961). These can be performed without any kit 

so are therefore a cheap way of DNA extraction. However, there are kit-based methods that 

are more expensive but less lengthy and laborious. Depending on the skill of the scientist, 

both should theoretically give good quality DNA that can be used for sequencing. It is 

important to perform various quality checks on the extracted DNA to ensure no money would 

be wasted attempting to sequence contaminated DNA. Generally, a gel electrophoresis would 

be run, and the band visualised to give approximate genomic DNA quality size and quantity 

given the position and intensity of the band. More exact quantification could be determined 

using a Qubit®. And any required cleanup of the DNA sample could be performed using 
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Agencourt AMPure XP magnetic beads kit. It is worth remembering that the buffer the 

extracted DNA is stored in can influence the sequencing run. Therefore, it should always be 

eluted into a final storage buffer compatible with the sequencing technology used. 

1.4.3 Library preparation 

Preparing the DNA for sequencing, termed ‘library prep’ differs according to which 

sequencing technology is being used. It can involve fragmentation, amplification, barcoding 

and adapting. All these steps are to get DNA strands to the required size for the sequencer, or 

increase the amount of DNA so there is an abundance for the sequencer to work with, 

labelling DNA samples if several are sequenced simultaneously or finally modifying the ends 

of the DNA strands so enzymes can bind to it correctly.  

The technologies mentioned below are the most commonly used currently for bacterial 

genome sequencing.  

1.4.4 Illumina 

Illumina sequencing technology for bacterial genomes are available across three machines, 

though principally only two are adequate for current standards of genome sequencing: HiSeq 

and MiSeq. Both work by the Illumina technology ‘Sequencing by Synthesis’, where 

extracted DNA is sheared, either mechanically (i.e. sonication) or enzymatically (i.e. 

transposes), into short ‘fragments’. Fragments are ligated to adaptors and these are washed 

over a flow cell within the sequencer. The flow cell itself is covered in primers 

complementary to the adapters attached the DNA fragments, thus they bind. DNA 

polymerase then amplified these fragments into clusters. To do this, fluorescently labelled 

nucleotides are added to the flow cell and the polymerase constructs new DNA strands using 

these labelled nucleotides. Throughout this ‘synthesis’ a monitor takes images of the flowcell, 

and the different nucleotides incorporated into the growing DNA molecule can be identified. 

It is common for researchers to opt for a second identical strand to be synthesized and 

‘sequenced’ again from the other end, improving accuracy. This is known as ‘paired end’ 

reads. 

This process is quite time consuming, and therefore a ‘sequencing run’ can take many hours. 

Although samples can be barcoded and multiplexed (run in the same sequencing run 

simultaneously) to save time. Additionally, because the DNA is fragmented so much before 

the sequencing run, the resulted reads are comparatively short, therefore genome assembly 

tends to be more labour intensive. However, it remains an extremely accurate way of 
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sequence, due to its hitherto unparalleled low error rate. Additionally, both instruments 

produce comparable results when working with microbial community data (Caporaso et al., 

2012). 

1.4.5 Oxford Nanopore Technology 

Oxford Nanopore Technology sequencing produces long reads with a slightly higher error 

rate than Illumina. An electronically resistant membrane- a flowcell- contains protein 

nanopores. This membrane is connected to an electrical current, which flows freely through 

the nanopore. As single DNA molecules pass through the nanopore, each particular base 

causes a characteristic disturbance of the electrical field, which is then transmitted to a 

monitor which converts the signal to the accompanying base letter (A, C, T, G). As with the 

other technologies, if the DNA is prepared as a hairpin structure, the sequencer will read both 

ends of the strand, which, as previously mentioned, improves the error rate. 

As for which method is best- this entirely depends on the parameters of the researcher and 

overall aims. Time money and space can be huge considerations. Oxford Nanopore 

Technology has a range of sequencers (minION, GridION and PromethION), varying hugely 

in terms of size, cost and throughput. The same is true for Illumina (MiSeq/HiSeq are most 

often used for bacterial genomes) and PacBio (Sequel II and IIe).  

1.4.6 Quality Control 

Quality control is an essential stage of any genome analysis. Before any conclusions from 

various analyses can be accepted, certain thresholds for genome quality need to be met. 

Indeed, many genome repositories will not allow uploads of genomes below a certain quality, 

as they are likely to be inaccurate. For instance, the Genome Taxonomy Database (GTDB) 

will not accept genomes with a contamination score of over 5, and requires a completeness 

score of >50. These parameters can be easily tested using CheckM (Parks et al., 2015), which 

can work on both FASTA assemblies and metagenomic bins. GTDB (Chaumeil et al., 2020) 

is a great resource of MAGs and therefore the threshold is lower than what would be required 

of a complete genome. Other tools, such as QUAST (Gurevich et al., 2013) will estimate 

various genome characteristics, giving an N50, N75, L50 and L75 score. It will also assign a 

GC content percentage, which, if the user has taxonomically characterised the genome, can 

assess whether this percentage is expected. QUAST also gives the size of the largest contig, 

the total length of the genome, the number of various contig sizes and the overall number of 

contigs. This information can be pivotal when deciding downstream tools for analysis. 



Identifying new antimicrobial drugs in microbes from extreme environments 

16 

 

1.4.7 Solving contamination by treating a genome as a metagenome 

It is not always possible to obtain single isolated colonies of bacteria for a variety of reasons. 

Though colonies appear to be single and isolated on the agar surface, if it is a particularly 

macroscopic colony for example, this can be two different species. To overcome 

contamination issues in bacterial genome sequencing, it can be useful to simply treat the 

sequence as a metagenome, and analyse accordingly. There are several contig binning tools 

that can be utilised, such as MetaBAT2 (Kang et al., 2019) and MaxBin2 (Wu et al., 2016). 

MetaBAT2 incorporates an adaptive algorithm for setting parameters for binning. This means 

the user needs little experience in metagenomic binning, and the tool will automatically select 

the most appropriate parameters given the specific assembly characteristics (Kang et al., 

2019). It also utilises much shorter contigs, so long as there are more than three samples in a 

dataset, and will assign that contig to whichever bin shows a higher than average correlation 

to that member bin. MaxBin2, however works best by estimating sequence composition 

(specifically tetranucleotide frequencies of contigs) and comparing multiple metagenomes 

simultaneously. As the algorithms for these binning tools are slightly different, their use on 

the same sample ‘metagenome’ may give different resulting bins. Therefore, a third tool may 

be used: DAS Tool, into which assigned bin sets are submitted, and an optimised bin set is 

created. It incorporates both of the aforementioned binning tools and from these candidate 

bins, a single set of bins is generated with high quality and no redundancy (Sieber et al., 

2018). 

1.4.8 Assembling a genome 

Genome assembly is therefore dependent on the method of sequencing used. Shorter read 

sequencing, such as Illumina HiSeq/MiSeq will need much more computing to assemble 

these short reads into longer continuous reads (contigs). There are usually a much higher 

number of contigs needed to assemble into a draft genome. Conversely, longer read 

sequencing results in far fewer contigs with much longer reads, meaning relatively few are 

needed for the draft genome. However, the error rate associated with long read sequencing 

should not be discounted, and some polishing and correction of the raw reads usually 

precedes assembly. Errors associated with short reads are usually to do with repetitive 

sequences, however this can also be counteracted somewhat by using additional error 

removal tools during the assembly. 
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1.4.8.1 SPAdes 

SPAdes is an assembler used on short reads and is particularly useful in de novo assembly 

and single cell sequences, utilising assigned k-mers (Bankevich et al., 2012). K-mers are 

predicted optimal lengths of fragments needed for a sensical assembly, considering the 

occurrence of repeat sequences with the genome. Accounting for the number of bases in 

repeat sequences, k-mers are based on the fact reads lengths will optimally be longer than this 

number, to ensure even repeat sequences are read correctly. Contigs are constructed while 

considering the particular k-mer length. The k-mers are ‘forgotten’ once a paired De Bruijn 

graph (DBG) is calculated. SPAdes can also be used for a hybrid assembly, but the user will 

need to specify ‘HybridSPAdes’ during assembly (Antipov et al., 2016). 

1.4.8.2 Velvet 

Like SPAdes, Velvet is an assembler commonly used for short reads. Velvet (Zerbino & 

Birney, 2008) runs an algorithm that again constructs a graph and estimates k-mers before 

assembly. A DBG creates k-mers for the sequences. As Illumina struggles most with issues 

with repeat sequences, DBG are often constructed when working with Illumina data. After 

establishing a particular k-mer for a draft genome, Velvet then generates the contigs from the 

raw reads. 

1.4.8.3 Canu 

For longer reads, (i.e. PacBio and Oxford Nanopore Technology) a commonly used 

assembler is Canu. This algorithm overlaps all read fragments into a ‘unitig’ after error 

correction and trimming read borders. This unitig has a high alignment accuracy and 

therefore is able to produce a draft assembly (Koren et al., 2017) .  

1.4.9 Characterising a genome 

When the genome has been assembled and before it can be mined for capability, it is useful to 

identify the strain. To do this, the nucleotide sequence was historically compared with a 

database of known, previously characterised strains using their uploaded nucleotide 

sequences. This is carried out using BLAST (Benson et al., 2013). If this is too time 

consuming, the strain could be compared against a smaller database, such as RefSeq 

(O’Leary et al., 2016). If there are no sensical results for either, it is likely it is a novel strain, 

or an incorrect assembly. Usually characterising the genome is an easy, quick step of genome 

mining. More currently, assemblies can be put through GTDB-Tk classifier (Chaumeil et al., 

2020), which will perform Average Nucleotide Identity (ANI) tests until it returns the most 

closely related assembled genome within its database (which utilises RefSeq). Performing 
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this step can give you species level identification. Crucially, more ANI tests can be 

performed using various tools to elucidate where the genome lies within a phylogenetic tree 

of closely related relatives. With this approach, a threshold of ≥95% ANI similarity is needed 

to classify an assembly to a species. 

1.4.10 Annotation 

The final step in genome mining is annotating the genome sequence. This involves assigning 

gene functions to the sequence and tells you more about the capability of the organism. First 

coding regions are identified and then their putative products are predicted. Though there are 

many ways to annotate a genome, the most common of these is Prokka (Seemann, 2014) and 

RAST (Aziz et al., 2008). However, a user may wish for more targeted annotation, such as 

assessing the antimicrobial potential, resistome or presence/absence of a Clustered Regularly 

Interspaced Short Palindromic Repeats/Cas9 (CRISPRCas9) system. 

Common tools used are CARD and antiSMASH. CARD (Comprehensive Antibiotic 

Resistance Database) has a built in RGI (Resistance Gene Identifier) tool which predicts a 

resistome based on the input sequence (Alcock et al., 2020). antiSMASH (Medema et al., 

2011) is specifically built to identify Biosynthetic Gene Clusters (BGCs) within a sequence, 

using several built-in open source tools. Essentially, it compares the input sequence against 

all previous submitted sequences with BGCs. The tool identifies stretches of sequence that 

are all known to biosynthesise various compounds, and based on previous sequences, are 

likely to be working together in a ‘cluster’ in a larger biosynthesis pathway to build a 

resultant known secondary metabolite. Secondary metabolites are discussed in more detail in 

chapter 6. 

1.4.10.1 Prokka 

Prokka is a command-line annotation tool developed by (Seemann, 2014). Prokka 

incorporates several tools to identify genes by comparing against a database of previously 

characterised genes. The assembled sequence must be presented in FASTA format and 

preassembled. Incorporated tool Prodigal then identifies the coordinates of candidate genes. 

This prediction occurs in a hierarchical manner: meaning it searches these sequences against 

smaller more reliable databases, then slightly larger less specific databases. Output of Prokka 

can be presented in a variety of ways, but GFF3 (General Feature Format 3) is probably the 

most useful. It can be used downstream in many other tools and operating systems. The ideal 

input would be a finished sequence without any gaps, however often data are not perfectly 

assembled and the software will also accept scaffolds.  
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1.4.10.2 RAST 

RAST, developed by Aziz et al (2008) is fully automated and web based. Results are 

presented in many formats using a variety of inbuilt tools. Though it is unable to work with 

contaminated culture DNA, it is extremely user friendly and little bioinformatic skill is 

needed to navigate through and work with genomes. Additionally, one can increase its 

functionality by ‘binning’ a contaminated genome, using metagenomic binning tools. 

Previously mentioned QC tools can be used to assess bin quality, and optimised bins can be 

selected for downstream analysis, which should work better in RAST. RAST also reports on 

several assembly metrics: sequence size, N50, L50, longest/shortest contig size, etc. These 

can be compared to the QUAST report of the assembly as an additional check. RAST will 

also characterise a genome into subsystems, giving the user an indication of gene abundance 

specific to particular functions, e.g. secondary metabolism. 

As both tools are so wisely used, their databases are full of widely characterised 

environmental bacterial genes, however the majority of these are for mesophilic bacteria, 

demonstrating further need for more well characterised cryospheric bacterial sequences. 

1.5 The cryosphere: a novel source of microbes? 

1.5.1 Culture based exploration 

There have been numerous efforts to cultivate microbes from cryospheric samples, and 

screen them for any potential antimicrobial bioactivity (Abbas et al., 2011; de Menezes et al., 

2020; Fenical & Jensen, 2006; Sajjad et al., 2020). A variety of samples types have been 

tested: sea water, snow packs and cryoconite have all proved prolific producers of potential 

drug candidates. Most approaches are largely similar, with cultivation usually followed by a 

metabolite extraction. These extracts are then tested against a variety of clinically relevant 

strains. This approach has been promising (Giudice et al., 2007; O’Brien et al., 2004; Reddy 

et al., 2009). The other approach is to extract genomic DNA from each isolated strain, 

perform whole genome sequencing (WGS), and then bioinformatically explore the genome 

for regions of interest. A combination of the two approaches is described in (Dahal et al., 

2020) where an isolate is used in an antimicrobial assay and sequenced so the genome itself 

could be mined for BGC regions. This approach is most similar to the one undertaken in this 

body of work. 

1.5.2 Culture independent based exploration: metagenomics 

Another approach which is more commonly deployed currently is metagenomics (figure 1.3). 

This involves extracting environmental DNA and sequencing it, without attempting to 
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cultivate the community of microbes first (Handelsman, 2004). This is a useful way to 

identify different members of an ecosystem, and depending on methodology, can be cheaper 

and quicker than larger scale cultivation efforts. Once a metagenomic library has been 

established, there are two screening methods one can use to explore the capabilities of the 

organisms: functional based screening and sequence-based screening. Functional based 

sequencing was not explored in this study, but involves identifying genes of interest and 

cloning them into suitable vectors. As they are expressed, their function and its potential 

becomes clear. Suitable vectors refers to hosts which have powerful recombination 

machinery with known metabolite backgrounds, increasing the likelihood of expression, but 

also facilitating elucidation of which metabolites have been produced by the heterologous 

BGCs. This approach has been advanced in recent years, with the development of rapid 

cloning tools and improvements on production yields or activation of silent BGCs (Banik & 

Brady, 2010; Chiang et al., 2011; Kang & Kim, 2021).  

Sequence-based metagenomics uses MAGs in bioinformatic tools (some of which are 

discovered in detail in section 1.4.10.1 and 1.4.10.2) to annotate genes and the function is 

therefore assumed, informed by expanding databases of gene functions. Many tools created 

for genome mining can be utilised for either metagenomes, MAGs or draft assemblies of 

sequenced isolates. As already mentioned, sequence-based metagenomes have been used 

from cryospheric samples to great success, with a novel BGC families detected in a 

metagenome generated from Antarctic soil (Waschulin et al., 2021).  

Cultivation based bioprospecting is an area of research less popular now due to the surge in 

metagenomic technology. However, some attempts are still being made to culture and screen 

isolates from extreme environments for any bioactivity. A detailed summary of the varied 

approaches can be found in (Vester et al., 2015). This approach is still valuable, as 

fundamental aspects of a bacterium’s phenotype and behaviour will not be obvious from its 

genome. Additionally, metagenomics has its own limitations. It can be hard to elicit actual 

expression of genes uncovered during cultivation independent bioprospecting. This is due to 

lack of suitable expression vectors and the large insert sizes. Current vectors are not 

appropriate for cryospheric organisms, which grow at temperatures much lower than most 

model organisms. By obtaining actual strains, phenotypic behaviour of bacteria can be 

observed, and isolates can be assessed for their potential to become model expression vectors 

for function-based screening of cryosphere bacteria. 
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Figure 1.3 represents a typical metagenomic workflow using environmental samples. 

Figure 1.3 shows a typical metagenomic workflow that can be used when bioprospecting new 

environments. Functional metagenomics is outlined, where genomic DNA is randomly 

sheared and reassembled into consensus sequences, spanning larger portions of the genome. 

These libraries, such as BGCs are then inserted into suitable cloning vectors. These clones 

can then be sequenced and screened for their potential. As previously mentioned, genomic 

material from extreme environments such as the cryosphere can be hard to find suitable 

vectors for. Modified strains, or model organisms from different genera than E. coli may need 

to be used, as cold-adaptation may mean the biosynthetic potential may not be realised until 

the strain is incubated is comparatively colder temperatures. The other approach- MAGs 

circumvents the cloning step and instead assembles enough consensus sequences to represent 

a near enough full genome from strains that were hitherto uncultured and unsequenced. This 

approach has only been made possible with the emergence of long read sequencing (see 

section 1.4.5). Here because the DNA is not sheared as much as needed for short read 

technologies it is much easier to assemble consensus sequences. This approach was not 

undertaken in this project but has been utilised in current cryosphere exploration studies 
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(Edwards et al., 2016; Murakami et al., 2022) and has been successful in bioprospecting in 

the cryosphere (Waschulin et al., 2021). 

1.6 Aims and objectives 

This projects aims then to explore microbes from extreme environments and screen them for 

antimicrobial activity and while exploring general microbial ecology of the cryosphere. To do 

this, various objectives need to be addressed: 

1. Establish a collection of bacterial isolates from high Arctic (chapter 3) and low Arctic/alpine 

glacial environments (chapter 4) and comment on general culturable community structure 

(chapter 5). To do this, various microbiological culture approaches need to be employed, by 

placing dilute environmental samples onto different media and incubated in different conditions 

(section 2.2.3-2.2.7). 

2. Screen isolates for their suitability as novel antimicrobial compound drug targets (chapter 6). To 

screen isolates, a high throughput approach to assess antimicrobial activity will be used 

(biochemistry), a variation on the broth microdilution method, where extracted metabolites 

(section 2.6.1) will be added actively growing strains of bacteria (see sections 2.6.4-2.6.5) and 

consistent Optical Density readings will be taken to assess level of growth in the presence of the 

metabolite extract. (section 2.6.4-2.6.6). 

3. Concurrently, candidate strains with powerful activity (section 2.7.1) will undergo whole genome 

sequencing (section 2.7.2-2.7.4) (chapter 7). A draft genome will then be submitted to a 

bioinformatic pipeline (section 2.7.5) designed to uncover the potential of the strain (genomics). 

This genetic information will be coupled with the phenotypic observations (chapter 6, section 

6.2) and the viability of these strains as true drug candidates will be determined. 

4.  Any novel species warrants further exploration (section 8.2.2-8.2.4), with common 

adaptation/antimicrobial mechanisms discussed (section 8.4) (chapter 8). 
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Chapter 2 Materials and methodology  

Several methods used in this work were utilised at multiple points in the project, including 

sample collection, culture of environmental samples, sub-culture until single bacterial strains 

are isolated. To identify the taxonomy of isolated strains, methods such as DNA extraction, 

Polymerase Chain Reaction (PCR), single colony PCR, DNA quantification, gel 

electrophoresis and Sanger based 16S rRNA gene amplicon sequencing. To screen isolates, 

starter culture of various bacterial strains will be prepared and added to the extracted 

metabolites and monitored for growth. Whole Genome Sequence was performed, where 

genomic DNA from each selected strain was extracted using a kit based method and libraries 

were normalised and prepared for sequencing by a third party. Various bioinformatic 

processes were then utilised, broadly, these were QC, genome assembly, genome annotation 

and characterisation. Protocols for each of these methods will now be described.  

2.1 Sample collection 

This project used both already-isolated strains of bacteria and previously collected cryoconite 

samples, as detailed in respective chapters. Samples were collected from 2013-2017 across 

locations in Svalbard, Tarfala and the Alps. Samples were either cryoconite, forefield soil or 

biofilms scraped from the glacier surface itself or forefield soil.  

2.1.1 Locations 

The study sites explored in this work are outlined below (figure 2.1) and utilised previously 

collected samples within Aberystwyth University. Over several years cryoconite, forefield 

soil and biofilms have been collected from glaciers in the high Arctic, low Arctic and alpine 

areas.  
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Figure 2.1 shows an overall map of sample collection within the three main areas indicated. Sample collection locations 

included high Arctic (Svalbard, blue), low Arctic (Sweden, green) and alpine (Austria-Italy border, red). Map constructed 

using Google Maps. 
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2.1.1.2 Svalbard 

Svalbard is an Arctic archipelago belonging to Norway. The main island, Spitsbergen 

contains all settlements, including Longyearbyen (largest inhabited area of Svalbard) and Ny 

Ålesund (northern most research settlement). Both locations have been the focal point of 

much of the research into Arctic glaciers, given their northernmost coordinates: all islands are 

located between 76° and 81° and contained the glaciers included in this research: Foxfonna 

(lying much closer to Longyearbyen, see figure 2.2), Vestre Lovénbreen, Feiringbreen and 

Pedersenbreen (all located near to Ny Ålesund, see figure 2.3).  

 

Figure 2.2 shows a topographical map of Svalbard with the ice cap Foxfonna indicated. Map constructed in TopoSvalbard. 

 

Figure 2.3 shows a topographical map of the Ny Ålesund region of Svalbard, with several of the glaciers used in this study 

indicated. Map constructed in TopoSvalbard. 
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2.1.1.3 Svalbard field trip 2016 

Samples were collected across three days in August 2016 on Foxfonna glacier, Svalbard (see 

figure 2.4 for exact locations). Samples were exclusively cryoconite see table 2.1 and each 

sample represents a different hole. There were a range of sampling conditions, cryoconite 

consistencies and physical locations throughout the samples (see figure 2.6 for photographs 

of example cryoconite holes). 21 15 mL samples (table 2.1) were collected aseptically in 

total, and stored at -20°C prior to inoculation.  

 

Figure 2.4 shows a map of the Foxfonna glacier and the sample collection points. 
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Figure 2.5 shows a range of glaciers in Ny Ålesund and the sample collection points. 

 

 

Figure 2.6 shows some of the cryoconite holes sampled, with a scale bar indicated in red. 
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Table 2.1 Shows the sampling details of the 2016 expedition to Foxfonna glacier, Svalbard. The sample collection location and date, as well as some information about the sample itself is 

described. 

Date 

collected 
Glacier Sample ID notes/depth (cm) N E 

18.08.16 Foxfonna (lower) FOX1601 0.3 78°5.1792 16°4.9332 

18.08.16 Foxfonna (lower) FOX1602 0.5 78°5.181 16°4.9308 

18.08.16 Foxfonna (lower) FOX1603 0.4 78°5.181 16°4.8552 

18.08.16 Foxfonna (lower) FOX1604 0.5 78°5.1954 16°4.6758 

22.08.16 Foxfonna (lower) FOX1605 <0.5 78°8.4594 16°10.3434 

22.08.16 Foxfonna (lower) FOX1606 <0.5 78°8.4582 16°10.5318 

22.08.16 Foxfonna (lower) FOX1607 <0.5 78°8.4318 16°10.4436 

22.08.16 Foxfonna (lower) FOX1608 <0.5 78°8.4672 16°10.4022 

22.08.16 Foxfonna (lower) FOX1609 0.1 78°8.4906 16°10.2492 

21.08.16 Foxfonna (upper cap) FIC01 1 78°7.9854 16°9.7596 

21.08.16 Foxfonna (upper cap) FIC02 0.5 78°7.9908 16°9.756 

21.08.16 Foxfonna (upper cap) FIC03 4 78°7.704 16°10.1178 

21.08.16 Foxfonna (upper cap) FIC04 2 78°7.695 16°10.1178 

21.08.16 Foxfonna (upper cap) FIC05 1 78°7.5672 16°11.2812 

21.08.16 Foxfonna (upper cap) FIC06 0.5 78°7.5762 16°11.3292 

21.08.16 Foxfonna (upper cap) FIC07 1 78°7.7256 16°12.498 

21.08.16 Foxfonna (upper cap) FIC08 3 78°7.7274 16°12.4944 
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21.08.16 Foxfonna (upper cap) FIC09 1 78°7.9716 16°12.489 

21.08.16 Foxfonna (upper cap) FIC10 1 78°7.9806 16°12.5004 

21.08.16 Foxfonna (upper cap) FIC11 1 78°7.8486 16°11.3496 

21.08.16 Foxfonna (upper cap) FIC12 2 78°7.8498 16°11.3364 

 

2.1.1.4 Brain Heart Infusion experiment 

FIC05, FIC07 and FIC10 from the Svalbard’16 sample set were used for this experiment. Sample collection details are outlined in table 2. 
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2.1.1.5 Svalbard field trip 2013 

Samples were collected in the summer of 2013 from Ny Ålesund region of Svalbard. Samples 

were exclusively cryoconite (see table 2.2 for details) and were collected across three glaciers 

(see figure 2.5 showing plotted glaciers on a topographic map). 

Table 2.2 shows the sample collection information for the three glaciers during a fieldtrip to Ny Ålesund, Svalbard, 2013. VL 

refers to Vestre Lovénbreen, FB refers to Feiringbreen. PD refers to Pedersenbreen. 

Date 

collected 
Glacier 

Sample 

ID 

notes/depth 

(cm) 
N E 

03.08.13 Vestre Lovénbreen VL3-01 1.75 78°54.304 11°54.47 

03.08.13 Vestre Lovénbreen VL3-02 dry 78°54.33 11°54.568 

03.08.13 Vestre Lovénbreen VL3-03 dry 78°54.37 11°54.686 

03.08.13 Vestre Lovénbreen VL3-04 dry 78°54.37 11°55.322 

03.08.13 Vestre Lovénbreen VL3-05 1 78°54.303 11°55.314 

03.08.13 Vestre Lovénbreen VL3-06 0.75 78°54.258 11°55.249 

03.08.13 Vestre Lovénbreen VL3-07 3.6 78°54.203 11°55.794 

03.08.13 Vestre Lovénbreen VL3-08 1.5 78°54.229 11°55.813 

03.08.13 Vestre Lovénbreen VL3-09 0.5 78°54.278 11°55.062 

05.08.13 Feiringbreen FB3-01 12.5 79°1.113 12°28.385 

05.08.13 Feiringbreen FB3-02 21.5 79°1.129 12°28.186 

05.08.13 Feiringbreen FB3-03 17.5 79°1.166 12°27.824 

05.08.13 Feiringbreen FB3-04 9.5 79°0.984 12°27.302 

05.08.13 Feiringbreen FB3-05 25 79°0.961 12°27.585 

05.08.13 Feiringbreen FB3-06 8.5 79°0.913 12°27.894 

05.08.13 Feiringbreen FB3-07 8.5 79°0.683 12°27.586 

05.08.13 Feiringbreen FB3-08 1.5 79°0.069 12°27.366 

05.08.13 Feiringbreen FB3-09 2 79°0.709 12°27.025 

09.08.13 Pedersenbreen PD3-01 9.5 78°51.885 12°17.315 

09.08.13 Pedersenbreen PD3-02 3.25 78°51.875 12°17.114 

09.08.13 Pedersenbreen PD3-03 4.67 78°51.884 12°17.743 

09.08.13 Pedersenbreen PD3-04 2 78°52.096 12°16.894 

09.08.13 Pedersenbreen PD3-05 12 78°52.081 12°17.172 

09.08.13 Pedersenbreen PD3-06 5 78°52.061 12°17.456 

09.08.13 Pedersenbreen PD3-07 12 78°52.199 12°17.693 
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09.08.13 Pedersenbreen PD3-08 9.5 78°52.221 12°17.451 

09.08.13 Pedersenbreen PD3-09 6.5 78°52.246 12°17.12 

2.1.1.6 Tarfala 

Tarfala is a valley in north Sweden and is another popular site for glaciology research, given 

not only the research facilities, but the fact its valley is surrounded by four glaciers. Most 

notably and most studied of these are Storglaciären and Rabots (see figure 2.7). They lie 

67°N and 18°E and Storglaciären is polythermal.  

 

Figure 2.7 shows the areas sampled in the Tarfala valley, Sweden. The two glaciers explored: Rabots and Storglaciären are 

indicated. Map constructed using Google Maps. 

2.1.1.7 The Alps 

The Alps are the biggest mountain range in Europe and contain several glaciers. Among the 

most characterised of these are two glaciers located in the Austrian Alps: Rotmoosferner and 

Gaisbergferner (see figure 2.8). These are both temperate glaciers and are rapidly receding, as 

are most Alpine glaciers, they are located at 46°N and 11°E. 
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Figure 2.8 shows the samples (in yellow) collected from alpine areas. The two glaciers explored: Gaisbergferner and 

Rotmoosferner are indicated. Map constructed using Google Maps. 

Thus, the samples collected provide a nice spread of the cryosphere, encompassing both high 

Arctic, subarctic/high Alpine (figures 2.1 and 2.7) and much lower alpine glaciers (figures 

2.1 and 2.8). No exploration of Antarctic glacier samples was undertaken as part of this 

research. 

2.1.1.8 ‘Revival’13’ sample collection 
Table 2.3 shows sample information about previously cultivated isolates from both Tarfala and the Alps. The sample name is 

given, along with original sample collection location and original environmental sample type. ST denotes subglacial till. 

Date 

collected 
Glacier 

Sample 

ID 
notes/depth (cm) 

N E 

Resultant 

colony 

20.08.14 Storglaciären 11 protosoil 67°54.200' 18°36.279' A11.1 

20.08.14 Storglaciären 11 protosoil 67°54.200' 18°36.279' A11.2 

20.08.14 Storglaciären 21 soil 67°54.276' 18°36.573' A15.1 

20.08.14 Storglaciären 21 soil 67°54.276' 18°36.573' A15.2 

20.08.14 Storglaciären 21 soil 67°54.276' 18°36.573' A15.3 

20.08.14 Storglaciären 21 soil 67°54.276' 18°36.573' A15.4 

20.08.14 Storglaciären 21 soil 67°54.276' 18°36.573' A15.5 
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20.08.14 Rabots 19 
biofilm (lichen, 

mosses, grass) 
67°54.209' 18°36.430' A18.1 

20.08.14 Rabots 19 
biofilm (lichen, 

mosses, grass) 
67°54.209' 18°36.430' A18.2 

22.08.14 Rabots 46 cryoconite hole 67°54.672' 18°29.394' A19.1 

25.08.14 Storglaciären 105 biofilm 67°54.303' 18°33.875' A23.1 

25.08.14 Storglaciären 106 biofilm (very red snow) 67°54.330' 18°33.948' A24.1 

 Storglaciären  biofilm   A24.3 

11.09.14 Rotmoosferner 204 cryoconite hole 46°49.406' 011°02.695' A38.1 

11.09.14 Rotmoosferner 204 cryoconite hole 46°49.406' 011°02.695' A38.3 

11.09.14 Rotmoosferner 204 cryoconite hole 46°49.406' 011°02.695' A39.1 

11.09.14 Rotmoosferner 204 cryoconite hole 46°49.406' 011°02.695' A39.2 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.1 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.2 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.3 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.4 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.5 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.6 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.7 

14.09.14 Gaisbergferner 213 subglacial till 46°50.011' 011°03.512' A42.8 

25.08.14 Storglaciären 106 biofilm (very red snow) 67°54.330' 18°33.948' A24.2 

25.08.14 Storglaciären 106 biofilm (very red snow) 67°54.330' 18°33.948' A24.3 

22.08.14 Rabots 41 cryoconite hole 67°54.713' 18°29.451' A71.1 

22.08.14 Rabots 44 cryoconite hole 67°54.598' 18°29.461' A74.2 

25.08.14 Storglaciären 110 biofilm 67°54.307' 18°34.020' A82.1 

 
Storglaciären 

forefield 
111 Soil mat with mosses   A83.3 

 
Storglaciären 

forefield 
119 Yellow leafy plant 67°54.231' 18°36.534' A90.1 

27.08.14 
Storglaciären 

forefield 
119 yellow leafy plant 67°54.231' 18°36.534' A90.2 

27.08.14 
Storglaciären 

forefield 
120 grass long leaves 67°54.200' 18°36.391' A91.1 

27.08.14 
Storglaciären 

forefield 
121 

piece of soil with 

fungal hyphae 
67°54.231' 18°36.534' A92.1 
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27.08.14 
Storglaciären 

forefield 
121 

piece of soil with 

fungal hyphae 
67°54.231' 18°36.534' A92.2 

27.08.14 
Storglaciären 

forefield 
122 

black moss sponge 

structure 
67°54.231' 18°36.534' A93.1 

27.08.14 
Storglaciären 

forefield 
122 

black moss sponge 

structure 
67°54.231' 18°36.534' A93.2 

 

Storglaciären 

forefield 
217  

  

A96.1 

 

Storglaciären 

forefield 
217  

  

A96.2 

 

Cryoconite samples were collected aseptically using a sterile domestic baster. Cryoconite was 

collected into the baster and transferred immediately to sterile Falcon tubes with either 15 mL 

or 50 mL capacity. Associated liquid was aspirated out of the tubes to allow for as much raw 

cryoconite collection as possible. In general, samples were collected along transects decided 

in field, based on field conditions and current climate logistics. However, the GPS 

coordinates for each sample was recorded at the point of collection, along with a description 

of sample type (see table 2.4). Soil samples were collected using alcohol and flame sterilised 

shovels and transferred to Whirl-Pak® bags (NASCO). To prevent contamination of non-soil 

associated bacteria, the sterile shovel was used to dig at sites near to collection points and 

discarding the contaminant soil. 

2.1.1.9 ‘Tarfala’17’ sample collection 

Samples were collected throughout July and August 2017 from Storglaciären and were kindly 

gifted by Dr Karen Cameron. As multiple cryoconite holes and pools were amalgamated to 

form high biomass samples (see table 2.5 for sample collection details), date of collection 

was treated as the only variable, therefore, five distinct samples were plated onto a variety of 

media, as described in table 2.6. Coordinates were not recorded for these samples, therefore 

no sample map has been constructed. 
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Table 2.4 shows the sample collection information for the Tarfala'17 cryoconite samples. 

ID 
Date 

sampled 

day 

sampled 

Amount 

collected 

(ml) 

Sample 

type 
Observations 

Aliyah Cryo-1 

(TF1) 
12.07.2017 12 30ml cryoconite 

Range of holes used 

Aliyah Cryo-1 

(TF2) 
15.07.2017 15 30ml cryoconite 

Range of holes used 

Aliyah Cryopile 1 

(TF3) 
21.07.2017 21 30ml 

Cryoconite 

mound 

large collection of 

cryoconite mass 

Aliyah Cryo 

20170725-1 

(TF4) 

25.07.2017 25 30ml cryoconite 

Range of holes used 

Aliyah Cryo 

20170901-1 

(TF5) 

01.09.2017 1 15ml cryoconite 

holes taken along 

horizontal transect from 

rock sock point  

 

The day sampled column was used as the variable meaning there were five samples in total 

plated. Exact co-ordinates were not recorded for sample collection. 

2.1.2 Sample transportation and storage 

Samples were stored at -20°C while still on-site location, using domestic freezers. During 

transport back to the UK, samples were transported in domestic cool bags surrounding by 

frozen ice packs to maintain a cool temperature. Upon arrival in the UK, samples were stored 

in -20°C freezers while awaiting subsequent processing. When cultivating bacteria from these 

samples, generally an aliquot was taken for processing and cooled slowly on ice at room 

temperature for subsequent dilution and plating. 

2.2 Cultivation of bacterial isolates from environmental samples 

Generally, aliquots of samples were slowly acclimatised to room temperature by slow 

defrosting on ice. Samples were then homogenised in sterile 0.8% NaCl solution by vortex at 

150× RPM. Serial dilutions were then generated, again using sterile 0.8% NaCl solution and 

100 µL of this sample was transferred aseptically to agar plates. ~Six sterile glass beads were 

added to each plate and vigorously shaken at different angles to ensure homogenous spread 
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across the agar surface. Agar plates were then incubated at varied temperatures for varied 

durations 1, 3 or 6 months, depending on the experiment. 

2.2.1 Preparation of media 

Media recipes were prepared according to manufacturer instructions, usually by measuring a 

specified mass of media powder, agar powder and mixing in distilled H2O (dH2O). If a liquid 

medium was desired, then the media recipe was simply made as specified in table 2.6, with 

no addition of agar powder. Sterilisation of the media was achieved using an autoclave which 

heated to 115°C for 15 minutes. No antimycotic substances were added to the media. Once 

the media had cooled from sterilisation, ~20 mL of molten media were poured into each Petri 

dish aseptically. Plates were cooled, sealed and incubated for 24hours at room temperature to 

ensure no contamination. They were then transferred to 4°C for long term storage, ready for 

sample processing. For experimental media, such as CRYO (see table 2.6), an extract of 

previously collected bulk cryoconite was sterilised in the autoclave and added to the recipe. 

WA (table 2.6) was made using sterilised Volvic water in addition to the dH2O. 

2.2.2 Trial culture experiment: cultivation strategy 

The cryoconite sample was collected in 2013 from Pedersenbreen glacier in Ny Ålesund, 

Svalbard, again provided by Dr Arwyn Edwards. The initial sample was stored in two 

Whirlpak bags and kept at -20°C until use. 

An initial experiment (figure 2.9) using just one sample of cryoconite collected from 

Pedersenbreen glacier, Svalbard in 2013 was cultured. Media used were R2A, R2S (R2A 

enriched with 3%NaCl) and TSA. The enrichment broth was R2 broth at varying 

concentrations (10%, 50% and 100%). After four hours of defrosting of uppermost layer of 

bulk sample, roughly 1g of cryoconite was removed using a sterile spatula and transferred to 

a 15 mL Falcon tube. As shown in the figure below, ‘base sample’ was diluted in 10mL 

sterile 0.9%NaCl, and 1 drop of Nonidet solution. This dilution was then shaken at 150 RPM 

for 1 hour in the cold room, to ensure homogenous solution and to prevent ‘shocking’ 

dormant organisms with high room temperature. 100µl of sample was transferred straight 

onto Petri dishes containing ~20ml of various solid media (termed ‘plates’). Sterile glass 

beads were used to ensure homogenous distribution of sample across each plate. A further 

100 µl of sample was transferred to medium broths mentioned previously, and kept for the 

time points shown below. Plates were incubated at 15°C and 5°C. ‘Plate counts’ (visual 

counting of the number of colonies across the medium surface) were performed 1 day, 1 

week and 1 month after initial inoculation, however most 1 month plates had Too Numerous 
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To Count (TNTC) These were defined as manually estimated >300 colonies on the agar 

surface. 

 

Figure 2.9 shows the plan of the trial experiment, where cryoconite suspensions are both plates, and transferred to varied 

strength enrichment broths. These enrichment suspensions are then incubated for one week, one month and three months 

before being plated them 

After making an initial ‘base’ sample consisting of dilute cryoconite, sample was spread 

across media, both as solid agar on Petri dishes, and as liquid broth. Samples suspended in 

liquid broth were then plated at various time points to test the effect of an enrichment broth, 

and duration of exposure to enrichment broth. 

2.2.3 Svalbard’16 experiment: cultivation strategy 

Samples were slowly defrosted on ice, before a sterile spatula was used to collect ~1g of 

cryoconite. This mass was suspended in 9 mL of 0.8% sterile NaCl solution, giving an initial 

1/10 dilution. This was then serially diluted until a 10-4 dilution was reached. Depending on 

the experiment, either 10-2, 10-4 or both dilutions were ‘plated’ (100 µl transferred to a Petri 

dish containing a predetermined solid medium). Approximately 6 sterile glass beads were 

added to each agar plate and shaken for 1 minute to ensure adequate sample spread. As there 

were ~1300 plates to set up, it was too time consuming to include the hour of sample 

agitation at 150RPM. Instead, samples were vortexed and manually inverted immediately 

prior to inoculation. Visual inspection of samples at this step confirmed granules were 

homogenously distributed across the entire sample volume. 

Several types of culture medium were employed: R2 agar (R2A), R2 agar supplemented with 

3% NaCl (R2S), a 10% concentration of Brain Heart Infusion agar (10%BHI), CryoAgar (a 

medium containing sterilised cryoconite extract, 10% R2 and agar powder) and Water Agar 

(WA: a culture medium containing sterilised water with a similar composition to Isklar™ 
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water- water collected from glacier run-offs in Iceland). The compositions of each can be 

found in table 2.5. The culture plan for each environmental sample is shown in figure 2.10, 

with three replicates per environmental sample under each different incubation condition 

(media, temperature, dilution factor). Sealed Petri dishes were stored at either 4°C or 10°C 

for 3-6 months (see section 3.3.2.1). Once colonies had grown, morphologically interesting 

colonies were continually sub-cultured onto the same medium until single isolated strains 

were obtained. Although mostly bacteria grew, there was some suspected fungal growth. 

Nonetheless, attempts to subculture onto fresh medium were made, in case they were 

Streptomyces, but none were successfully subcultured further.  

 

Figure 2.10 shows the layout for each sample in the large-scale culture experiment. Each sample is added to a variety of 

culture mediums, at varied temperatures at different dilutions. Three replicates per sample per condition were used. 
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Table 2.5 shows the mineral composition of several brands of commercially available water. Isklar has been included at the 

beginning as a comparison, but was not commercially available. As there was such range in each composition, a 50% 

dilution of Volvic was eventually used, supplemented with dH2O. 

 

 

Table 2.6 shows the composition of each medium used in the experiments. 

 

Micronutrient 
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potassium 1.9 6.2 0.7  1 1.2 1 1 <2.0 <1.5 

magnesium 0.4 8 10.1 13 26 12.2 11.5 19 16 <16 

calcium 7.9 11.5 40.5 46 80 30.5 22.5 55 60 <60 

sodium 1.1 11.6 5.6 42 6.5 21.4  24 15 <13 

chloride 1.9 13.5 6.1 58 6.8 21 14 37 11 <11 

silicon 1.2 31.7 ND  15      

bicarbonate 16.2 71 150 185 350   248 240 <230 

solids at 180 39 109  170   208 165 280 255 <200 

sulfate 6.5  5.3 26 12.6 28 3.7 13 28 <8 

10% BHI agar: 3.7g BHI powder, 15g agar, make up to 1 litre using dH2O 

R2A: 3.12g  R2B powder, 15g agar, make up to 1 litre using dH2O 

R2A and 3% salt: 3.12g R2B, 30g salt 15g agar, make up to 1 litre using dH2O 

WaterAgar (WA): 0.312g R2B powder, 15g agar, make up to 1 litre using Volvic 

Cryo extract: 10 mL of sterilised cryoconite (1g cryoconite autoclaved in 10 mL of water), 

0.312g R2B, 15g agar make up to 1 litre using dH2O 

Frey’s medium 0.6g Glucose, 0.1 Ammonium chloride, 15g agar, make up to 1 litre using 

dH2O 

1/100 Ravan’s 0.05g each of Glucose, Peptone, Yeast extract, Sodium acetate, Sodium citrate 

and 0.02g Pyruvic acid, 15g agar, make up to 1 litre using dH2O 



Identifying new antimicrobial drugs in microbes from extreme environments 

41 

 

2.2.4 BHI experiment: cultivation strategy 

A subsequent experiment was conducted to test whether the concentration of the BHI media 

significantly affected the diversity and speed of growth. Three concentrations were used: 

10%, 25% and 50%. A subset of the samples collected in 2016 from Foxfonna, Svalbard were 

used: FIC05, FIC07 and FIC10. Samples were selected based on cryoconite diversity- e.g. 

grain size, consistency, lidding/ no lidding, and sorted according to altitude to use the most 

geographically diverse samples. As with the previous experiment, 100 µL of each cryoconite 

suspension was inoculated onto each media concentration. Glass beads were used to ensure 

sample distribution across each plate and samples were incubated at 4°C for 3 months. As 

before, three replicates per sample per concentration were set up. 

2.2.5 Svalbard’99 experiment: cultivation strategy 

Each sample was treated as before: slow defrosting, 1g cryoconite transferred to a 15 mL 

Falcon tube containing 9 mL sterile 0.8% NaCl solution. Samples were serially diluted as 

before until a 10-4 dilution had been reached. 100 µL of each suspension was plated onto 

either R2A or 10% BHI. As before, three replicates per sample per medium were set up. 

With both experiments (BHI and Svalbard’99), as before, after a 3 month incubation, single 

colonies were picked and continually sub-cultured until single strains had been isolated.  

2.2.6 Tarfala’17 experiment: cultivation strategy 

The five cryoconite samples were set up in the same way as section 2.2.5, with a low thawing 

of the sample, serial dilution, before an aliquot is transferred to a medium-containing agar 

plate. Glass beads were added to ensure homogenisation of the sample across the agar 

surface, and three replicates per sample were incubated. In this experiment, samples were 

placed on six different media: R2A, R2S, 10% BHI, WA, CRYO and 1/100 Ravan (see table 

2.6 for recipes). Plates were incubated at 2°C for three months prior to plate counts and 

subsequent sub-culture. 

2.2.7 Revival’13: Resuscitation strategy 

This experiment aimed to revive cryopreserved previous isolated strains of bacteria. 

Therefore, experimental set up differs slightly from sections 2.2.3-2.2.6. In this case, 100 µL 

of the cryopreserved stock was transferred to 1 mL of liquid R2B medium and incubated for 

one week. This allowed a more gentle recovery from long term incubation at -80°C. 100 µL 

of this revived suspension was then transferred to agar plates and incubated at 2°C for up to 

one month. It was then subcultured as described in previous sections. 
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2.3 Plate counts 

2.3.1 Svalbard’16 

For such a large-scale experiment, it was decided the Petri dishes would be photographed and 

the counts of each Colony Forming Unit (CFU) would be performed by a software to 

minimised human error. Such a large number of plates were read across many different days 

and therefore a software was used to keep consistency. Additionally, as lower dilutions of 

each sample were explored, it was demonstrated through preliminary manual plate counts 

many Petri dishes would have more than 300 colonies. Plate counts were therefore performed 

using the software OpenCFU™, see figure 2.11 for a typical output from the software.  

 

Figure 2.11 shows the typical output of the OpenCFU™ software. On this particular sample, it estimates there are 4 

different morphotypes. 

Results were recorded and average number of CFUs were recorded for each sample at 

different temperatures, dilutions and media. At each plate, if the radius needed to be adjusted 

to provide a more accurate plate count, it was adjusted. Additionally, the number of different 

morphologies was estimated by the software and this number was also recorded. Extremely 

small (micro)colonies were not included in the counts. It was possible to count any colony 

besides these, even if they were much larger by adjusting the radius feature as necessary. 

Additionally the software estimates morphotype diversity by grouping similarly coloured 

colonies into clusters. 
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2.3.2 Svalbard’99 and BHI 

These plate counts were performed shortly before subculturing morphologically interesting 

colonies. As these were much smaller experiments, the plate counts could all be performed in 

one session and it was decided there would be minimal human error. Additionally, as only the 

more dilute sample was transferred to each Petri dishes, the numbers were less overwhelming 

and could be easily and reliably counted. 

All plate counts in this chapter disregarded extremely small or microscopic plate counts. 

Though it would have been possible to use a microscope to count these extremely small 

colonies, it would have been too time consuming to perform this on 1300 plates, and none 

were ever going to be selected for downstream sub-culture, and thus, were disregarded at this 

stage.  

2.3.3 Statistical analyses on plate counts 

Because the resulting dataset from such a large-scale cultivation effort has so many variables 

and hypotheses, the experiment was treated as several separate experiments in some of the 

statistical analyses. Statistics were performed in IBM SPSS Statistics for Windows (version 

22). To explore the variables tested (temperature, dilution factor and media), these data were 

split for each test. First, descriptive statistics were performed and histograms were manually 

examined to check homogeneity of variance. If this was not the case, non-parametric tests 

were performed. Images of histograms can be found in the Supplementary Information. As 

two different temperatures and dilution factors were used on the same environmental sample, 

a Wilcoxon Rank-Sum test was performed, as the sample was subject to more than one 

condition. Because were more than two media used, a One-Way ANOVA would have 

preferable, but again the non-parametric Kruskall-Wallis test was used. Statistical analyses 

for the smaller experiments (Svalbard’99 and BHI) were also performed in SPSS. 

2.4 Overall cultivation experiments breakdown 

In total, five main experiments were conducted with the aim of building a culture collection 

see table 2.7. ‘Svalbard’99’ utilised previously collected stored samples from Ny Ålesund 

and used two media, one temperature and one dilution factor for incubation (see section 

2.2.5). ‘Svalbard’16’ used freshly collected samples from Foxfonna glacier, Svalbard across 

six different media, with two temperatures and dilution factors (see section 2.2.3). ‘BHI’ used 

a subset of the Foxfonna samples across three different media, one temperature and one 

dilution factor (section 2.2.4). ‘Revival’13’ utilised previously collected samples from 

Tarfala and alpine environments and were exclusively revived across R2A (section 2.2.7). 
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‘Tarfala’17’ utilised freshly collected samples from Storglaciären from Tarfala valley across 

six media and one temperature and dilution factor (section 2.2.6). 

Table 2.7 Cultivation experiment breakdown, showing variables tested and name of experiment, with number of samples 

used in each experiment. 

Experiment Media Temperature Dilution Factor 
Number of 

environmental samples 

Svalbard’99 2 1 (2°C) 1 (10-4) 100 

Svalbard’16 6 2 (2°C and 10°C) 2 (10-2 and 10-4) 21 

BHI 3 1 (2°C) 1 (10-4) 3 

Revival’13 1 1 (2°C) N/A Unknown 

Tarfala’17 6 1 (2°C) 1 (10-4) 5 

 

2.5 Identification of isolates 

2.5.1 Genomic DNA extraction 

Once enough biomass had accumulated, as many bacterial cells as possible were transferred 

to a 2 mL micro-centrifuge tube containing 1 mL UltraPure water. Samples were vortexed at 

a low RPM until homogenous, whilst trying to avoid shearing of DNA. Samples were then 

centrifuged for 1 minute, or longer, at 10,000 x g, until a pellet of culture had formed. The 

supernatant was discarded and samples were resuspended in 600 µL lysis buffer (10% SDS 

and TE buffer) and some were treated with an additional 5 µL RNAse A. Samples were 

vortexed until pellet was completely suspended, to release as much DNA as possible, and 

incubated for 1 hour at 37°C. 605 µL (equal volume) of phenol:chloroform:isoamyl alcohol 

was then added. At this stage, microcentrifuge tubes were inverted to ensure phases were 

adequately mixed, again to avoid unnecessary shearing of DNA. Samples were centrifuged a 

maximum speed for at least 5 minutes, or until distinct phases could be observed. The upper 

aqueous layer was transferred to a new microcentrifuge tube and equal volume of chloroform 

was added to removed any traces of phenol. After inversion mixing, the samples were subject 

to centrifugation again for 5 minutes at maximum speed. The resulting aqueous layer was 

transferred to a new microcentrifuge tube and to precipitate DNA, 1.5 mL of cold 200 proof 

ethanol and 60 µL ammonium acetate was added. Samples were then incubated at -20°C for 

30 minutes and centrifuged for 15 minutes at 4°C. To wash the precipitated DNA, the 

supernatant was discarded and 2 mL of 70% ethanol was added, before centrifugation at 

room temperature for 2 minutes at maximum speed. After discarding the supernatant, a 

second wash was performed, with 900 µL of ethanol followed another centrifugation at full 
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speed for 2 minutes and again, supernatant was discarded. The DNA pellet was then air dried 

and resuspended in 100 µL TE buffer, ready for downstream applications. 

2.5.2 Polymerase Chain Reaction 

Invitrogen Primers 27F (1 µM, 5’-CCTACGGGNGGCWGCAG-3’) and 1389R (1 µM, 5’-

GACTACHVGGGTATCTAATCC-3’) (ThermoFisher) were used in the PCR reaction of the 

DNA extracts. These encompass variable regions 1-8 of the 16S rRNA gene. Application of 

both typically yields a 1200bp fragment. 0.08 µL of each were used per reaction, with 10 µL 

PCR Invitrogen Platinum™ Green HotStart PCR Mix, 7.84 µL PCR grade water and 2 µL of 

each DNA extract. This ensured a final sample volume of 20 µL. Samples were placed in the 

thermocycler and a custom programme ‘27F1389RCOLONY’ was selected. A brief 

description of PCR conditions are shown below. 

• Heated lid (112°C) 

• Hot start (95°C) for 5 minutes 

• 35 cycles of: 

o Denaturation (94°C) for 35 seconds 

o Annealing (55°C) for 35 seconds 

o Elongation (72°C) for 1 minute 

• Ending (72°C) for 5 minutes 

• Samples are then maintained at 4°C until removed from thermocycler and transferred to a -

20°C freezer. 

2.5.3 Single colony Polymerase Chain Reaction 

Single colony PCR involved setting up a ‘mastermix’ of PCR reagents (table 2.8). 20 µL of 

mastermix is used per reaction and a single colony is ‘picked’ from the Petri dish using a 

sterile p20 pipette tip and submerged in the mastermix. Samples are immediately place in the 

thermocycler and a PCR is performed according to the conditions outlined in previous section 

2.5.2. 

Table 2.8 shows the contents of each single colony PCR reaction. 

Reagent Volume (µL) 

PCR Platinum Green hot start mix 10 

Forward primer (27F) 0.25 

Reverse primer (1389R) 0.25 

PCR grade water 9.5 

 



Identifying new antimicrobial drugs in microbes from extreme environments 

46 

 

2.5.4 Amplicon clean up 

PCR products were purified using Agencourt AMPure XP magnetic beads. Since samples 

had a final volume of 15 µL after 5 µL of each sample was run on a gel electrophoresis, 27 

µL of homogenous AMPure XP bead solution was added to each sample (1.8x each sample 

volume). Samples were mixed using the pipette and incubated for 5 minutes. Samples were 

then placed on a magnetic rack for 3 minutes to allow adequate time for the beads to separate 

from the solution. Supernatant was aspirated off and a wash was performed, by dispensing 

200 µL freshly made 70% ethanol. After a 30 second incubation, this ethanol was aspirated 

and a further 200 µL was added for a second wash. Once as much ethanol was removed as 

possible, samples were air dried for no longer than five minutes, to ensure beads did not 

become cracked. Once dry, 15 µL TE buffer was added to elute each sample. Samples were 

vortexed at this point to allow total release of DNA from the beads. Samples were briefly 

transferred back onto the magnetic rack, and bead-free solution was transferred to a new 

plate/microcentrifuge tube. 

5 µL purified amplicons and 2 µL loading dye (per sample) were run on a 1.5% agarose gel 

at 150 volts for 30 minutes. 

2.5.5 Qubit quantification 

The Qubit® flurometer 2.0 (Invitrogen™, Catalogue no. Q32866) was sometimes used to 

quantify a determined subset of samples before using the approach described in section 2.11 

to prepare all DNA extracts for Sanger sequencing. DNA concentration was quantified using 

the Qubit ® dsDNA High Sensitivity Assay, by Invitrogen™ (Catalogue no. Q32854). A 

mastermix was prepared, containing 199 µL Qubit® Working Solution and 1 µL Qubit® 

reagent per reaction. 2 µL of each sample was mixed with 198 µL mastermix and left in the 

dark to incubate for 5 minutes. Then, results were read in ng/µL on the ‘High Sensitivity’ 

assay setting. Fresh standards were prepared according to manufacturer instructions to ensure 

correct mastermix at each separate reading. 

2.5.6 Gel electrophoresis 

For genomic DNA, agarose gels were prepared at a 1% concentration. 2.5µl SybrSafe gel 

stain was added to the molten agarose (Agarose powder and 100 mL 0.5× Tris Borate-EDTA-

TBE) and left to solidify in the dark. 2.5 µL New England BioLabs® Quick-Load 1Kb Plus 

DNA ladder was loaded into the first and last well of the gel so results could be compared 

against known band sizes. 10 µL genomic DNA extract was added to 2 µL loading dye which 

was transferred to relevant wells. Samples were run at 150 volts for 30-45 minutes.  
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For 16S rRNA gene amplicons, gels were prepared at a 1.5% concentration. Again, 2.5 µL 

New England BioLabs® Quick-Load 1kb Plus DNA ladder was loaded into first and last 

wells, for comparison. For immediate validation post-PCR, no loading dye was added to the 

sample as the PCR mix contained green dye. Only 5 µL amplified product was added and 

gels were run at 150 volts for 35 minutes. 

2.5.7 Library preparation for Sanger sequencing 

Each sample sent for Sanger sequencing contained 7.9 µL PCR grade water, 1.1 µL purified 

PCR product and 1.1 µL dilute primer. For these reactions, a 1/100 dilution of 27F was made. 

The negative controls (an empty microcentrifuge tube in which there was no biomass, but the 

extraction reagents were used on their own) differed slightly in composition (5.9 µL PCR 

grade water, 1.1 µL dilute primer and 3 µL purified PCR product), in order to identify any 

low levels of potential contamination. 

2.5.8 Sanger sequence analysis 

1200 bp-sized sequences were manually trimmed using the FinchTV, usually between 50-

800bp. The trimmed reads were then run through the NCBI BLAST tool online and the top 

results were recorded. Uncultured/environmental samples were included in returned results. 

Sometimes it was not possible to find a satisfactory identity match to species level, but in 

most cases a genus could be assigned to the isolate. Assignment statistics for each isolates 

was also recorded. Phylogenetic trees were constructed in MEGA. 16S rRNA sequences for 

each sample were manually trimmed and aligned using MUSCLE, and the tree was 

constructed using the Maximum Likelihood method and Tamura- Nei genetic distances.
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2.6 Antimicrobial activity assays 

2.6.1 Metabolite extraction 

Often, the metabolites were extracted at the same time as the DNA extraction. This was due 

to the long growth time of isolates, but also unfortunately meant biomass was usually very 

limited. 

Briefly, biomass from agar plates was transferred to a microcentrifuge tube containing 1 mL 

of sterile 0.8% NaCl. If isolates were in a liquid medium they were centrifuged for 5 minutes 

at 10,000× RPM to draw compounds out of the liquid medium and ensure there was no 

nutrient carryover from the broth. The medium was pipetted out and discarded and then 1 mL 

sterile 0.8% NaCl was added. After vortex mixing, samples were centrifuged for 10 minutes 

at 13,000× RPM. The supernatant was discarded and 1 mL of chloroform:methanol:distilled 

water mixture (1:2.5:1) was transferred to tubes. After a brief inversion to ensure mixing, 

samples were centrifuged at 4°C at 8,000×RPM for 10 minutes. Both polar and non-polar 

phases were transferred to new microcentrifuge tubes and these were placed in a Rotavac 

dryer until all supernatant had dried. At this point, samples were resuspended in either 200 

µL-500 µL 75% methanol, depending on the size and quality of the formed pellet. 

2.6.2 Co-cultures 

To explore the effect of co-cultures on metabolite production, a 10 µL loopful bacterial 

culture was added to a sterile culture tube containing 1 mL liquid medium. Then a 10 µL 

loopful different bacteria was transferred to the same culture tube. Co-cultures were detmined 

based on previously demonstrably bioactive strains that in the same media. Thus the set up 

was as follows: cc1= S16.17 and S16.30 in 10% BHI, cc2= 10.2 and S16.30 in 10% BHI, 

cc3= S99.16 and A23.1 in R2B, cc4= S16.46 and S16.45 in R2S, cc5= S16.42 and S16.41 in 

R2S and cc6= S99.84 and S16.17 in 10% BHI. The tube was then agitated using a vortex on 

low speed to ensure adequate mixing of the two colonies. These co-cultures were then 

incubated in their liquid medium in the light at 12°C for 3 weeks, before undergoing the 

metabolite extraction described above.  

2.6.3 Stressing bacteria 

The OSMAC approach was performed in one sample that showed the highest levels of 

inhibition (S99.84). Nutrient stress and salt tolerance were explored using the same isolate. 

To explore nutrient stress, colonies of the isolate (usually grown on 10% BHI medium- the 

most nutrient dense of all mediums tested) was transferred to a CRYO plate (a very nutrient-
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poor medium). The resultant growth would undergo metabolite extraction as outlined above. 

The resultant growth underwent metabolite extraction as before. Finally, saline stress was 

explored by spiking the 10% BHI medium with 3, 6 and 10% NaCl and sub-culturing the 

isolate onto the plates. As before metabolite extraction would be performed as outlined.  
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2.6.4 Hidex assay: basic screen 

Four tester strains of bacteria (P. aeruginosa, E. coli, B. cereus and S. aureus) were revived 

from glycerol stocks stored at -80°C. A small amount of biomass was transferred to plates of 

LB agar, and a single colony from each were used for fresh subcultures. Throughout the 

assay, these were stored at 10°C. Single colonies from each plate were transferred to 2 mL 

LB broth and stored at 37°C at 100 RPM ~18 hours prior to each assay, to achieve desired 

OD readings. 

2.6.4.1 Basic screen 1: four tester organisms 

 

Table 2.9 Layout of the 'Basic Screen' first used to explore isolates. 

Tester organism 1 2 3 4 5 6 7 8 9 10 PC NC 

E. coli             

E. coli             

P. aeruginosa             

P. aeruginosa             

S. aureus             

S. aureus             

B. cereus             

B. cereus             

 

Four tester organisms were included, along with a positive (broth and organism) and negative 

control (broth only). Up to 10 metabolite extracts could be tested in one go with two 

replicates of each result. To begin the assay, 180 µL LB was transferred to each well on the 

96 well plate. 10 µL of metabolite extract was then added to each relevant well and pipette 

mixed. As shown above, a replicate for each tester strain was included in the assay, resulting 

in an average growth percentage for each metabolite. The overnight cultures were measured 

in a spectrophotometer, to determine their Optical Density (OD). If the OD as between 0.08 

and 0.01, the cultures were the correct concentration to continue. If substantially more/less, 

samples were either transferred back to the incubator to allow additional growth, or diluted 

further. Once at the correct concentration, 10 µl of organism culture was added to each well 

except the final column. Plates were placed into the Hidex to obtain OD readings at timepoint 

0, i.e. 0hrs. They were then sealed and placed in an incubator at 37°C with 100 RPM. After 
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24 hours, the plates were measured again in the Hidex to determine overall growth. Data 

were saved in Microsoft Excel and analysed, giving a final growth percentage for each 

metabolite against each tester organism.  

2.4.6.2 Basic screen 2: Antibiotic control and no P. aeruginosa 

 

Table 2.10 shows the layout the for the second configuration of a 'Basic Screen'. 

Tester organism 1 2 3 4 5 6 7 8 9 Antibiotic PC NC 

E. coli             

E. coli             

S. aureus             

S. aureus             

B. cereus             

B. cereus             

 

Only 3 tester organisms are used following the removal of P. aeruginosa. An antibiotic 

control (broth, organism and Rifampicin antibiotic) was added. Up to nine metabolite extracts 

can be tested and as before, two replicates of each result can be used to calculate a mean 

reading for each extract. 

2.4.6.3 Basic screen 3: Four tester organisms, antibiotic and methanol control 

 

Table 2.11 shows the third and final configuration of the 'Basic Screen' to explore bacterial metabolite extracts. 

Tester organism 1 2 3 4 5 6 7 8 MeOH Antibiotic PC NC 

E. coli                         

E. coli                         

P. aeruginosa                         

P. aeruginosa                         

S. aureus                         

S. aureus                         

B. cereus 
            

B. cereus 
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All four tester organisms were included and a methanol control (broth and the 75% methanol 

used to resuspend the metabolite pellets) was introduced. Only two replicates per extract were 

tested against each tester organism.  
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2.6.5 Hidex assay: 24-hour screen 

Those metabolite extracts with initial activity (i.e. over 15% suppression) during the basic 

screen were selected for a repeat screening, with continuous monitoring with the Hidex Sense 

for 24 hours. This gives an indication as to whether the growth suppression is reproducible 

and whether the effect may be bactericidal, or bacteriostatic. 

The 24-hour screens differed slightly from the basic screens. Briefly, 180 µL LB was 

dispensed into each well of the plate. Where relevant, 10 µL of metabolite extracts was 

transferred to each well, as well as 10 µL Rifampicin solution into relevant wells. 10 µL 

bacterial culture at the McFarland standard discussed in the previous assay was added to 

relevant wells. The micro titre plate layout is shown below. 

 

Table 2.12 shows the layout of the 24hr screen of metabolite extracts 

 
1 2 3 4 5 6 7 8 9 10 11 12 

A Ec-1 Ec-1 Ec-1 Sa-1 Sa-1 Sa-1 Bc-1 Bc-1 Bc-1    

B Ec-2 Ec-2 Ec-2 Sa-2 Sa-2 Sa-2 Bc-2 Bc-2 Bc-2    

C Ec-3 Ec-3 Ec-3 Sa-3 Sa-3 Sa-3 Bc-3 Bc-3 Bc-3    

D Ec-4 Ec-4 Ec-4 Sa-4 Sa-4 Sa-4 Bc-4 Bc-4 Bc-4    

E Ec-5 Ec-5 Ec-5 Sa-5 Sa-5 Sa-5 Bc-5 Bc-5 Bc-5    

F Rif Rif Rif Rif Rif Rif Rif Rif Rif    

G + + + + + + + + +    

H - - - - - - - - -    

 

Three replicates for each extract were run, however P. aeruginosa was not included as a 

tester organism. The antibiotic control was included, as well as the usual positive and 

negative controls. The prepared plate was then transferred to the Hidex Sense at 37°C, with 

continuous measurements taken over a 24-hour period. At 20-minute intervals, an absorbance 

reading was taken, meaning each assay lasted 73 cycles. Immediately after each assay, plates 

were removed from the machine and disposed of. Results were saved in Excel as previous.  
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2.6.6 Data analysis 

All data were analysed using Microsoft Excel. A mean value was calculated for the three 

replicate readings for each well was taken by the Hidex Sense at each timepoint (0-hour and 

24 hours). A baseline value was then calculated by subtracting the 24-hour reading from the 

0-hour reading. Overall growth of each organism (expressed as a percentage) was calculated 

by diving each replicate’s baseline value by the positive control value and multiplying this 

number by 100 to give a percentage. A mean % growth was then calculated from each 

replicate. Therefore, 100% growth showed no effect of the metabolite extract. Anything over 

100% showed a growth promoting effect of metabolite extract and anything under 100% 

quantified any inhibitory effect of the metabolite. 

2.6.7 Quantification of the concentration of metabolite extracts 

Time constraints meant it was not possible to quantify the success of each extraction, though 

an attempt to weigh each pellet was made. Generally, it was presumed the more gelatinous 

and large the pellet, the better the extraction. Samples from the BHI experiment were 

suspended in 500 µL of 70% methanol. Samples from subsequent experiments had smaller 

pellets and therefore were suspended in 200 µL. It is clear that weighing the extracts is not a 

clear way to determine any quantification/concentration. Results were baffling, with several 

samples weighing less than the empty tube, even with different weighing scales and 

appropriate calibration. 

Metabolites with demonstrable antimicrobial activity selected for 24-hour screens were 

selected for re-extraction. At the evaporation stage of the re-extraction, pellets were weighed 

to obtain approximate concentration data, hopefully enabling downstream MIC assays. 

However, these results seemed inconsistent with pellet size and some even produced negative 

results when compared with a blank control (empty microcentrifuge tube). Two sets of scales 

were used in the attempted weighing of the extracts. Therefore, these were not regarded as 

true representatives for metabolite concentration. The decision was subsequently made to 

resuspend all metabolite extracts in this particular batch to 200 µL, in the hope a more 

concentrated solution would yield better antimicrobial activity. Additionally, it was decided 

that true MIC data could at least be derived when successful extracts would undergo 

fractionation and purification and the antimicrobial assays were repeated using these purified 

fractions. 
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2.7 Whole Genome Sequencing of isolates 

To achieve the aim, isolate sequences that performed well in antimicrobial assays will be 

sequenced and a number of bioinformatic analyses will elucidate inherent antimicrobial 

potential in their genomes. 

2.7.1 The isolates 

A total of five isolated bacterial strains were chosen for WGS. Though their antimicrobial 

activity assay results are presented in chapter 6, a comparison between them and all other 

tested isolated strains can be found in the SI.  

S99.84, previously assigned as Cryobacterium psychrotolerans, was isolated from a 

cryoconite sample from Feisenbreen glacier located in Ny Ålesund, Svalbard in 2014. During 

the initial antimicrobial activity screen, it suppressed the growth of all tested bacteria and 

during the subsequent 24-hour monitored screen exhibited the highest suppression of E. coli. 

Not only was it the most bioactive strain tested, it also showed cross-species suppression 

across both Gram+ and Gram- organisms in the initial screen, suggesting novel and intricate 

modes of action. 

A18.2, also assigned as C. psychrotolerans was isolated from a biofilm collected from 

Storglaciären from the Tarfala Valley in Sweden in 2014. Despite its taxonomic closeness 

with S99.84, it showed growth promotion of 2/3 tested bacteria, directly contrasting with 

S99.84. Therefore, it was included to test the hypothesis questioning a direct link with 

genotype and phenotype. It was assumed both were members of at least the same species, so 

such differing phenotype was interesting to explore genomically. 

S16.19 was initially identified as a strain of Polaromonas isolated from cryoconite collected 

from Foxfonna glacier in 2016. This strain performed well in initial screens, and was the only 

isolate to then suppress the growth of all tested bacteria in the subsequent 24-hour monitored 

assay. Its inclusion introduced some genus diversity to the WGS, and therefore may 

illuminate some hitherto undiscovered genomic mechanisms for cold adaptation. 

A19.1, consistently assigned as a Pseudomonas species, was isolated from cryoconite 

collected from Rabots glacier in the Tarfala Valley in 2013. Its inclusion was due to its ability 

to suppress the growth of all tested bacteria in the 24-hour monitored assay. Like S99.84 in 

its initial screens, cross species antimicrobial activity is exciting and the hypothesis of linking 

genotype and phenotype can be explored, as Pseudomonas represents a well characterised 
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genus across publicly available genomes, enabling more comparison between psychrotolerant 

Pseudomonas strains and its temperate counterparts. 

Finally, S16.14 assigned as an unnamed member of Flavobacteriaceae isolated from 

cryoconite collected from Foxfonna glacier in 2016 was included as the final sample 

submitted for WGS. This was due to its performance in initial assays, which merited its 

inclusion in subsequent 24-hour monitored assay, in which it suppressed tested bacteria 

growth to a higher extent. This improvement was interesting and its inclusion provided more 

taxonomic diversity across samples, as well as improving the likelihood of a novel bacterium, 

given its lack of genus/species assignment. 

2.7.2 Extraction 

Samples were routinely sub-cultured until it was assumed to be pure culture (visual 

inspection of plate showed uniform separated colonies). The samples were characterised 

using BLAST results against 16S rRNA gene amplicon sequences described in chapter 2, 

section 2.12. Samples were placed in glycerol stocks and revived prior to subsequent DNA 

extraction. DNA was extracted from the chosen samples using the Qiagen DNEasy 

PowerSoil kit, according to manufacturer instructions. A gel electrophoresis was run to check 

for genomic DNA band presence of a sensible size and the Qubit™ dsDNA High Sensitivity 

assay was performed for concentration quantification. Extracted DNA was standardised in 

concentration and volume and added to barcoded microcentrifuge tubes. Samples were then 

posted to the MicrobesNG facility and received within 24 hours. 

2.7.3 Library preparation 

MicrobesNG perform the library preparation on the samples, but state they generally follow 

manufacturer guidelines on the Illumina™ Nextera XT Library Prep kit, with few 

modifications. Their methodology document can be found in the SI. Briefly, the DNA is 

tagmented, then the library is amplified and cleaned up using AMPure XP beads from 

Agencourt™. The libraries are then normalised and pooled for running on the Illumina 

MiSeq instrument using a 250bp paired end reads protocol.  

2.7.4 Sequencing 

The libraries are sequenced to at least 30× coverage. The service also provides basic 

bioinformatics and performs read trimming. However raw FASTQ reads are available for the 

user to download and work with. A de novo assembly is performed as part of the service, and 

the assembly undergoes various QC. Sequences <200bp are removed from the FASTA-
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formatted sequence. The user can simply download their trimmed, assembled, annotated 

genome and use in downstream analyses. 

2.7.5 Tools used and their parameters 

2.7.5.1 KBase app: Insert Species into Species Tree 

This app enables the user to insert their input genomes with closely related genomes imported 

from RefSeq. This is decided by selecting genomes with high alignment similarity as 

determined by Clusters of Orthologous Groups (COGs) domains. The app then generates a 

multiple sequence alignment, which is trimmed using GBLOCKS and a maximum likelihood 

phylogeny tree is generated. Trees were downloaded in Newick format and formatted in 

iTOL. 

2.7.5.2 JSpeciesWS ANI  

This online tool compares the Average Nucleotide Identity (ANI) between assemblies and 

measures the probability of two or more (up to 15) draft genomes belong the same species. 

The ANI is based on BLAST+, dubbed ANIb allowing users to determine if their genome 

meets the species threshold confirming its classification (M. Richter et al., 2016a). These 

assemblies were uploaded to the server in FASTA format and other species within the same 

genus from GenomesDB were included in the pairwise comparisons. Output tables display all 

vs all, where every single input genome is compared against others. This allows users to 

determine not only how similar their draft genome is to named species within the genus, but 

also compare how close the different species are to each other. 

2.7.5.3 antiSMASH  

antiSMASH version 6 beta was used in all analyses, with all extra features on, to enable 

MiBIG comparison. Detection strictness was set to loose, from a range of strict to loose. 

Strict will detect well defined clusters only, while relaxed will detect partial clusters which 

miss ≥1 functional part, and loose will detect poorly defined clusters and those that can match 

primary metabolism products. ‘Loose’ was used to extract more novel regions not yet 

associated with these types of bacteria and also because ‘loose’ usually returns more hits 

comprising of fatty acids and saccharides. These types of compounds likely persist in the 

metabolite extraction method used, so it would be useful to see if their synthesis is 

represented in the assemblies. Additionally, similarities of regions to other known regions can 

give a nice indication of whether these detected BGCs are indeed novel. Furthermore, by 

enabling all extra features, KnownClusterBlast can indicate whether similar regions have 

been identified from taxonomically similar organisms and this can provide further validation. 
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Three representative genomes from each genus was downloaded from the NCBI genomes 

database to enable a comparison between publicly available genomes from each genus and 

these sequenced genomes. These were run on antiSMASH on the same settings to discover 

any common clusters specific to a genus. 

2.7.5.4 CARD 

The Resistance Gene Identifier (Robertson et al., 2018) predicted a resistome for each 

assembly. All analyses were run via the web portal and run on the ‘loose, perfect and strict’ 

detection setting. When the genome was assembled via binning tools, the parameters were 

changed slightly to ‘low quality coverage’ as opposed to ‘high quality coverage’.  

2.7.5.5 CGView Server 

Visualisation of each assembly was created using the server CGView, a tool which loads 

circular genome maps from a variety of input files (Grant & Stothard, 2008). These maps can 

be annotated with various information, such as GC content, BLAST hits or Prokka 

annotation. Submitting an additional GFF file also allows the user to plot further features they 

may be interested in. For these assemblies, FASTA files for each assembly were uploaded to 

the server to create the maps, internal Prokka annotation was run, and these were added to the 

map. GC Skew, GC Content and ORFs were also added to each map. 

2.7.5.6 Public genomes 

To validate analyses, publicly available genome assemblies for each identified genus were 

downloaded from RefSeq in FASTA format, and these were also uploaded to antiSMASH. 

Genome assemblies were chosen based on mostly formal taxonomic names, and where 

possible, taxonomic names that indicated a cryospheric origin: e.g. ‘Chryseobacterium 

greenlandense’ and ‘Chryseobacterium glaciei.’. If formal taxonomic names were not 

possible in the genus, informally named species were included as a comparison. Results were 

collated with these assemblies and are available in the supplementary information. 
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Chapter 3 Establishing a culture collection of bacterial isolates 

from Svalbard (High Arctic) 

3.1 Introduction 

 3.1.1 Cultivation of Arctic cryoconite 

There has been no large scale effort to cultivate bacteria from cryoconite on glaciers in 

Svalbard, despite many attempts at cultivation being made using alpine cryoconite (Lee et al., 

2011; Margesin et al., 2002b). Other studies which have attempted to cultivate bacteria from 

Svalbard tend to have used alternate sample types: soil (Górniak et al., 2017), meltwater 

(Reddy et al., 2009) or ice cores (Singh et al., 2016). Arctic seawater and meltwater is a 

popular sample type for cultivation efforts, perhaps due to the high numbers of organisms per 

volume (Larose et al., 2010). Several studies have explored seawater specifically for 

antimicrobial compound producing bacteria (Reddy et al., 2009). Indeed, marine studies have 

shown pigmented species within the genus had more antimicrobial properties when compared 

within non pigmented members (Bowman, 2007). This demonstrates an attractive avenue for 

drug leads: pigmented bacterial strains from extreme environments. 

Therefore, Arctic cryoconite represents a mostly unexplored sample type in terms of large-

scale bioprospecting-based cultivation. Similar cultivation attempts have been carried out, not 

targeting bacteria, but viral (Bellas & Anesio, 2013), algal (Stibal et al., 2006) or fungal 

(Edwards et al., 2013).  

Recently, the inherent antimicrobial resistance of bacteria isolated from Svalbard was 

explored by (Mogrovejo et al., 2020), but only some of these isolates were from cryoconite, 

with most being from other sample types. Despite no large scale cultivation based efforts, 

draft genomes of bacteria isolated in Svalbard cryoconite have been reported (Singh et al., 

2015). However, this attempt utilised the sequencing technology available at the time, and the 

technology has improved vastly. A more recent closed Pseudomonas sp. genome was 

sequenced from an isolate grown from Svalbard seawater (Zeng et al., 2020). Despite the 

isolate grown from a single carbon source, dimethylsulfoniopropionate (DMSP), no known 

DMSP degradation genes were found in the resultant genome, suggesting novel genes for this 

function were present in that strain. Much more information on the strain is reported, and this 

would not have been possible without the prior isolation of a pure strain to work with. 
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Clearly, there is a need for more genomes from pure strains isolated from the arctic. 

Therefore, culture-dependent exploration of arctic samples still has merit, despite major 

advances in metagenomics. 

3.1.2 Importance of establishing a set of isolates from Arctic cryoconite 

Another alarming aspect to any cryospheric exploration is the factor of climate change. 

Ecosystems that have not yet been characterised fully are being destroyed, and despite efforts 

to collect and store samples from these environments, without concurrent cultivation of these 

samples, there is a risk of some species being lost forever without ever being cultured, 

characterised, or explored for its potential. This further demonstrates a need for a large source 

of isolated cryospheric bacterial strains. 

3.1.3 The study sites 

Two study sites were used in this chapter: Foxfonna: an ice cap near to Longyearbyen and a 

range of glaciers adjacent to Ny Ålesund- the largest northernmost settlement. Arctic glaciers 

are fairly well characterised in terms of cryoconite microbial community (Edwards et al., 

2011, 2018; Gokul et al., 2016; Kaczmarek et al., 2016b), however research in this area has 

largely been cultivation independent.  

3.1.4 Aims and objectives 

The chapter aim is to test a broad range of incubation conditions, to enable capture of a 

diverse set of bacteria from the High Arctic- Svalbard. Furthermore, a subset of these isolates 

(Svalbard’16) can have their taxonomic abundances compared to a simultaneously generated 

metagenomic library using the same environmental samples. This enables a comparison 

between culture-independent and culture-dependent libraries to address whether the culture 

collection is capturing the biodiversity of the environment. To do this, objectives would be to 

culture bacteria from environmental samples, characterise the isolated bacteria taxonomically 

according to their amplified 16S rRNA gene and these amplicons would be compared to the 

NCBI BLAST database to characterise each isolate. These objectives are laid out in figure 

3.1. 
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Figure 3.1 shows the overall plan for this exploration of Svalbard isolates and their corresponding sections within the 

Materials and Methods (chapter 2). 

3.2 Results 

This section displays the types of morphologies recovered from the environmental samples 

and the plate counts from these samples. The effect of growth conditions, including dilution 

factor, media and incubation temperature were explored with robust statistical tests employed 

to test their effect, if any. Their sub-culture and subsequent classification according to their 

sequenced 16S rRNA amplicons is also shown. Finally, their relatedness was explored 

through phylogenetic analyses. 

Examples of interesting morphotypes are shown from experiment Svalbard’16 (figure 3.2), as 

well as plate counts and subsequent characterisation of each isolate is discussed.  

 

Figure 3.2 shows a variety of plates from the cultivation experiment. Each Petri dish here shows a 10-4  diluted inoculum. 

These agar plates (figure 3.2) were typical of the large-scale experiment. Most colonies were 

pigmented, with the vast majority of colonies being yellow, red and orange. Most were 
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punctiform or circular and opaque. The vast majority of the 10-2 dilution plates were TNTC, 

particularly from sample 9 and upwards. 

3.2.1 Trial experiment 

The trial experiment showed clear differences between each experimental treatment. The full 

strength medium yielded the highest number of isolates and there was little difference 

between weaker strengths. The R2 medium generally yielded the highest number of isolates. 

The lower temperature generally yielded a higher number of isolates. 

 

Figure 3.3 shows the resulting number of CFUs on a variety of media, at two incubation temperatures and the effect of 

different strength enrichment broths prior to inoculation. Three replicates per samples were used across the various 

treatments and error bars are SEM. 

In this trial, stronger concentration of enrichment broth seems to support higher CFU number. 

50% and 100% concentrations yielded 117 and 114 overall CFUs respectively, while 10% 

enrichment broth yielded 77 CFUs. Generally, isolates were more numerous at 4°C (average 

of 27.11 at 4°C and 17.78 at 10°C), with the exception of 10% R2B enrichment going on 

R2A and R2S plates. Phenotypic examination of plates demonstrated largely similar colonies, 

none of which displayed any interesting pigmentation. Colonies were mostly punctiform, 

cream, opaque, convex, shiny and uniform. 

3.2.2 Svalbard’16  

This culture effort yielded 46 strains that could continually be sub-cultured. In terms of 

temperature, although both incubation temperatures yielded similar numbers of CFUs (see 

figure 19), isolates would only reliably grow using plates initially incubated at 10°C. The 

dilution factors used resulted in more CFUs using the lower dilution 10-2 (140) as opposed to 

the more dilute (10-4) samples which yielded an average of 68 isolates. However, again the 
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higher dilution factor samples were the only ones successfully sub-cultured. In terms of 

media, 10% BHI yielded the highest average number of CFUs (66), though when the average 

was calculated across all experimental treatments, the average CFU yield was similar across 

all media (see figure 3.6). 

Though the initial cultivation was successful, many of the colonies originally subcultured 

would not grow again, despite being incubated in the same conditions as initial experiment. 

Although samples were previously labelled according to sample, media, temperature, dilution 

and replicate number, this became too time laborious to continue. Once pure strains were 

establised they were labelled consequetively : e.g. S16.1, S16.2, S16.3. ‘S’ refers to Svalbard, 

and ‘16’ refers to 016, the year in which samples were collected and processed. From >1300 

original environmental Petri dishes, just 46 pure strains consistently grew.  

3.2.2.1 Temperature 

Samples 1-9 were collected across two days from lower Foxfonna. Samples 10-21 were 

collected on the same day across the upper bowl of Foxfonna, as detailed in chapter 2, section 

2.1.1.3. Generally, high CFU was associated with the latter collected samples 10-21. In terms 

of temperature effect, samples at 2°C yielded an average of 110 CFUs and samples at 10°C 

yielded an average of 106 CFUs. 

 

Figure 3.4 shows the mean number of CFUs across the three replicates growing at the two temperatures tested. Error bars 

were manually calculated standard deviation of the mean number of CFUs of the three replicates across each sample.  

Mostly, the two temperatures follow the same pattern, and variation is mostly due to different 

samples. There is slight disparity with samples 1-4, where noticeably fewer colonies were 
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counted at 10°C. The highest number of CFUs were found in sample 15 at 2°C and sample 11 

at 10°C with an average CFU of 213 and 199 respectively. Lowest CFU number was found in 

sample 5 at 2°C and sample 7 at 10°C, with an average CFU number of 52 and 42 

respectively. Across all samples, average CFU number was 110 at 2°C and 106 at 10°C. A 

related samples Wilcoxon signed rank test was conducted to compare the average CFU 

number across each sample according to temperature. The test concluded the plate counts 

were not statistically significantly different at each temperature (P=0.502) 

3.2.2.2 Dilution factor 

Two dilution factors were tested, a higher diluted sample (10-4) and less diluted sample (10-2). 

The less diluted samples generally had higher plate counts than the more diluted samples.  

 

Figure 3.5 shows the mean number of Colony Forming Units across the three replicates showing two dilution factors tested. 

Error bars were manually calculated standard deviation of the mean number of CFUs across each sample. 

DF2 (10-4) resulted in fewer numbers of Colony Forming Units. The average CFU number in 

DF1 (10-2) and DF2 (10-4) were 140 and 68 respectively. The lowest CFU number occurred in 

sample in sample 7 at DF2, with an average of 22 CFU. The highest CFU number was from 

multiple samples- 10, 15 and 18, which all had an average CFU number of 207 at DF1. The 

Related-Samples Wilcoxon Signed Rank Test returned P=0.000, showing dilution factor 

significantly affected the mean CFU. 
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3.2.2.3 Media 

Five media were tested across the two temperatures and dilution factors. These range from 

oligotrophic (R2A) to complex and nutritious (10% BHI), see figure 3.6. Details on media 

tested was explored in chapter 2, section 2.2.1. 10% BHI recovered the highest number of 

mean CFUs, R2A and CRYO recovered similar numbers. 

 

Figure 3.6 shows the average numbers of Colony Forming Units that grew on each medium across all samples. Error bars 

were manually calculated standard deviation of the mean number of CFUs across each medium. 

Figure 3.6 demonstrates BHI is the medium with the highest overall CFU average (157), and 

R2S has the lowest (67). A Kruskall-Wallis test was performed on the average CFU values 

when selecting media as the grouping variables, returning a significance value of P=0.000, 

showing there is a clear statistically significant difference in the numbers of bacteria on each 

medium. 

3.2.2.4 Isolate characterisation 
Table 3.1 shows the characterised 48 isolates, with the accompanying BLAST information.  

Sample 

name 

Assigned genus 

identity 

Assigned species 

identity 

Query 

cover 

E value % 

identity 

Accession number 

S16.1 Frigoribacterium 
 

98 0.0 84 JQ977640.1 

S16.2 Variovorax ginsengisoli 100 0.0 99 FR682712.1 

S16.3 None identified 
     

S16.4 Chryseobacterium marinum 100 0.0 99 KF528715.1 

S16.5 Glaciihabitans tibetensis 100 0.0 100 MK246122.1 

S16.6 Variovorax boronicumulans 97 1E-77 69 KU297762.1 

S16.7 Polaromonas glacialis 98 0.0 96 MG973003.1 
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S16.8 Rhodanobacter ginsengisoli 100 0.0 99 AB682421.1 

S16.9 Rugamonas rubra 100 0.0 99 KY302253.1 

S16.10 Polaromonas eurypsychrophilia 100 0.0 99 MH482318.1 

S16.11 Flavobacterium 
 

100 0.0 100 JQ800276.1 

S16.12 Mucilaginibacter 
 

98 0.0 99 JX483747.1 

S16.13 Polaromonas glacialis 100 0.0 94 MG973003.1 

S16.14 Flavobacteriaceae 
 

86 1E-115 76 JX491395.1 

S16.15 Mucilaginibacter dorajii 100 0.0 98 NR_117444.1 

S16.16 None identified 
     

S16.17 None identified 
     

S16.18 Cryobacterium psychrotolerans 100 0.0 99 MF555704.1 

S16.19 Polaromonas 
 

100 0.0 90 JX950029.1 

S16.20 Cryobacterium psychrotolerans 100 0.0 99 MF555704.1 

S16.21 Polaromonas glacialis 100 0.0 100 KY302260.1 

S16.22 Polaromonas glacialis 100 0.0 99 KY302260.1 

S16.23 None identified 
     

S16.24 Polaromonas 
 

100 0.0 99 JX950029.1 

S16.25 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

S16.26 Cryobacterium 
 

100 0.0 99 KY302222.1 

S16.27 Flavobacterium 
 

100 0.0 94 JX491395.1 

S16.28 Polaromonas glacialis 100 0.0 100 KY302260.1 

S16.29 Polaromonas glacialis 99 0.0 90 KY302260.1 

S16.30 Cryobacterium psychrotolerans 100 0.0 93 MF555704.1 

S16.31 Polaromonas glacialis 100 0.0 99 KY302260.1 

S16.32 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

S16.33 Hymenobacter terrae 96 1E-148 77 NR_149184.1 

S16.34 None identified 
     

S16.35 None identified 
     

S16.36 Polaromonas glacialis 100 0.0 99 KY302260.1 

S16.37 Salinibacterium xinjiangense 100 0.0 99 MH482216.1 

S16.38 Mucilaginibacter 
 

99 2E-176 82 MH801891.1 

S16.39 Flavobacterium 
 

100 0.0 100 JQ800276.1 

S16.40 Chryseobacterium marinum 100 0.0 95 KF528715.1 

S16.41 Cryobacterium psychrotolerans 100 0.0 99 MF555704.1 

S16.42 Cryobacterium psychrotolerans 100 0.0 99 MK248098.1 
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S16.43 Chryseobacterium marinum 100 0.0 98 KF528715.1 

S16.44 Paracoccus carotinifaciens 100 0.0 100 MK116474.1 

S16.45 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

S16.46 Cryobacterium 
 

100 0.0 100 KF295173.1 

S16.47 Mucilaginibacter 
 

99 0.0 99 KP899211.1 

S16.48 Glaciihabitans tibetensis 100 0.0 100 MF555704.1 

 

As shown by table 3.1, most isolates were able to be classified to genus level. Just six out of 

48 could not be sequenced properly, therefore there was no resulting sequence to submit to 

the NCBI BLAST database. Table 3.1 also demonstrates 16/48 could not be assigned a 

species level taxonomy according to their amplified 16S rRNA gene sequence. The query 

cover range was mostly 98-100, but there was a low point of 86 in S16.14. The % identity 

match was variable- as low as 76%. The accepted threshold for species level match is ≥97%, 

which many of the isolates reached. Interestingly, 100% identity matches were sometimes to 

genus level only, with a closest placement to an unnamed member of a genus, such as S16.46 

Cryobacterium sp. with otherwise perfect scores for its closest taxonomic match. 

 

 

Figure 3.7 shows the genera that could be isolated according to each media. WA is not included because none of the isolates 

could be sub-cultured. Error bars/replicate number N/A. 
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Figure 3.7 shows a breakdown of what genera were isolated on each medium. 10% BHI 

accounts for most of the Polaromonas and Cryobacterium found in these samples. 

Representatives of Frigoribacterium, Rhodanobacter, Rugamonas, Hymenobacter, 

Salinibacter and Paracoccus could only be isolated from one medium. Other genera such as 

Chryseobacterium, Polaromonas and Flavobacterium are isolated from three different 

mediums. More generally, most of the samples could be matched to Polaromonas, 

Cryobacterium, or Chryseobacterium. Several samples could not be identified, and were 

discarded from downstream taxa analysis. Several genera were represented by one isolate 

only, such as Rugamonas, Hymenobacter or Paracoccus. A number of these genera are also 

not represented anywhere else within the culture collection. 
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Figure 3.8 Phylogenetic tree of Svalbard'16 sequences, grouped according to amplified sections their 16S rRNA gene 

sequence. Anchor taxa were denoted in bold as reference points. 

Isolates grouped broadly according to the anchor taxa, as shown by figure 3.8. The spread of 

Chryseobacterium and Flavobacterium is interesting and similarities/differences between this 

genera are evident from this phylogenetic tree. 

3.2.3 Svalbard’99 

This experiment worked well, yielding 100 isolates, most of which could be assigned 

taxonomic identity. Agar plates had interesting pigmented morphotypes (figure 3.9). The 

sample collection information is detailed in section 2.1.1.5, chapter 2. Three glaciers were 
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explored, Feiringbreen (FB), Pedersenbreen (PD) and Vestre Lovénbreen (VL). VL had the 

highest number of plate counts. 

 

Figure 3.9 shows a selection of plates from the Svalbard’99 experiment. Most samples grew an array of different 

morphotypes. 

A variety of interesting pigmented morphotypes can be observed in figure 3.9. Here, the are 

yellow, orange, pink and cream colonies. It is also clear that VL plates in general yielded 

more colonies. 

 

Figure 3.10 shows the effect of media on the CFU count in samples from experiment Svalbard’99. Error bars are automated 

SEM and each sample value is based on the average CFU number across three replicates. 

The highest CFU count occurred in sample VL3-01 on BHI media (figure 3.10) and on 

sample VL3-01 on 10R2A media. The lowest CFU count occurred in sample FB3-03. A 

Paired samples T-test comparing the two media returned a significance value of P=0.114. As 

(P>0.05) the number of resultant CFUs did not differ significantly according to which 

medium was used. 
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3.2.3.1 Isolate characterisation 

As before, strains were continually subcultured and then characterised according to the 

methods outlined in section 2.5. Some could not be characterised (see table 3.2), but those 

that could were grouped with anchor sequences from their taxa on a phylogenetic tree (figure 

3.12). Amplified and sequenced sequences were submitted to NCBI BLAST as detailed in 

section 2.5.8. 

Table 3.2 shows the characterised 100 isolates, with the accompanying BLAST information. 

Sample 

name 

Assigned genus 

identity 

Assigned species 

identity 

Query 

cover 

E 

value 

% 

identity 

Accession 

number 

S99.1 Polaromonas 
 

100 0.0 99 JQ977543.1 

S99.2 Polaromonas 
 

100 0.0 100 JX950026.1 

S99.3 Variovorax ginsengisoli 100 0.0 99 FR682712.1 

S99.4 Chryseobacterium marinum 90 1E-

172 

83 KF528715.1 

S99.5 None identified 
     

S99.6 Tardiphaga robiniae 100 0.0 99 KY319041.1 

S99.7 None identified 
     

S99.8 Rhodanobacter ginsengisoli 99 0.0 93 AB682421.1 

S99.9 Mucilaginibacter 
 

100 0.0 92 JX268541.1 

S99.10 Chryseobacterium marinum 100 0.0 99 KF528715.1 

S99.11 Frigoribacterium 
 

100 0.0 100 JF728929.1 

S99.12 Chryseobacterium marinum 100 0.0 99 KF528715.1 

S99.13 Glaciihabitans tibetensis 100 0.0 100 MK248089.1 

S99.14 Mucilaginibacter 
 

100 0.0 90 JX268541.1 

S99.15 Nakamurella panacisegetis 100 0.0 99 KJ606832.1 

S99.16 Cryobacterium luteum 100 0.0 100 MK248080.1 

S99.17 Chryseobacterium marinum 100 0.0 99 KF528715.1 

S99.18 None identified 
     

S99.19 Rhodanobacter 
 

100 0.0 99 KJ606813.1 

S99.20 None identified 
     

S99.21 None identified 
     

S99.22 None identified 
     

S99.23 Glaciihabitans tibetensis 100 0.0 100 MK264123.1 

S99.24 None identified 
     

S99.25 Glaciihabitans tibetensis 100 0.0 100 MK248089.1 
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S99.26 Variovorax 
 

100 0.0 98 AB991686.1 

S99.27 Cryobacterium psychrotolerans 100 0.0 100 MG973009.1 

S99.28 Flavobacterium 
 

100 0.0 99 JX949793.1 

S99.29 Polaromonas glacialis 100 2E-

162 

82 KY302260.1 

S99.30 None identified 
     

S99.31 Polaromonas glacialis 100 0.0 100 KY302260.1 

S99.32 None identified 
     

S99.33 None identified 
     

S99.34 Polaromonas glacialis 99 1E-

101 

72 MG952600.1 

S99.35 None identified 
     

S99.36 None identified 
     

S99.37 Flavobacterium 
 

100 0.0 100 JQ800276.1 

S99.38 Massilia 
 

100 0.0 98 KY476517.1 

S99.39 Polaromonas 
 

100 0.0 94 KF295114.1 

S99.40 None identified 
     

S99.41 None identified 
     

S99.42 Polaromonas glacialis 100 0.0 96 KY302120.1 

S99.43 Brevundimonas 
 

98 4e-

127 

77 KU041666.1 

S99.44 Polaromonas 
 

100 0.0 97 LC040879.1 

S99.45 Frigoribacterium 
 

100 0.0 99 KT803427.1 

S99.46 Frigoribacterium 
 

100 0.0 99 KT803387.1 

S99.47 Cryobacterium roopkundense 100 0.0 91 NR_104500.

1 

S99.48 Leifsonia kafniensis 95 5e-

141 

83 MK248073.1 

S99.49 Cryobacterium psychrotolerans 100 0.0 100 MK246120.1 

S99.50 None identified 
     

S99.51 Subtercola frigoramans 100 0.0 99 MK246112.1 

S99.52 Sphingomonas glacialis 100 0.0 99 KY302258.1 

S99.53 Sphingomonas glacialis 100 0.0 100 KY302258.1 

S99.54 None identified 
     

S99.55 Sphingomonas glacialis 100 0.0 99 KY302271.1 
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S99.56 None identified 
     

S99.57 Variovorax ginsengisoli 100 0.0 99 MK248084.1 

S99.58 Rayranella aquatilis 100 0.0 99 NR_158037.

1 

S99.59 None identified 
     

S99.60 None identified 
     

S99.61 None identified 
     

S99.62 Mucilaginibacter mallensis 100 0.0 97 LT629740.1 

S99.63 None identified 
     

S99.64 None identified 
     

S99.65 Glaciihabitans tibetensis 100 0.0 100 MK248089.1 

S99.66 Polaromonas 
 

100 0.0 99 MG098808.1 

S99.67 Frigoribacterium 
 

100 0.0 99 JF728929.1 

S99.68 None identified 
     

S99.69 Hymenobacter 
 

100 0.0 99 KX990243.1 

S99.70 Glaciihabitans tibetensis 100 0.0 100 MK248089.1 

S99.71 Cryobacterium psychrotolerans 101 0.0 100 MK248098.1 

S99.72 Subtercola frigoramans 100 0.0 100 MK246124.1 

S99.73 Variovorax ginsengisoli 100 0.0 99 FR682712.1 

S99.74 Variovorax ginsengisoli 100 0.0 99 FR682712.1 

S99.75 Cryobacterium psychrotolerans 100 0.0 99 MK248090.1 

S99.76 Variovorax ginsengisoli 100 0.0 99 FR682712.1 

S99.77 Sphingomonas psychrolutea 100 0.0 99 KY302164.1 

S99.78 Chryseobacterium marinum 100 0.0 99 KF528715.1 

S99.79 Sphingomonas glacialis 100 0.0 99 KY302258.1 

S99.80 Cryobacterium luteum 88 1E-

114 

79 MK248080.1 

S99.81 Subtercola frigoramans 100 0.0 99 MK246112.1 

S99.82 Glaciihabitans tibetensis 100 0.0 100 MK248089.1 

S99.83 Flavobacterium 
     

S99.84 Cryobacterium psychrotolerans 100 0.0 100 MK246120.1 

S99.85 Cryobacterium psychrotolerans 100 0.0 90 MK246120.1 

S99.86 Rugamonas rubra 100 0.0 99 KY302293.1 

S99.87 Glaciihabitans tibetensis 100 0.0 100 MK248089.1 

S99.88 Cryobacterium psychrotolerans 100 0.0 99 MK246117.1 
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S99.89 Variovorax ginsengisoli 100 0.0 99 FR682712.1 

S99.90 Polaromonas naphthalenivorans 100 0.0 82 KF528728.1 

S99.91 Leifsonia kafniensis 100 0.0 100 MK248081.1 

S99.92 Cryobacterium psychrotolerans 100 0.0 100 MK246120.1 

S99.93 Flavobacterium 
 

100 0.0 100 JX949793.1 

S99.94 Chryseobacterium marinum 100 0.0 99 KF526715.1 

S99.95 Polaromonas 
 

100 0.0 98 KU586657.1 

S99.96 Polaromonas rhizosphaerae 100 0.0 99 EF127651.1 

S99.97 Leifsonia kafniensis 59 9e-84 82 MK248079.1 

S99.98 Polaromonas glacialis 100 0.0 98 KY302260.1 

S99.99 Janthinobacterium 
 

99 0.0 96 MG757944.1 

S99.100 Polaromonas 
 

100 0.0 100 KF295043.1 

 

The query cover in table 3.2 ranges from just 59-100. The % identity match ranged from 

72%-100%. Out of 100 isolates, 22 could not be classified, due to sequencing failure. When 

considering the accession numbers across the isolate collection, many are repeated 

throughout the analysis. 

 

Figure 3.11 shows the number of representatives across each genus in the Svalbard’99 sample set. Replicate number and 

error bars are N/A. 

While many samples are denoted as unknown as they could not be identified, the most well 

represented genera were Polaromonas and Cryobacterium. Several latter genera in figure 

3.11 were only represented by a single isolate. Several of these are not present anywhere else 

in the culture collection. As before, the unknown isolates were not included in downstream 
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taxa sorting. Phyla distribution shows an abundance of Proteobacteria, closely followed by 

Actinobacteria, with Bacteroidetes being the least represented phylum with members in this 

isolate collection. 
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Figure 3.12 Phylogenetic tree of Svalbard'99 sequences, grouped according to amplified sections their 16S rRNA gene 

sequence. Anchor taxa were denoted in bold as reference points. 
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Again, in figure 3.12 the isolates broadly group according to the anchor taxa. There is some 

interesting group of Chryseobacterium/Flavobacterium again, but also of Cryobacterium and 

Leifsonia. Other present genera generally group around their anchor taxa, with some 

subgrouping among isolates. This is interesting, given the anchor were chosen according to 

the accession numbers of the most similar BLAST hits according to their amplified 16S 

rRNA gene sequence. 

3.2.4 BHI  

This experiment also went well, yielding 65 further isolates (see figure 3.13 for example agar 

plates) that could be reliably sub-cultured, many with interesting morphotypes. The spread of 

isolates yielded across the dilutions was fairly evenly distributed, with 21 isolates from 10% 

BHI, 21 isolates from 25% BHI and 23 isolates from 50% BHI (see table 3.3). 10% BHI 

favoured recovery of Chryseobacterium, 25% BHI favoured recovery of Cryobacterium, 

while 50% recovered several different genera but also two not able to grow on the other 

dilutions: Paenibacillus and Lysinimonas (see figure 3.16). It also had the highest number of 

isolates that could not be sequenced and therefore could not be classified. 

 

Figure 3.13 shows a selection of Petri dishes from the BHI dilution experiment. Several morphotypes can be seen across 

each plate. 

Figure 3.13 shows an array of interesting morphotypes across each strength of BHI medium 

used. Many colonies were pigmented, and of these there were yellow, orange, bright orange 

and cream coloured colonies. 
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Figure 3.14 shows initial growth on different concentrations of BHI agar. The mean CFU number is based across three 

experimental replicate plates and error bars are SEM. 

As demonstrated in figure 3.14, of the three samples, FIC10 consistently showed higher 

growth. The highest growth occurred on 10% BHI, with FIC10. The lowest growth occurred 

with FIC05 using 25% BHI. Summative growth was highest when using 10% BHI, with an 

overall mean of 141 CFUs. The lowest overall growth occurred when using 25% BHI (95 

CFUs). A One-way ANOVA was performed and concluded P=0.733 (P>0.05) therefore each 

dilution did not result on statistically significant differences in terms of resultant CFU 

growth. 

3.2.4.1 Isolate characterisation 

Characterisation of the 65 isolates was performed as before, with amplified sequences 

compared against NCBI BLAST database and returned most likely hits were recorded.  

Table 3.3 shows the BLAST analysis of BHI isolates. 

Sample 

name 

Assigned genus 

identity 

Assigned species 

identity 

Query 

cover 

E 

value 

% 

identity 

Accession 

number 

10.1 Chryseobacterium marinum 97 0.0 87 JX491435.1 

10.2 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.3 Polaromonas glacialis 100 0.0 99 MG952607.1 

10.4 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.5 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.6 Chryseobacterium marinum 100 0.0 99 KF528715.1 
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10.7 Polaromonas glacialis 100 0.0 87 KY302260.1 

10.8 Polaromonas 
 

97 0.0 85 MG098817.1 

10.9 Cryobacterium luteum 100 0.0 100 MK248080.1 

10.10 Flavobacterium 
 

99 0.0 86 KF295103.1 

10.11 Flavobacterium 
 

100 0.0 99 JX290479.1 

10.12 Flavobacterium 
 

99 0.0 93 JX290455.1 

10.13 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.14 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.15  None identified 
     

10.16 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.17 Chryseobacterium marinum 96 0.0 85 KF528715.1 

10.18 Chryseobacterium marinum 100 0.0 99 KF528715.1 

10.19 Chryseobacterium marinum 100 0.0 94 KF528715.1 

10.20 Cryobacterium psychrotolerans 95 2E-42 68 MG973009.1 

10.21 Polaromonas 
 

100 0.0 99 MG098817.1 

25.1 Cryobacterium luteum 100 0.0 99 MK248080.1 

25.2  None identified 
     

25.3 Cryobacterium 
 

100 0.0 99 KT965167.1 

25.4 Cryobacterium roopkundense 76 5e-

113 

80 MG952594.1 

25.5 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

25.6 Polaromonas glacialis 100 0.0 100 KY302260.1 

25.7 Chryseobacterium marinum 100 0.0 99 KF528715.1 

25.8 Polaromonas 
 

100 0.0 100 KU586657.1 

25.9 Cryobacterium psychrotolerans 100 0.0 95 MG973009.1 

25.10 Cryobacterium flavum 100 0.0 100 MH482275.1 

25.11 Cryobacterium luteum 100 0.0 99 MK248080.1 

25.12 Cryobacterium luteum 100 0.0 99 MK248080.1 

25.13 Cryobacterium psychrotolerans 100 0.0 95 MG973009.1 

25.14 Cryobacterium 
 

100 0.0 99 GU249561.1 

25.15 Cryobacterium psychrotolerans 100 0.0 93 MF555704.1 

25.16  None identified 
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25.17 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

25.18  None identified 
     

25.19 Polaromonas naphthalenivorans 99 4E-

159 

77 KF528728.1 

25.20 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

25.21 Cryobacterium roopkundense 100 0.0 99 MG952594.1 

50.1 Paenibacillus lautus 100 0.0 100 MK256307.1 

50.2  None identified 
     

50.3  None identified 
     

50.4 Polaromonas 
 

100 0.0 100 KU586647.1 

50.5 Cryobacterium luteum 100 0.0 100 MK248080.1 

50.6 Cryobacterium levicorallinum 99 2E-

157 

83 MG952593.1 

50.7 Chryseobacterium marinum 100 0.0 99 KF528715.1 

50.8 Chryseobacterium marinum 100 0.0 99 KF528715.1 

50.9 Cryobacterium psychrotolerans 98 2E-

108 

85 MF555704.1 

50.11 Polaromonas 
 

100 0.0 99 KU586647.1 

50.12 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

50.13 Cryobacterium luteum 100 0.0 99 MK248080.1 

50.14 Cryobacterium psychrotolerans 100 0.0 99 MF555704.1 

50.15  None identified 
     

50.16 Cryobacterium psychrotolerans 100 0.0 99 MG973009.1 

50.17 Polaromonas glacialis 100 0.0 99 KY302260.1 

50.18 Cryobacterium luteum 100 0.0 100 MK248080.1 

50.19  None identified 
     

50.20 Cryobacterium psychrotolerans 100 0.0 100 MF555704.1 

50.21 Chryseobacterium marinum 100 0.0 99 KF528715.1 

50.22 Cryobacterium luteum 100 0.0 100 MK248080.1 

50.23  None identified 
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Of the isolates, eight could not be taxonomically characterised (table 3.3), but others have 

good Query cover and % identity matches. 

 

Figure 3.15 shows a phylogenetic tree constructed in MEGA of the BHI isolates. Anchor taxa were denoted in bold as 

reference points. 

Sequences group as expected within their clades and according to anchor taxa in figure 3.15. 

There is some interesting subgrouping of assumed Cryobacterium psychrotolerans species, 

with numerous outgroups on either side of the anchor sequence. 
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Figure 3.16 shows the different genera captured across the different concentrations of BHI medium tested. 

As figure 3.16 makes clear, an abundance of both Chryseobacterium and Cryobacterium can 

be seen across the BHI experiment, with many Cryobacterium sp. captured on the lowest 

concentration of BHI (10% BHI). Conversely, the majority of Chryseobacterium isolates 

were captured on the higher concentrated BHI (25% and 50% BHI). Polaromonas is captured 

on all three concentrations at similar rates. 25% BHI captures Bacillus only while no other 

concentrations could, and Paenibacillus and Lysinimonas are recovered using 50% BHI only. 

3.3 Discussion 

3.3.1 Trial experiment 

This experiment informed the larger cultivation effort and thus was useful. Despite no 

resulting colonies being sub-cultured further, there was growth of mainly bacterial colonies. 

This negated a need to add cycloheximide to future samples, as fungal takeover was 

unexpected. The lack of diversity within colony morphology could be due to shorter 

incubation duration. Some studies seem to favour a longer incubation period, most notably 

(Christner et al., 2003), which stored the samples for up to a year before subculture. It was for 

this reason a longer incubation period was chosen for the main cultivation effort. However, 

they could also be due to the enrichment broths tested. Perhaps using R2 broth prior to 

inoculation favoured certain members of the cryoconite ecosystem only, enabling higher 

recovery of these cells. After the previously discussed short incubation, perhaps other genera 

were simply not given the time of space to recover. Despite an enrichment broth working 

nicely alongside filtration to uncover ultrasmall bacteria from ancient ice (Miteva & 
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Brenchley, 2005), it seemed here (figure 3.3) to favour only some cells. For this reason, the 

idea of an enrichment broth prior to plating was disregarded from the main cultivation effort. 

The limited recovery of interesting morphologies on TS agar (figure 3.3) was unexpected, 

given its use in efforts to culture bacteria from soils and cryoconite (Christner, 2000; Vieira 

& Nahas, 2005). Again, perhaps the short incubation was the reason, but it was decided TS 

media would not be used again. More studies favoured the use of R2 agar for psychrophilic 

bacteria recovery and as there was no difference in morphology between the two media, only 

R2 was used in subsequent experiments. However, due to encouraging literature using dilute 

nutrient media for more diverse recovery of novel bacteria (Janssen et al., 2002), it was 

decided a dilution of a higher nutrient media should be used in the main cultivation 

experiment. 

As this was a trial experiment only, resultant colonies were not identified. There may have 

been cryptic diversity within uniform colony morphotypes. However, morphotypes were all 

cream and uniform, suggesting lower diversity recovery, hence why for the main experiment 

a wider range of variables were explored. 

3.3.2 Svalbard’16: incubation conditions 

3.3.2.1 Extended incubation 

Despite the slow accumulation of biomass shown when samples are incubated at 

comparatively lower temperatures (usually 4-15°C for so called ‘psychrophilic’ glacier 

bacteria), several studies do not incubate for longer than one month, with three months being 

a slightly longer accepted duration. Christner et al (2003) did incubate samples for one year, 

hoping to vastly increase the number of culturable novel bacteria. However, such extremes 

are not widely practiced, given them nature of these conditions. The medium within Petri 

dishes can dry up, or become overrun with condensation, thus spoiling the sterility of the 

experiment. Also, incubator space cannot always be guaranteed in laboratories researching 

psychrophilic organisms, and some simply do not have the resources for large scale 

cultivation efforts being incubated for many months to a year. Given the time sensitive nature 

of the project, six months was agreed after an initial check and manual plate counting effort 

was conducted on a subset of plates at three months post incubation, with disappointing 

results both in terms of number of isolates and morphologies of isolates. 

3.3.2.2 Temperature 

Use of two (cooler and warmer) incubation temperatures is commonly used to bacterial 

recovery of glacier samples (Cheng & Foght, 2007; Christner et al., 2003; Lee et al., 2011; 
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Margesin et al., 2003), therefore two different incubation temperatures was employed: 10°C 

and 2°C. None of the isolates sub-cultured at 2°C would not grow at the higher temperature 

of 10°C, whereas some of the isolates initially incubated at 10°C would grow again when 

incubated at 2°C. As previously mentioned, the two temperatures had mostly similar numbers 

of colonies (figure 3.4), and most variation between numbers seemed be due to the samples 

themselves, rather than the temperature. There is a slight disparity for samples 1-4, where the 

number of colonies is noticeably less in samples incubated at 10°C. It is important to note 

that these plates were photographed and counted after 1-3 month incubation. The other 

samples were incubating for double this time (see section 3.3.2.1). It is possible the samples 

incubating at a higher temperature were experiencing some shock going from -20°C to 

varying degrees of nutrient dense media at 10°C. so perhaps a longer recovery time is needed 

for the bacteria to grow. Despite this, the average number of colonies at 2°C and 10°C are 

110 and 106 respectively. This similarity (see section 3.2.2.1 where the difference was 

deemed not statistically significant) could be explained partly with the growth ranges of so 

called ‘psychrophilic’ bacteria. As discussed in the introduction, a psychrophile is defined as 

having a growth range of 0-20°C. And yet as far back as 1976, isolated bacteria from glaciers 

have been demonstrated to have higher than expected growth ranges (Gounot, 1976). Perhaps 

the temperatures chosen were simply not different enough to produce statistically significant 

numbers of bacteria. The selected temperatures were based on the constraints of the 

laboratory. In future it would be interesting to systematically include a higher range of 

temperatures in any initial cultivation efforts from the cryosphere. Such efforts would 

theoretically pull out any ‘psychrophilic’ bacteria residing in these environments with higher 

than realised growth ranges and optimum incubation temperature hitherto unrealised.  

Few studies have attempted incubations temperatures across a broader range, reaching as low 

as below freezing (Poniecka et al., 2020) and as high as >20°C (Lee et al., 2011; Margesin et 

al., 2003; Singh et al., 2014) but such studies do not typically select the more extreme 

bacteria for downstream tests. While they do employ a broad range incubation temperatures, 

it is usually only as growth profiles of already isolated bacteria to explore its physiological 

capability. This was attempted informally with these isolates, which was largely successful. 

Most isolates were able to grow well up at 25°C, but few could grow up to 37°C which 

supports the isolates being characterised as psychrotolerant, as opposed to psychrophilic. Lee 

et al (2011) assigned growth scores to each isolate based on how well they could handle 

temperatures from 4°C to 37°C for three days. The study highlighted most strains could 
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thrive between 4°C and 30°C. However, these samples were alpine and subject to much 

human impact so it was hypothesised the bacterial community had shifted accordingly. On a 

genome level, Chrismas et al (2016) demonstrated a Cyanobacterium known to be prolific 

across many cryospheric environments as an ecosystem engineer actually had relatively few 

cold adaptation genes, further supporting the notion of psychrotolerant species inhabiting the 

cryosphere, as opposed to psychrophilic. Furthermore it was demonstrated (Stibal & Tranter, 

2007) the phototrophic organisms’ optimum temperature for a physiological process was 

18°C and posited these were likely psychrotrophic rather than truly psychrophilic. As more 

and more studies explore optimum growth ranges, perhaps a new classification of cryospheric 

organisms should be determined as to whether they are truly psychrophilic. 

Poniecka et al (Poniecka et al., 2020) demonstrates that only recently has systematic 

exploration of physiological extremes on a group of Antarctic and Arctic isolates been 

explored, nonetheless both these studies also indicate a higher temperature range of these so-

called psychrophilic organisms. This is important given the overall project aim of 

bioprospecting for antimicrobial activity, strains will grow faster at higher temperatures and 

this is useful to remember as some antimicrobial assays require a minimum amount of 

biomass from which to extract potential antimicrobial compounds. Perhaps bacterial isolates 

could and should be selected based on their ability to grow quicker at higher temperatures. 

3.3.2.3 Media 

In terms of number of CFUs, the most successful media was BHI (see figure 3.6). The 

following medias in descending order are R2A, CRYO, R2S and WA. Every single media 

grew at least 1 CFU. In terms of diversity, most isolates came from BHI, then R2A and some 

from R2S and CRYO. No colonies from WA were used in any downstream testing. These 

were largely overgrown with suspected fungal hyphae and any colonies suspected of being 

bacteria due to their morphology could not be successfully subcultured.  

The use of dilute BHI originated from Lee et al (2011) which only included high nutrient 

media (NA) as it was exploring the community response to human impact. This seems the 

first application of such a high nutrient medium when culturing Arctic cryoconite. Given its 

resultant profile of recovered isolates, it may be an idea more researchers wish to adopt. Of 

the 14 recovered genera, 8 would grow would on BHI (figure 3.7). Although only one of 

these (Frigoribacterium) grew exclusively on BHI, this demonstrates that a dilute higher 

nutrient medium is capable of capturing much of the inherent diversity within an 

environmental.  
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The lower nutrient, mineral media selected for a more accurate reflection of glacier surface 

conditions (CRYO and WA) was semi successful. WA yielded no consistently growing 

isolates and CRYO yielded just six. Two of these could not be identified, but the other four 

belonged to the genera Hymenobacter, Polaromonas, Salinibacterium and Mucilaginibacter. 

The latter two genera would not grow on any other medium (see figure 3.7), proving a low 

nutrient medium has increased the diversity of the isolate collection. Additionally, given the 

low nutrient content, strains that did grow and thrive on these plates may have evolved 

antimicrobial properties that can be explored and exploited in subsequent chapters. The use of 

R2S to isolate those more halotolerant individuals had mixed success. Of the 48 isolates from 

Svalbard’16 (see table 3.1), 8 of them grew on R2S. These were all characterised and four 

likely belonged to Cryobacterium (99-100% identity similarity, see table 3.1), which was a 

genus well represented with other mediums. Two isolates aligned most closely with 

Chryseobacterium marinum, a strain very well represented in both the Svalbard’16 

experiment, and the subsequent BHI concentration experiment. One isolated aligned closest 

with the genus Flavobacterium (again, a genus that grew on two other media). However, one 

isolate was identified as Paracoccus carotinifaciens (100% identity) and this was exclusive to 

R2S within the sample set. 

3.3.2.4 Dilution 

Overall, trends observed in this experiment (figure 3.5, where the average number of colonies 

on each dilution factor were deemed statistically significantly different from each other) 

reflect what is seen in microbiology literature. All studies attempting cryosphere cultivation 

cited thus far dilute the initial sample prior to inoculation onto agar plates, with 10-4 being the 

most commonly used. This enables accurate plate counting and sub-culture. Indeed, just two 

of the strains isolated for identification sequencing came from the 10-2 samples, on the R2S 

media, where colonies were sparse and separate, with very little competition of space. In 

most cases, the 10-2 plates were overcrowded and too difficult to pick single isolated colonies 

for further sub-cultures. However, as an overwhelming majority of subcultured isolates were 

grown at the higher dilution, perhaps it would have been prudent to test 10-4 and further 

dilutions (e.g. 10-5 or 10-6), ensuring all resulting plates could have been subcultured from to 

use in downstream analysis.  

3.3.2.5 Sample type and resultant growth 

Previous studies have suggested of all the glacier ecosystem samples types, fine sediment 

with plenty of liquid water was the most “suitable” condition in which micro-organisms 
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could thrive (Stibal et al., 2006). Anecdotally, this experiment seems to contrast from these 

findings. The least populated sample in terms of culturable bacteria was a quintessential 

cryoconite hole, in that the sediment was submerged beneath a fixed layer of available liquid 

water. The cryoconite that generally resulted in the higher recovery of culturable bacteria in 

this experiment was indeed loose fine sediment, but sometimes did not have the ample liquid 

water available of a true hole, instead relying on nearby meltwater streams (see section 

2.1.1.3 sample collection with cryoconite descriptions). It would be beneficial, given climate 

change with its warmer melt seasons, to more fully explore the relationship between 

cryoconite consistency and inherent ecosystem. It could be the differences are linked to 

differing cyanobacterial members and their EPS production. It could also be linked to the 

physical differences between the samples types. It was concluded (Zdanowski et al., 2013) 

samples were more taxonomically diverse in less cryoturbulent samples along a forefield. 

However, it also emphasizes those organisms isolated from more turbulent samples displayed 

a better range of enzymatic activity. 

Furthermore, there is a clear increase in culturable bacteria across the sampling sites. Fox 

samples consistently had less bacteria. ‘Fox’ samples were collected on the ramp towards the 

Foxfonna ice cap. Whereas ‘FIC’ samples were collected from the upper bowl itself (see 

figure 3.4 and 3.5 with samples 1-9 having generally lower CFU counts than samples 10-21). 

The downwards ramp is comparatively a less harsh environment, so it is interesting that in 

this study it yielded fewer isolates, though again, increased incubation duration cannot be 

discounted. 

A researcher hoping to collect cryoconite samples with a view of culturing novel 

biotechnologically interesting bacteria may wish to consider cryoconite consistency. Studies 

have shown bigger granules, like those in the ‘least successful’ sample may represent anoxic 

zones (Porazinska et al. 2004), which may explain the poor recovery of bacteria. It has been 

demonstrated sample types on the same glacier may exhibit distinct microbial communities 

(Lutz et al., 2017), therefore researchers may wish to place greater emphasis on capturing 

different sample types, and cryoconite consistencies across the same glacier, to maximize 

chances of diverse isolate recovery. 

3.3.3 Representative isolates in Svalbard’16 experiment 

The dominance of Proteobacteria (representing 37% of culturable bacteria), discussed in 

section 3.2.2.4 based on table 3.1 and figure 3.6, is in line with most studies on Svalbard 

cryoconite, Edwards et al (2010) found most dominant phyla was Proteobacteria. 
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Actinobacteria were the second most dominant phyla in the Svalbard’16 isolates (34%). This 

is comparable to taxonomic profiles generated from Foxfonna cryoconite (Gokul et al., 

2016). 

Through culture of Cyanobacteria on specific media BG-11, likely members of 

Phormodesmis prietlyii were identified from microscopy, but these isolates were not explored 

further. However, their importance in Arctic cryoconite has been noted (Anesio et al., 2017; 

Chrismas et al., 2016; Gokul et al., 2016). However, it is useful to note that by using specific 

media appropriate for the likely community, it seems possible to isolate several members of 

the most dominant or the most functionally important phyla on glacier surfaces, e.g. 

Actinomycete-isolating agar. 

The abundance of Actinobacteria could also be explained by a potential media bias: the use 

of BHI (see figure 3.6) led to 41/49 resultant Cryobacterium. The main Svalbard’16 

experiment characterisation showed a preference of Actinobacteria to grow on BHI medium 

(figure 3.6). As the overall aim of the project concerned bioprospecting, given the success of 

Actinobacteria in antimicrobial drug discovery, steps were taken to try and favourably isolate 

bacteria specifically from the phylum, hence the subsequent testing of varied concentrations 

of BHI medium (section 3.2.4). Also, as previously discussed, Actinobacteria is indeed 

abundant in Svalbard (Edwards et al., 2016; Gokul et al., 2016). 

Bacteroidetes was the only other phylum with culturable genera using these Svalbard’16 

samples, representing 29% of isolates (reported in section 3.2.2.4). This abundance seems to 

correlate with previous efforts to explore overall diversity within Svalbard cryoconite 

(Edwards et al., 2010). Thus, it seems the culture was successful in reflecting the kind of 

phyla level community abundance shown in the culture independent methods. 

Fortunately, metagenomic exploration of samples was possible as they were collected, hoping 

to avoid any disruptions in community structure and overall genera diversity and abundance 

possible during sample transport and storage. 4 samples collected from Foxfonna glacier 

were extracted and sequenced the following day. When comparing this isolate collection 

(figure 3.6) to the 16S rRNA gene-meta-barcoded community profile for the same cryoconite 

samples (Edwards et al., 2016), there is a surprisingly accurate overlap in terms of diversity 

representation. The community, in line with many previous reports of Svalbard cryoconite 

holes, consisted of an abundance of Alphaproteobacteria, followed by Cyanobacteria, 

Actinobacteria and Betaproteobacteria. All these taxa were present within the isolate 



Identifying new antimicrobial drugs in microbes from extreme environments 

89 

 

collection for the same environmental samples. However, abundance profiles differed greatly. 

The meta-barcoded community showed a clear increased recovery from Alphaproteobacteria, 

with less from Betaproteobacteria. The culture dependent community conversely was 

dominated by Betaproteobacteria and Actinobacteria, with few isolates assigned to class 

Alphaproteobacteria. However, at the overall phyla abundance profiles remains consistent 

across both methods, providing reassurance the culturable diversity from these samples is 

mirrored by the 16S rRNA gene meta-barcoded community profile. Admittedly, there were 

some differences, with the meta-barcoded library showing an abundance of Sphingomonas, 

where none could be captured here (figure 3.6 and table 3.1) 

3.3.4 Svalbard’99 experiment 

Given the success of R2A and a reduced concentration of BHI in the initial ‘Svalbard’16’ 

experiment (figure 3.7), both media were used for the inoculation of the samples collected in 

2013. Additionally, given the previous success of extended incubation, something only seen 

in a handful of other studies, these samples were left for three months before isolation. 

Additionally, the single temperature used for incubation was chosen as the temperature had a 

negligible effect on numbers of different morphotypes in the Svalbard’16 experiment, and 

none of the 2°C isolates could be subcultured reliably (see section 3.3.2.2). 

Higher numbers of Colony Forming Units were uncovered on BHI (figure 3.10). Several 

genera could grow only on one of the media used. Interestingly, both Feiringbreen (FB) and 

Pedersenbreen (PD) showed higher CFU number on the R2A but had much lower numbers 

overall when compared with Vestre Lovénbreen (VL), which had the higher number of CFUs 

growing on 10% BHI.  

Over four subculture events, 100 isolates were reliably grown on the two media (see table 

3.2). In terms of recoverable bacteria related to the samples themselves, the most growth was 

associated with samples from the VL glacier, with FB showing markedly less and PD 

showing slightly less again (see figure 3.10). However, the subcultured isolate collection 

originated from samples from all three glaciers, so CFU did not necessarily dictate percentage 

of recoverable, sequence-able bacteria. Additionally, this demonstrates that older samples 

having been stored at consistent temperature over several years do not necessarily lose much 

diversity. Though this would need to be compared to a metagenomic library generated at the 

time of collection to be confirmed. In any case, the experiment showed the value in using 

previously collected samples as opposed to waiting for a melt season and the opportunity to 
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sample. As mentioned in the introductory chapter, such chances can be rare, costly and 

extremely subject to change with little notice. 

In terms of diversity of collection (see figure 3.11), the samples were dominated by 

Polaromonas (contrasting with other Svalbard samples taken from Foxfonna in Svalbard’16 

experiment, see figure 3.7), closely followed by Cryobacterium and Variovorax and 

Glaciihabitans, which were represented by equal numbers of isolates. Several genera were 

only represented by one isolates. The genera differences between samples taken from 

Foxfonna and those taken from higher glaciers located in Ny Ålesund demonstrates some 

variability between Svalbard cryoconite itself, though it should be remembered Svalbard’16 

experimental parameters included more media tested, so this may explain the disparity. 

3.3.5 BHI experiment 

The overall effect of increasing the concentration of BHI media used on plate counts was 

negligible in terms of CFU shown through the statistically insignificant P value of 0.733 

following a One-Way ANOVA (figure 3.14). However, in terms of diversity of recoverable 

isolates, there was a clear difference between medium concentrations.  

The abundance of Actinobacteria shown in figures 3.16 and table 3.3 could also be explained 

by a potential media bias: the use of BHI led to 41/49 resultant Cryobacterium in the 

Svalbard’16 experiment (figure 3.7). Bacteroidetes is the second most dominant phylum 

(33%), due to the high number of Chryseobacterium isolates recovered across 10% BHI (see 

figure 3.16). This suggests a higher nutrient media seems to favour particular phyla, even 

those traditionally ‘less abundant’ when looking at metagenomic community structure. 

However, this effect could be sample-specific. As only 3/21 samples from Foxfonna were 

used for this follow up experiment, it is entirely possibly these samples just happened to have 

a higher abundance of organisms from those phyla. Using a 25% BHI medium, most of the 

representatives of Cryobacterium were recovered, however most Chryseobacterium favoured 

the 10% BHI medium (see figure 3.16 for both). This largely correlates with culture 

independent explorations of Arctic samples, where Flavobacterium is present earlier on in 

melt season, where there are perhaps fewer nutrient sources as the ecosystem adapts. Indeed, 

Actinobacteria tend to thrive later on in the melt season, where conditions are less stressful: 

increased melt leading more greater availability of liquid water, and a more successful 

ecosystem producing carbon and nutrients etc. This may be why more Actinobacteria, 

specifically Cryobacterium was uncovered in the more nutrient dense medium. This has 

interesting implications for the future of Arctic microbial culture, where it may be beneficial 
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to use a limited set of media at a wider array of concentrations, rather than the standard 

concentrations, or a variety of media. Some studies have indeed used dilute and full-strength 

mediums, such as 1% and 100% Nutrient broth and Tryptone Soy broth (Christner et al., 

2003). Interestingly, the presence of Firmicutes contrasts with all other Arctic samples 

cultivated. As mentioned previously, just one representative could be isolated, and only using 

the highest strength BHI media tested. This contrasts with an exploration of the cryoconite 

community on the Greenland Ice Sheet, which found this phylum dominated aeolian samples, 

and failed to establish itself within the communities present on the glacier surface (Musilova 

et al., 2015). This novel use of higher nutrient media successfully isolating species from 

phyla rarely represented within the cryoconite community structure may demonstrate the 

value of this approach in future culture dependent studies.  

3.3.6 Overall cultivation effort and future work 

Several ideas to isolate novel bacteria were explored. Novel media and dilute media were 

formulated, two temperatures were used as a direct comparison between samples, different 

dilutions of the original sample were used and different geographical locations in Svalbard 

were tested, as well as ‘age’ of sample. The sum of these resulted in an isolate collection of 

213 bacterial isolates- several of which appear to align to the same species (see figures 3.8, 

3.12 and 3.15 and tables 3.1-3.3).  

With any cultivation effort, there were limitations. As previously discussed, in hindsight 

perhaps it would have better to try two more different or higher temperatures, to give a better 

range and therefore perhaps cultivate more novel bacteria. Again, it is worth noting that no 

colonies isolated at 2°C were able to grow again and thus could not be subcultured reliably 

before sequence identification. Therefore, a future exploration of the cryosphere for 

culturable bacteria may adopt some higher than expected temperatures for incubation, given 

the previous reports of psychrophilic bacteria having temperature growth ranges up to 30°C 

(Margesin, 2009). It might be less environmentally costly, and more practical for future 

researchers to consider incubating their samples at room temperature- even out on the lab 

bench in a well-controlled laboratory. This might be particularly prudent given the rising 

temperatures in the Arctic, where the microbial population will likely shift accordingly. It 

may be the case that higher incubation temperatures become the norm for any researcher 

hoping to capture inherent current diversity of glacier bacteria. Indeed, more recent culture of 

Arctic cryoconite (Poniecka et al., 2020)  has applied this likely higher growth range. This 
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study tested the physiological capabilities of the bacteria, but this chapter presents a case for 

making this higher incubation temperature the standard, as opposed to the exception.  

Other limitations included the poor choice of dilution factor. As mentioned, the study may 

have been better served using higher dilutions, rather than lower to enable accurate plate 

counts and reliable isolated colonies to pick for further subculture. However, the reasoning 

behind this was that more abundant organisms may be producing more antimicrobial 

compounds to establish themselves as dominant players within a challenging ecosystem. 

Therefore, it was sensible to try and culture them to better explore their capabilities as to why 

they are such dominant organisms.  

Other limitations included the morphotype approach to estimate diversity within a sample set. 

As shown by the ‘gold standard’ of the Svalbard’16 sample set, a much more informed 

approach would be to concurrently produce a metagenomic library of the samples, so a more 

realistic estimation of cultivable diversity can be determined. Additionally, not all isolates 

could be easily sequenced and characterised. Thus, the characterisation method itself lends 

some implicit bias in the resultant culture community structure. This bias could be 

compensated with the simultaneous shotgun metagenomic library construction. 

The aims and objectives of this chapter were to establish a culture collection that reflected the 

true community of these environments, using diverse incubation conditions. Temperature, 

dilution factor of the environmental sample and media were all tested across Arctic 

cryoconite collected on two separate years. Through resultant characterisation of the culture 

collection, and comparison the same sample’s metagenomic library, it was shown this was 

achieved. Thus, the hypothesis can be accepted: a diverse range of media seems capture most 

of the inherent diversity within the cryoconite ecosystem, according to its 16S meta-barcoded 

library. 

This informs the next phase of bioprospecting within the Arctic. It shows the power of culture 

dependent methods, but also demonstrates the power of combining the two methods. Perhaps 

the new ‘gold standard’ for culture of samples from these Arctic samples should mirror this 

approach. Samples should be collected, and their ‘true’ community elucidated through 

metagenomics. The culture of the samples should therefore be tailored to what is known to be 

the community structure. Factors such as time of collection within the melt season may be 

less important, with more emphasis placed on factors hitherto unconsidered, such as 

cryoconite consistency. This chapter represents an exploration of Arctic cryoconite and its 



Identifying new antimicrobial drugs in microbes from extreme environments 

93 

 

culturable community structure. These methods could be applied to other cryoconite in the 

low Arctic or alpine cryoconite. 
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Chapter 4 Further exploration of cryospheric bacteria: low Arctic 

and alpine environments 

4.1 Introduction 

4.1.1 Cultivation of alpine cryoconite 

Unlike Arctic cryoconite, which has had limited culture dependent exploration and 

characterisation, alpine cryoconite is well explored. Several studies have cultured alpine 

specific bacteria (Lee et al., 2011; Margesin et al., 2002b, 2003; Schumann et al., 2012). 

These studies informed the incubation conditions explored in the previous chapter, but also 

demonstrates a previously established community structure within this environment. This 

presents an opportunity to explore novelty by adopting media not yet used for these 

environment samples. Having dataset from previous methodologies (incubation temperature, 

media and duration) already applied to these environments allows for a more accurate 

comparison as to the ability of the conditions chosen to recover actually novel bacteria. Any 

resulting novel species or genera uncovered can then be compared to the established 

community structure. Additionally, many of the studies exploring these environments are 

from 5-18 years ago. Therefore, a culture collection determined in this chapter may be 

compared to samples collected over a decade ago. This may give indications about 

community stability over time. This chapter also makes use of cryopreserved strains, 

presenting another opportunity to expand the culture collection for downstream antimicrobial 

activity testing. 

4.1.2 Study sites 

Two main study sites were used in this chapter: Tarfala and the Alps. 

Tarfala is a valley in Sweden and represents a high alpine, subarctic environment. It is some 

85km away from the nearest city, Kiruna, thus has experienced less human impact than some 

of the other truly alpine glaciers explored in this chapter. Within the valley is a permanent 

research station accessible to designated individuals only. The main glacier used in this 

chapter also represents the most well characterised glacier within the valley: Storglaciären. 

Two sets of cryoconite from this glacier were available for this study site: one collected in 

2013, the other collected in 2017. 

Samples collected in 2013 from various glaciers in the Alps were also explored in this 

chapter. Though the original cryoconite from these sites existed, given the overall aim of 

exploring the antimicrobial potential of these sites in a culture-dependent manner, it was 



Identifying new antimicrobial drugs in microbes from extreme environments 

95 

 

decided a previously isolated set of strains would be revived, rather than more cultivation 

efforts being attempted on the same samples. 

Using methodologies previously shown in chapter 3 to be successful in isolating a bacterial 

culture collection from high Arctic cryoconite, a similar culture collection can be isolated 

using low Arctic/alpine environmental samples. It is also hoped previously isolated strains 

residing in glycerol stocks can be revived and characterised. 

4.1.3 Aims and Objectives 

Similar to the previous chapter, the aim of this chapter to establish a diverse set of isolated 

alpine bacteria. Using the previously demonstrated most successful media, environmental 

samples will be cultured (section 2.2 and 2.2.6 for details) and strains will be sub-cultured 

until single isolates are obtained. A single isolate from each strain will undergo either 

genomic DNA extraction (section 2.5.1) and subsequent PCR (section 2.5.2), or single colony 

PCR (2.5.3) and characterisation by comparing their amplified 16S rRNA gene sequence 

against the NCBI database (2.5.8). Additionally, the viability of previously isolated strains 

would be explored (section 2.2.7), by calculating a % revival rate of strains in glycerol stock. 

The isolate collection should, as with the Arctic samples, represent two different sampling 

years. 

4.2 Results 

Again, a collection of isolated bacteria was established using the lower Arctic and alpine 

samples. The revival of previously isolated bacteria was somewhat successful, with a subset 

of the cryopreserved samples able to be revived, exclusively on R2A. Newer samples 

collected in 2017 exclusively from Storglaciären also went well, with the isolation of 

numerous bacteria strains, despite recovery on a particularl sample (TF3) seeming to lack 

morphological diversity. 
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4.2.1 Revival’13: Revival of the glycerol stocks 

 

Figure 4.1 shows a subset of the successfully revived strains isolated by a previous student. Few exhibited interesting 

pigmentation, though it is unknown if they previously had at the original culture effort. Some also appeared mixed. 

Unfortunately, of the 76 originally revived from the first cryobox, just 34 sub-cultured 

consistently enough to be sequenced. Therefore just 45% of previously isolated strains were 

able to be revived. All successful isolates were from R2 agar (see figure 4.1 for an example 

subset). A small number of isolates were revived using 1/100 Ravan medium (section 2.2.1), 

but couldn’t be reliably sub-cultured further. No isolates at all could be recovered from 

Frey’s medium. A number of isolates were suspected to be mixed, and therefore not truly 

isolated, but after a number of subcultures using a single isolate it was decided they would 

also be sequenced.  

4.2.2 Revival’13: Characterisation of the isolates 

Table 4.1 shows the BLAST analysis of the Revival'13 isolates. 

Sample 

name 

Assigned genus 

identity 

Assigned species 

identity 

Query 

cover 

E value % 

identity 

Accession 

number 

A96.2 Sphingomonas feeni 100 0.0 100 KR708835.1 

A15.3 Arthrobacter 
 

100 4e-178 85 JN244971.1 

A74.2 Variovorax ginsengisoli 96 0.0 93 MK246084.1 

A18.2 Cryobacterium psychrotolerans 100 0.0 99 MF555698.1 

A24.3 Janthinobacterium lividum 100 0.0 100 MH929893.1 

A96.1 Arthrobacter 
 

100 0.0 99 KX036586.1 

A93.2 Sphingomonas 
 

100 0.0 100 MH813380.1 

A93.1 Arthrobacter 
 

100 0.0 99 KX036586.1 
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A92.1 Arthrobacter ginsengisoli 100 0.0 100 MH667851.1 

A82.1 Variovorax ginsengisoli 100 0.0 97 FR682712.1 

A90.1 Subtercola 
 

100 0.0 99 MK072670.1 

A24.2  None identified 
     

A39.1 Massilia 
 

100 0.0 99 KT991082.1 

A19.1 Pseudomonas 
 

100 0.0 100 AB991640.1 

A15.2 Arthrobacter ginsengisoli 100 0.0 100 MH667851.1 

A15.1 Arthrobacter humicola 100 0.0 100 MF077117.1 

A83.3 Glaciimonas alpina 99 0.0 93 HG932607.1 

A11.1 Janthinobacterium 
 

100 0.0 100 JX096994.1 

A15.4 Arthrobacter ginsengisoli 100 0.0 100 MH667851.1 

A11.2 Janthinobacterium 
 

100 0.0 99 JX096994.1 

A23.1 Pseudomonas 
 

100 0.0 100 MH018902.1 

A42.2 Arthrobacter 
 

100 0.0 100 MH667851.1 

A24.1 Pseudomonas 
 

100 0.0 100 MH018902.1 

A38.1 Massilia 
 

100 0.0 99 KX036586.1 

A15.5 Arthrobacter 
 

50 3E-170 98.01 KX213893.1 

A42.8 Massilia 
 

100 0.0 100 KY302251.1 

A42.5  None identified 
     

A39.2 Massilia 
 

100 0.0 99 KY302251.1 

A91.1 Marisediminicola antarctica 100 2e-160 87 MH482332.1 

A42.3 Arthrobacter ginsengisoli 100 0.0 100 MH887850.1 

A42.4 Arthrobacter ginsengisoli 100 0.0 100 MH667823.1 

 

Table 4.1 shows a high recovery of Arthrobacter, Massilia, Janthinobacterium, 

Sphingomonas and Pseudomonas strains, genera not represented anywhere in the high Arctic 

samples (see figures 3.7, 3.11 and 3.16). % identity was also generally higher than previous 

isolate characterisation (tables 3.1-3.3). 
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Figure 4.2 shows the genera present in the revived samples. Error bars/replication number N/A. 

Figure 4.2 demonstrates the genera present within the sample set characterised in table 4.1 

and the number of isolates matching each genus. The most common genera were 

Arthrobacter. Massilia, Janthinobacterium and Pseudomonas -each had a few 

representatives. Cryobacterium was not well represented across the sample set, with just 1 

representative. Other genera present in the sample set each had one representative. Isolates 

belonging to Bacteroidetes could not be recovered from this sample set. The distribution of 

phyla is similar, with 15 belonging to Proteobacteria, and 14 belonging to Actinobacteria. 
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Figure 4.3 shows a phylogenetic tree constructed in MEGA of the revived isolates. Anchor taxa were denoted in bold as 

reference points. 

Figure 4.3 shows overall expected grouping of sequences to their anchor taxa. The strains 

characterised as Massilia do not seem to group with that anchor taxon which hints at mis 

characterisation. Other isolates group well with their anchor taxa. 

4.2.3 Tarfala’17 cultivation effort  

This cultivation strategy was successful, with 48 isolated bacterial strains reliably sub-

cultured, though not all could be identified. Sample TF3 recovered only one non-pigmented 

colony, but others were able to recover a variety of different coloured pigmented strains. As 

with previous culture efforts (see figures 3.7 and 3.11), 10%BHI and R2A recovered many 

different isolates. R2S would only recover the non pigmented strain apparently persistent in 

sample TF3, but overall, the experiment worked well. 
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Figure 4.4 shows the plate counts of each sample across each media tested. 

Figure 4.4 shows Sample TF3 had the most colonies across all mediums (average of 66), 

whereas TF1 had the least (average of 5). In terms of media, 10% BHI showed the highest 

average number of colonies (40), with R2A and CRYO both average 28 colonies. R2S had 

the lowest average number of colonies, with a single morphotype from sample TF3 being the 

only growth.  

4.2.3.1 Plate counts across each medium 

 

Figure 4.5 shows the average number of colonies across each tested medium. Error bars are manually calculated STDEV 

based on three replicated per sample. 

10% BHI medium resulted in the most colonies, followed by 1% RAVANS, R2A and 

CRYO. WA and R2S had the least growth. 
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4.2.3.2 Plate counts across each sample 

 

Figure 4.6 shows the average number of colonies across each sample. 

TF3 has significantly more CFUs than other samples, from the result of one particular 

morphology. This is addressed in section 4.7.3.1. 

4.2.3.3 TF3 colony takeover 

 

Figure 4.7 shows sample TF3 across the media tested. 1=10%BHI, 2=WA, 3=R2S, 4=R2A, 5=CRYO, 6=1/100RAVANS. 

Unlike other media, there were no pigmented or otherwise morphologically distinct colonies, 

and although colonies varied in size, they were largely similar across each medium. All other 

samples displayed a range of different morphologies across each medium. Since TF3 presents 

itself as an outlier in these samples, due to the colony takeover, analysis of media effect on 
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resultant plate counts was rerun without the bias of sample TF3. In this subsequent analysis, 

the unsuitably of R2S media for these samples is clear.  

 

Figure 4.8 shows the number of CFUs across each medium. No growth was recorded across any R2S plates. 

4.2.4 Tarfala’17: Characterisation of the isolates 

Table 4.2 shows the BLAST analysis of the revived isolates. 

Sample 

code 
Sample name 

Assumed genus 

identity 

Assumed species 

identity 

Query 

cover 

E 

value 

% 

identity 

Accession 

number 

1 TF3.1.R2S Pseudomonas 
 

80 1E-99 76.66 MN305766.1 

2 TF4.7.CRYO 
Sphingomonas glacialis 

80 
1E-

110 
82.23 KY302271.1 

3 TF3.1.CRYO None identified 
 

    

4 TF4.1.CRYO Polymorphobacter 
 

100 4E-27 66.81 KY386562.1 

5 TF4.3.CRYO None identified 
 

    

6 TF4.4.CRYO 
Polymorphobacter 

 

93 
7E-

108 
74.76 KY386562.1 

7 TF2.1.R2A None identified 
 

    

8 TF2.3.R2A Sphingomonas psychrolutea 74 2E-51 80.56 KY301984.1 

9 TF2.4.R2A 
Variovorax ginsenglisoli 

96 
3E-

170 
83 MG576021.1 

10 TF3.1.R2A Pseudomonas 
 

78 3E-55 71.46 MT585907.1 

11 TF4.1.R2A Variovorax 
 

99 0.0 83.31 MH669288.1 

12 TF2.3.WA Sphingomonas 
 

90 0.0 90.26 CP037913.1 

13 TF4.2.WA Sphingomonas 
 

60 1E-55 76.75 AB288314.1 
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14 TF4.3.WA Sphingomonas 
 

26 9E-44 82.65 AY364024.1 

15 TF1.2.R2A Variovorax 
 

96 0.0 85.99 MT255174.1 

16 TF1.3.R2A Variovorax 
 

98 0.0 82.59 MT255174.1 

17 TF1.4.R2A Cryobacterium psychrotolerans 99 0.0 87.12 MK246120.1 

18 TF1.7.R2A Variovorax ginsenglisoli 96 0.0 87.29 MG576021.1 

19 TF1.8.R2A 
Rhodoferax saidenbachensis 

83 
8E-

157 
83.1 CP019239.1 

20 TF2.2.R2A Variovorax paradoxus 87 0.0 85.56 MF156539.1 

21 TF2.8.CRYO Nakamurella 
 

47 2E-97 89.42 MK875966.1 

22 TF5.2.BHI Variovorax ginsenglisoli 96 0.0 87.95 MG576021.1 

23 TF5.4.BHI Variovorax paradoxus 97 0.0 87.98 MK371077.1 

24 TF5.5.BHI 
Variovorax ginsenglisoli 

91 
5E-

179 
84.29 MG576021.1 

25 TF5.6.BHI Sphingomonas 
 

55 6E-78 82.4 AP022672.1 

26 TF5.7.BHI Variovorax paradoxus 96 0.0 88.52 MK371077.1 

27 TF5.8.BHI 
Variovorax paradoxus 

87 
2E-

148 
83.64 KU522201.1 

28 TF4.2.RAVANS Sphingomonas 
 

20 7E-28 83.78 MT360155.1 

29 TF5.1.RAVANS None identified 
 

    

30 TF5.2.RAVANS Sphingomonas 
 

22 6E-24 81.25 MT386184.1 

31 TF2.3.RAVANS Sphingomonas 
 

35 2E-29 76.84 KU598721.1 

32 TF2.1.BHI 
Cryobacterium psychrotolerans 

79 
2E-

132 
83.06 JX205201.1 

33 TF2.2.BHI 
Variovorax ginsenglisoli 

90 
2E-

167 
83.26 MH669288.1 

34 TF2.4.BHI None identified 
 

    

35 TF2.5.BHI Pseudomonas 
 

32 2E-62 86.78 KC834323.1 

36 TF3.1.BHI Pseudomonas 
 

90 0.0 84.43 KY405974.1 

37 TF4.7.BHI 
Leifsonia 

 

40 
5E-

114 
93.43 MT432298.1 

38 TF4.6.BHI 
Variovorax ginsenglisoli 

79 
5E-

119 
81.64 MF101135.1 

39 TF1.1.BHI 
Cryobacterium psychrotolerans 

90 
2E-

123 
80.06 MK248091.1 

40 TF1.2.BHI 
Pseudomonas 

 

49 
4E-

110 
86.04 MT585907.1 
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41 TF1.3.BHI Sphingomonas psychrolutea 82 3E-56 74.1 KY301995.1 

42 TF1.5.BHI Pseudomonas mandelii 56 6E-69 78.91 KT221856.1 

43 TF5.1.R2A None identified 
 

    

44 TF5.3.R2A Cryobacterium psychrotolerans 58 1E-90 89.53 MK246120.1 

45 TF5.4.R2A 
Variovorax 

 

85 
4E-

175 
84.72 MT255174.1 

46 TF5.5.R2A Sphingomonas psychrolutea 80 1E-55 74.04 KY301984.1 

47 TF5.6.R2A* None identified 
 

    

48 TF5.7.R2A None identified 
 

    

 

Out of 48, table 4.2 shows seven isolates unable to be identified. Of note are the low % 

identity scores, generally 70-90%, much lower than previous BLAST analysis (tables 3.1-3.3 

and 4.1). These samples are the subset explored by single colony PCR (2.5.3). 

4.2.4.1 Representative isolates across media and sample 

Several genera were recovered in this experiment, several of which were recovered from 

more than one media. R2A and 10% BHI recovered several different genera and all media 

recovered at least one taxonomically identifiable isolate. 

 

Figure 4.9 shows the assumed genus for each of the strains isolated on the indicated. 

10% BHI was the medium with the most different genera successfully isolated (figure 4.9). 

R2S and WA showed the least diversity, with just one assumed genus isolated on each.  Some 

genera grew only on one medium, such as Polymorphobacter and Nakamurella on CRYO, or 
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Rhodoferax and Leifsonia on 10% BHI. Sphingomonas grew on everything except R2S, this 

is interesting, given its absence in high Arctic datasets. 

 

Figure 4.10 shows the assumed genus for each of the strains isolated from the indicated samples. 

Figure 4.10 shows that Variovorax and Sphingomonas seemed to be present in all samples 

except TF3, and are usually represented by more than one isolate. Other genera (Rhodoferax, 

Nakamurella, Leifsonia and Polymorphobacter) are present in one sample only, the first three 

of which are represented by one isolate only. Overall, Variovorax was the most dominant 

genera. In terms of phyla, there is a clear dominance of Proteobacteria over Actinobacteria, 

which is much less well represented. Bacteroidetes is not represented at all within this sample 

set. 
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Figure 4.11 shows a phylogenetic tree constructed in MEGA of the Tarfala’17 isolates. Anchor taxa were denoted in bold as 

reference points. 

These isolates do not follow the previously established pattern (see figures 3.8, 3.12, 3.15 and 

4.3) of grouping as expected among the anchor taxa using downloaded FASTA sequences of 

representative similar species according to their 16S rRNA gene amplicons. This may be 

linked to the disappointing BLAST results reported in table 4.2. 

4.3 Discussion 

4.3.1 Overall diversity of the Swedish and alpine samples 

The overall diversity of the Swedish and alpine samples differ significantly from Svalbard 

samples. While Arctic sampling produced a culture collection dominated by Proteobacteria, 

closely followed by Actinobacteria and Bacteroidetes (figures 3.7, 3.11 and 3.16), these low 

Arctic/alpine samples showed a much less consistent picture. Bacteroidetes was not present 

in any of the sequenced isolates (figures 4.2 and 4.9/4.10), which contrasts/mirrors what is 

the established metagenomic community structure. Also, the split between Proteobacteria 

and Actinobacteria is negligible in the revived samples, but significant in the 2017 samples 

(figure 4.9 and 4.10). 34 isolates were attributed to Proteobacteria, whereas just 6 isolates 
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belonged to Actinobacteria. Admittedly, there was much less variation in incubation 

conditions: just one temperature and dilution was used (section 2.2.7 and table 2.7). 

Furthermore, the Tarfala’17 samples have just five representative samples (TF1-5, see table 

2.4), far less than Svalbard’16 (22) and Svalbard’99 (27). Given the cryopool takeover, 

perhaps the sample collection of amalgamated cryoconite holes is less suited to recover 

diverse bacteria than a range of distinct holes. At a class level, the dominance of 

Betaproteobacteria over Alphaproteobacteria (slight in Tarfala’17 (figure 4.9), but more 

obvious in Revival’13 (figure 4.2) is in line with what has been established previously 

(Edwards et al., 2014). Additionally, the different cryoconite composition according to 

collection year is expected, as it has been demonstrated there can be community shifts on a 

local scale (Gokul et al., 2016). Moreover, a subset of previously isolated strains (from mixed 

environmental sources, not just cryoconite) and newly cultured strains from just five 

amalgamations of cryoconite cannot meaningfully be compared. In terms of genera, the two 

experiments shared some commonality (Sphingomonas, Variovorax, Pseudomonas and 

Cryobacterium in figures 4.2 and 4.9). The Tarfala’17 samples had some distinct genera not 

seen in Arctic samples: Polymorphobacter and Rhodoferax. The Revival’13 samples had 

more distinct genera overall, but only some were distinct to its sample set, and not found in 

Arctic samples, such as Pseudomonas, Arthrobacter and Janthinobacterium.  

4.3.2 Revival’13 discussion 

4.3.2.1 Nutrient media and the effect on culturable diversity 

Another interesting aspect of this chapter was the exploration of media tailored to alpine 

samples. As previously mentioned, a student had already undertaken a cultivation effort of 

alpine samples in 2013. To culture, sub-culture and isolate the strains used for the revival, 

they used three media: R2A, “Frey’s Medium” and 1/100 Ravan (table 2.6 for medium 

content). These were selected presumably based on their success in the cultivation of bacteria 

originating from the toe of the Damma glacier in Switzerland (Frey et al., 2010; Lapanje et 

al., 2012b). All are lower nutrient media, selected specifically to capture oligotrophic 

organisms that would have otherwise been out-grown during competition with faster growing 

copiotrophic strains on a higher nutrient medium. Though this worked well in the initial 

cultivation, the extremely low revival rate of the glycerol stocks of bacteria isolated this way 

suggests that perhaps suggests a wider range of nutrient density media could have been used. 

Indeed, Lapanje et al (2012) illustrates that using several mediums, ranging in nutrient 

density can and does work well, at least for the initial cultivation exploration of an 
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environment. The study included TSA and NA, acknowledging that the range of nutrient 

rich-nutrient poor media was better for capturing a diverse selection of isolates. This, coupled 

with the poor performance of lower nutrient media mirroring glacier conditions in the 

previous chapter suggest the nutrient range of media might be a better method to capture 

diverse isolates, as opposed to tailored, specific media. Furthermore, although the glycerol 

stocks revived from the previous student contained isolates across each medium, only those 

grown on R2A were able to be revived (see figure 4.1). Of the 34 revived, 31 had genomic 

DNA extracted successfully and amplified (see table 4.1).  

4.3.2.2 Revival’13 isolate diversity 

The abundance of Proteobacteria and Actinobacteria, but slight dominance of the former 

(see figure 4.2) matches high Arctic cryoconite characterised in the previous chapter. What is 

more interesting at a phylum level is the absence of any Bacteroidetes isolates. It seems 

unlikely that the low Arctic/alpine samples are devoid of any bacteria belonging to 

Bacteroidetes. Indeed, (Wilhelm et al., 2013) found it was the second most abundant phyla in 

glacier fed streams. Furthermore, culture independent (Edwards et al., 2013) characterisation 

of alpine cryoconite show Bacteroidetes again as the second most dominant phyla. Its 

absence from these samples is therefore more likely due to restrictive incubation conditions 

and ill-suited media, rather than their inherent absence from the samples themselves. Again, 

this demonstrates the need for a concurrent metagenomic library from the same samples 

against which the success of culture can be judged. 

4.3.3 Tarfala’17 discussion 

4.3.3.1 TF3 ‘cryopool’ 

Much of the colonies included in the plate counts of the Tarfala cultivation were due to an 

organism ‘take over’- photos of which can be found in figure 7.4. There seemed to be two 

distinct morphologies across all media, neither of which were pigmented. Unfortunately, the 

punctiform cream colonies could not be amplified using 16S rRNA gene primers. However, 

the larger cream colonies on three different media (10% BHI, R2A and R2S) were amplified 

and BLAST results (table 4.2) showed the most closely related individual of all three 

sequences belonging to the genera Pseudomonas. Obviously, this is an extremely small 

sample size, but it is interesting that such a physically large sample type across a range of 

media only grew isolates belonging to one genus. It would be interesting to see if 

Pseudomonas dominates according to sample type, or whether the sample collection date 

occurred when Pseudomonas was dominating. The fact it grew across three media supports 
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the assumption that is it simply more prolific within that particular sample, rather than a 

media selection bias. This has interesting implications for sample collection with 

bioprospecting in mind. It might be better, as noted previously, if researchers are aiming for 

diversity within a culture collection, to avoid sampling larger ‘cryopools’ and instead sample 

distinct cryoconite holes.  

On the subsequent rerun of the media effect analysis without this sample, R2S media 

becomes useless at supporting the growth of any isolates uncovered from these samples 

(figure 4.8). This presents an interesting avenue of research into the capability of bacteria 

from these environments to grow in saline-rich environments. Since the salinity of the 

cryoconite hole can be hugely variable, and the fact samples from Svalbard were able to grow 

on this spiked medium, this unexpected lack of growth on the salty medium presents 

questions about fundamental differences between the two environments.  

However, this idea of diluting nutrient rich media and applying it for cryospheric bacteria 

rather than the usual oligotrophic R2A was something explored in the previous chapter, with 

great success. And given the apparent success of 1/100 Ravan in Alpine-dwelling bacteria, it 

was decided to include it in the cultivation effort. The effect was disappointing. Just three 

strains were successfully isolated and identified using 1/100 Ravan and they all belonged to 

the genus of Sphingomonas. However, given that Sphingomonas strains also grew on 10% 

BHI, R2A and WA, this did not necessarily add much diversity to the isolate collection. It is 

important to note that Lapanje et al (2012) was not culturing cryoconite, but granite sand, 

covering the glacier toe. It should also be noted that the ready-isolated strains would not grow 

on 1/100 Ravan, even when it had been used to successful isolate the strains from 

environmental plates.  

Another limiting factor in this approach was the use of single colony PCR (section 2.5.3). 

Although a successful trial run was conducted using previously characterised samples, with 

these samples the approach did not seem to have worked well. 17% of samples nominated for 

characterisation by 16S Sanger sequencing could not be sequenced (table 4.2). Moreover, 

some of the chromatograms from these sequences were extremely messy and suspected of 

being mixed template. Hence why the BLAST results (table 4.2) for each matched individual 

are not encouraging and the phylogenetic tree grouping (figure 4.11) is not consistent without 

previous results. This seems to be a common issue in single colony PCR, where too much 

template taken up on the pipette tip goes into the PCR reaction. Future studies may wish to 
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optimise this approach before using it to quickly and cheaply characterise isolated bacterial 

strains. 

The aims and objectives were fulfilled. Though smaller, a culture collection from 

alpine/Swedish cryoconite has been established, using cryoconite and other sample types 

from two different sample collection years (2013 and 2017). These samples can now be used 

in downstream analysis to probe for any antimicrobial activity. These data also add diversity 

of sample collection location, giving a more inclusive picture of overall culturable cryosphere 

bacterial diversity. 

Unfortunately, there was not the opportunity to employ the previously mentioned benchmark 

of culture dependent bioprospecting, where a metagenomic library is generated which then 

informs subsequent culture. Samples were processed years after collection and budget/ time 

constraints prevented culture independent exploration during sample collection, or even years 

later, prior to sample culture. Future studies may wish to adopt this technique as standard, and 

properly assess the diversity of bacteria. 

The culture collection has been built from both high Arctic (Svalbard) and low Arctic 

(Sweden) and alpine (the Alps) cryoconite, and other sample types. This has utilised older 

stored samples, previously isolated bacterial strains and freshly collected cryoconite, in a 

variety of incubation conditions. This culture collection represents a trove of potentially 

unexplored bacteria in terms of antimicrobial potential. Having established a proven method 

for the generation of bacteria cultures, these strains now need to undergo high throughput 

testing to assess their antimicrobial capability. 
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Chapter 5 Overall diversity of the culture collection 

5.1 Introduction 

5.1.1 Svalbard, Sweden and alpine culture-dependent characterisation 

As discussed in much of the previous two chapters, high/low Arctic and alpine cryosphere 

has had limited culture-dependent exploration. Accurate community structure is much easier 

to elucidate using culture-independent metagenomic techniques. However, as shown in 

chapter 3 section 3.4.3.2 the cultivation of Svalbard cryoconite samples from 2016 did result 

in similar abundance profiles to the Nanopore-sequenced16S rRNA meta-barcoded library 

using the same samples. Aside from demonstrating that despite the great plate count anomaly, 

culture still captures a decent proportion of the ‘true’ diversity; having a physical tangible 

isolate from which phenotypic antimicrobial production bioprospecting can be applied is 

invaluable. Additionally, though MAGs are gaining in popularity (Parks et al., 2017; Tully et 

al., 2018), genomes sequenced directly from isolated cultured sample are generally more 

comprehensive, and can even be closed through hybrid assemblies. Indeed, some have argued 

MAG deposits are even reducing the quality of genome repositories, and MAGs cannot be 

treated as single genomes (Shaiber & Eren, 2019). Draft and complete genomes of isolates 

will be discussed in more detail in chapter 7. Though culture independent techniques have 

deliberately compared and contrasted Arctic and alpine samples, this had not yet been done 

using purely culture-dependent techniques.  

5.1.2 General cryosphere community structure 

Whether Arctic or alpine, general community structure according to 

metabarcoding/metagenomics in the cryosphere remains mostly similar across regions. There 

are some abundance differences, but essentially communities will show an abundance of 

Proteobacteria. (In the Arctic this is likely mostly consisting of Alphaproteobacteria, 

whereas alpine cryoconite is dominated by Betaproteobacteria.) Actinobacteria and 

Bacteroidetes are also shown to be present within each region.  

5.1.3 Aims and objectives 

The aim of this chapter is to compare the regions (high Arctic, low Arctic and alpine) 

directly, but also assess the success of the culture-dependent approach to characterisation as a 

whole. Successful/unsuccessful culture methods will be discussed, as well as an assessment 

on whether the overall cultivable community structure matches that of structures identified 

through culture independent methods. This will be achieved by compiling all isolate 
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characterisation and grouping through growth medium and experiment, and therefore sample 

collection location. 

5.2 Results 

The previous two chapters resulted in the establishment and characterisation of a set of 

bacterial isolates, diverse in taxonomic profile, sample type, environment and colony 

morphology. Through exploration of different media, incubation conditions and sample 

preparation, a culture collection has been obtained. This section is therefore an amassing of 

all this information across the two chapters (and environments) and report on the culture 

collection as a whole. 

5.2.1 Experimental overview 

Table 5.1 shows the overall culture collection and its parameters. Based on a previous table, the resulting numbers of 

isolates and different genera represented are recorded. 

Experiment 

Number 

of 

Isolates 

Number 

of 

Genera 

Number of 

Unassigned 

isolates 

Number 

of Media 

Temperatures 

used 

Dilution 

Factor 

Environment

al samples 

Svalbard’99 100 21 23 2 1 1  

Svalbard’16 48 13 6 6 2 2 21 

BHI 64 5 9 3 1 1 3 

Revival’13 31 10 2 1 1 N/D Unknown 

Tarfala’17 48 8 8 6 1 1 5 

 

Table 5.1 shows a total of 291 strains (some the same genus and species) that were isolated 

reliably. In every experiment, a considerable proportion of the isolates were unknown. 

Overall, only two incubation temperatures and two dilution factors were ever used in this 

culture collection. At the latter stages of the project, 10°C was used as the main incubation 

temperature. Svalbard’99 yielded the most isolates and represents three different glaciers. 

Svalbard’16 yielded 48 isolated strains representing both the lower and upper bowl of 

Foxfonna. BHI yielded more, despite the environmental sample input being just three out of 

21 available samples from Foxfonna. The revival of isolates from Tarfala (encompassing 

both Rabots and Storglaciären) and the Alps (encompassing Gaisbergferner and 

Rotmoosferner) was poor. Many of the other isolates in that collection were alpine, but could 

not be revived using the media they were previously isolated from. The latter Tarfala samples 

yielded 48 isolates, though these represent just one glacier: Storglaciären. 
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5.2.2 Overall genera in the entire isolate collection 

 

Figure 5.1 shows the breakdown of each experiment and the different genera it managed to recover, along with the number 

of isolates that matched that genus. 

Figure 5.1 shows 28 genera were represented, though a large proportion (~16%) were 

unknown. 18% of the entire collection matches Cryobacterium (52 isolates), the most 

abundant genus. 8 different genera have just one representative across the dataset. The next 

most abundant organisms belonged to Polaromonas and Chryseobacterium. There was 

considerable media bias for some genera, which will be discussed in section 5.3.1. Thus, 

Actinomycetales is the most abundant order, with 88 isolates matching to it. Its abundance is 

closely followed by Burkholderiales with 70 isolates. Several orders are represented by a 

single isolate only. 13 orders are represented. 45% Cryobacterium organisms were isolated 

during the BHI experiment alone. The BHI experiment seems to account for much of those 

three most abundant organisms, and the alpine experiments were not hugely involved in 

these. However, of 64 organisms grown through the BHI experiment, just 5 genera were 

represented. The low Arctic/alpine experiments did isolate large numbers of the next most 

abundant genera: Variovorax and Sphingomonas. Some genera from each experiment were 

only represented by that experiment, e.g. Salinibacterium and Paracoccus from Svalbard’16, 
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Tardiphaga and Reyranella from Svalbard’99, Marisediminicola and Glaciimonas from 

Tarfala/Alpine’13 and the lone Firmicutes: Paenibacillus isolated on 50% BHI medium 

within the BHI experiment. Although Tarfala/Alpine’13 had great diversity, with 10 different 

genera represented across only 31 identifiable organisms, it should be remembered these 

recovered isolates originate from four separate glaciers across two regions, and encompass 

more sample types than just cryoconite (see table 2.3). Indeed, it should be remembered just 

how few isolates were recovered from actually alpine samples (Rotmoosferner and 

Gaisbergferner glacier samples), and not sub-Arctic environments- see figure 5.6. 

 

 

Figure 5.2 shows all phyla present in the culture collection, and the proportions of isolate origin experiment. 

Proteobacteria is the most abundant, followed closely by Actinobacteria. Bacteroidetes is 

significantly represented and the phylum Firmicutes is represented by just one bacterium 

(Paenibacillus) isolated on 50% BHI. For each phylum there is a genus that makes up most 

of its representative isolates: Proteobacteria (Polaromonas), Actinobacteria (Cryobacterium) 

and Bacteroidetes (Chryseobacterium). These were the three most dominant genera across all 

experiments, and thus this is mirrored in the phylum abundance profiles. The Svalbard’16 

experiment yielded similar isolate numbers for each of the main three phyla, whereas 

Svalbard’99 had very different abundances. Though high in Proteobacteria and 

Actinobacteria, there is a noticeably smaller number of Bacteroidetes isolates. BHI makes up 

a significant proportion of Actinobacteria, impressive, as just three cryoconite samples were 

used. The revived strains did not yield any Bacteroidetes isolates. It is entirely possible there 
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was much more diversity within the preserved collection, but as both 1/100RAVANS and 

Frey’s Medium were not successful in recovering any isolates, they do not seem suitable for 

long term cryosphere research. Nonetheless, the ability of R2A to capture isolates from both 

Proteobacteria and Actinobacteria is clear, and this is mirrored in the latter Tarfala samples 

from 2017. Members of Bacteroidetes and Firmicutes could only be isolated from high Arctic 

samples.  
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Figure 5.3 shows a phylogenetic tree for all Bacteroidetes isolates in the culture collection. Anchor taxa were included for comparison and are 

indicated in bold. 

There is an interesting tendency for Chryseobacterium and Flavobacterium to group unexpectedly during 

phylogenetic analyses. Many Flavobacterium isolates actually group near Hymenobacter reference sequences, 

and not with the Flavobacterium anchor sequence, suggesting incorrect assignment. The anchor sequence of 

Flavobacterium does group close to Chryseobacterium, as expected and Chryseobacterium sequences generally 

group within this clade. However, there are four supposed Flavobacterium strains grouping with 

Chryseobacterium. There are some intriguing groups according the sample location- the glaciers are indicated 

and also the growth medium. For instance, the two Chryseobacterium strains S16.43 and S16.40 group together 

and they were both isolated on R2S. Many of the 10%BHI isolates group together with R2A-caught species 
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dispersed through them. Mucilaginibacter species seem dispersed with no clear pattern according to sample 

location or growth medium, suggesting either some diverse isolates have been captured, or the same species is 

able to grow on either R2A or CRYO and not BHI. Media preference of genera will be discussed in section 

5.3.2. 
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Figure 5.4 shows the phylogenetic tree of Actinobacteria species, with reference anchor taxa in bold. 
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Figure 5.4 shows that Cryobacterium isolates group all over the tree, but so does the anchor taxa. Supposed 

psychrophilic/psychrotolerans strains C. psychrotolerans and C. psychrophilum group near the top of the tree, 

alongside Leifsonia species. Whereas C. flavum and C. luteum group much further down the tree beneath 

Subtercola and Nakamurella species. This suggests an interesting divergence in the Cryobacterium genus, 

which will be discussed in more detail in chapter 8. Glaciihabitans sequences seem to be their own clade, 

between Subtercola and Cryobacterium reference sequences and do nor group with the Glaciihabitans anchor 

taxa sequence which is surprising. One Nakamurella species (TF2.8) groups with Cryobacterium species 

indicating incorrect assignment.  Arthrobacter and Subtercola species generally group where expected with 

their anchor taxa. No clear trends according to sample location or media could be identified, indicating 

Actinobacterial sequences are generally ubiquitous across locations and can be captured using a variety for 

growth mediums



Identifying new antimicrobial drugs in microbes from extreme environments 

120 

 

 

Figure 5.5 shows the phylogenetic tree of the Proteobacterial isolates, reference anchor taxa are indicated in bold.
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The tree shown in figure 5.5 contains sequences from 14 different genera. There is some odd 

grouping of the Sphingomonas species. Though the revived and S99 isolates group with the 

anchor taxa, those from the Tarfala’17 experiment group with Polymorphobacter sequences 

near the top of the tree alongside Variovorax species. In fact, aside from the Pseudomonas 

species from Tarfala’17, these sequences generally group together near the top of the tree, 

totally away from anchor taxa. The anchor taxa sequences do not seem to be the issue, as 

isolates from S’99 and the revived strains group as expected further down the tree, with 

Pseudomonas, Janthinobacterium, Massilia, Polaromonas and Variovorax grouping as 

expected. One important difference is the use of both single colony PCR on the Tarfala’17 

isolates and it seems this may affected the resulting sequences. In future a uniform approach 

of identification should be employed, as the two methods seem to result in obviously 

differences. Though many Foxfonna isolates grouped together, they were interspersed with 

other experiment’s sequences and no trends could be observed for media groupings. 

5.2.3 Overall genera: High Arctic vs Low Arctic/Alpine 

The majority were isolated from high Arctic samples, particularly those 3 most abundant 

genera. 10 genera were isolated from both environments. 13 genera were isolated only from 

high Arctic samples, and similarly 6 genera were isolated only from low Arctic/ alpine 

samples. Both environments had strains that could not be identified, thus both had ‘unknown’ 

isolates. Polaromonas and Chryseobacterium, hugely represented in the culture collection 

could only be grown from Arctic samples. The most abundant genera in low Arctic and 

alpine samples only were Arthrobacter and Pseudomonas. These particular genera were most 

abundance in alpine samples. 
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Figure 5.6 shows the breakdown of isolate origin in the Tarfala/Alpine'13 experiment. 

Recovery of alpine-originated bacterial isolates (figure 5.6) was extremely low, and belonged 

to just two genera: Massilia and Arthrobacter, the latter of which were already represented in 

the Tarfala samples. However, by comparing to figure 5.1, it is clear some genera 

(Marisedminicola and Glaciimonas) were isolated from the Tarfala/Alpine’13 experiment 

only and could not be isolated from Tarfala’17 samples, demonstrating the value of reviving 

whichever isolates could be revived. 

5.2.4 Overall genera: media 

Cryobacterium was present on nearly all media, except WA and 1/100 RAVAN, though a 

sizable portion of its isolates grew on 10% BHI and R2A. A similar story accounts for many 

other genera, where 10% BHI and R2A were the most prolific media. WA and 1/100RAVAN 

were both poor at recovering isolates, however 3 strains belonging to Sphingomonas did grow 

on each. 14/28 genera present would only grow on one single medium. The more abundant 

genera (Cryobacterium, Polaromonas and Chryseobacterium) seem to grow on the widest 

variety of media. However, Sphingomonas also seems able to grow on a variety of different 

media- only in low Arctic samples and could not be recovered from Svalbard samples. 
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Figure 5.7 shows the genera composition according to the media they were isolated on. 

Figure 5.7 45% Cryobacterium organisms were isolated during the BHI experiment alone. 

The BHI experiment seems to account for much of those three most abundant organisms, and 

the alpine experiments were not hugely involved in these. However, of 64 organisms grown 

through the BHI experiment, just 5 genera were represented. The low Arctic/alpine 

experiments did isolate large numbers of the next most abundant genera: Variovorax and 

Sphingomonas. And two genera from each experiment were only represented by that 

experiment. Revival’13 had great diversity, with 10 different genera represented across only 

31 identifiable organisms. Again, several genera grew just one representative on one 

experiment only. 

5.2.5 Overall media: number of isolates and number of different genera 

Though 10% BHI accounts for most of the overall isolates, in terms of percentage of different 

genera represented across the medium’s isolates, it is quite poor. Just 14% of its isolates are 

represented by different genera. Similarly, though R2A has captured a huge number of 

isolates, just 26% of its isolated are represented by different genera.  
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Figure 5.8 shows the recovery success rate of each media tested, both in terms of number of isolates recovered and the 

number of different genera. 

Figure 5.8 demonstrates the overwhelming majority of isolates grew on 10% BHI and R2A, 

and the success of these media is discussed in chapter 3, section 3.3.4. Although R2A 

recovered less isolates, it recovered a higher number of different genera than 10% BHI. R2S, 

25% BHI and 50% BHI generally recover a comparatively lower number of isolates, but do 

result in multiple genera. 1/100 RAVANS was not particularly successful, isolating few 

isolates and only one genus: Sphingomonas, which was already represented on 10% BHI, 

R2A, CRYO and WA (figure 5.7).  The fact Sphingomonas can grow on such different 

mediums, with varied nutrient content hints towards its ability to persist even with very little 

nutrition. CRYO represents an interesting medium, where the number of isolates is very 

similar to the number of different genera present. It was able to support genera such as 

Polaromonas, Variovorax, Mucilaginibacter, Hymenobacter and Polymorphobacter, and was 

the only medium to recover Salinibacterium. As this medium is such low nutrient, but 

hopefully dense in terms of minerals present in cryoconite (table 2.6), this suggests that a 

lower nutrient medium should be employed in large scale cultivation efforts. Additionally, 

although the CRYO extract medium used Svalbard cryoconite: Pedersenbreen cryoconite, its 

mineral content was able to support growth of bacterial isolates from other sites, such as 

Tarfala (figure 4.9).  
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5.3 Discussion 

5.3.1 Different genera represented 

A total of 28 different genera were represented across an isolate collection of 291 strains. A 

large proportion of these were unknown, in that they either could not be sequenced, or the 

sequenced chromatograms were so poor they could not be submitted for a BLAST search. 

Whether this compares with published literature is hard to explore, as few culture-dependent 

experiments from various cryospheric locations report actual numbers of different genera 

present within a cultured collection. Many reports mentioned thus far report on the overall 

class/phyla abundance, or a subset of isolates are used in downstream analyses. Additionally, 

the development of culture independent methodology has greatly advanced in the last decade, 

fewer researchers are opting to spend time and money culturing bacteria, when important 

questions on community structure in response to different environments can be somewhat 

addressed by metagenomic profiles. Culture dependent methods developed into clone 

libraries and clone libraries have developed into shotgun metagenomics. Metagenomics 

sequencing has developed such that now MAGs are possible to resolve (see chapter 1, section 

1.6.2 for more detail). This isolate collection will be compared with all available literature 

encompassing several methodologies and sample types. 

However, Lee et al (2011) reports many similar compositions in Swedish/alpine cryoconite as 

seen in this collection. An abundance of Proteobacteria (comprising mainly of 

Gammaproteobacteria) was reported, followed by Bacteroidetes, then Actinobacteria, with a 

very small number of Firmicutes isolated. Similarly, following enumeration on R2A, 

(Margesin et al., 2002b) reported an abundance of bacteria belonging to Sphingomonas and 

Pseudomonas. This is mirrored in this collection, where the majority of Sphingomonas 

isolates and all Pseudomonas isolates originated from alpine samples. A proliferation of 

Pseudomonas has also been demonstrated more recently in Indian glaciers (Hassan et al., 

2020). During culture-dependent exploration of high Arctic cryoconite, of from 35 

morphologically distinct bacterial colonies, 8 genera were identified. (Singh et al., 2014). An 

abundance of Cryobacterium was reported, which matches the culture collection when 

considering high Arctic samples only. However, the next most abundant genus was 

Pseudomonas and this differs from this collection. Here, Pseudomonas were less abundant, 

and were not at all present in high/low Arctic samples. Instead, the second most abundant 

genera in high Arctic samples was Polaromonas, which were not at all present in the 

Swedish/alpine samples. Singh et al (2014) reports the presence of Polaromonas, but at a 
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much lower abundance. However, genera such as Leifsonia, Subtercola and Flavobacterium 

were present in both that and this dataset.  

As previously stated, many now instead use culture-independent methods to characterise the 

bacterial community of cryoconite and therefore they can be compared against this data set. 

As mentioned, Cryobacterium has been reported in both Arctic (Singh et al., 2014) and 

Antarctic (Christner et al., 2003). Moreover, Cryobacterium was the most abundant genus in 

a reported Arctic dataset, and in Greenland environmental samples (Perini et al., 2019). The 

second most abundant genera, Polaromonas was only present in the Arctic dataset, and has 

only been reported from Arctic samples (Singh et al., 2014). A particular abundance of 

Chryseobacterium uncovered during the BHI concentration experiment had thus far only 

been reported in Antarctic locations (Christner et al., 2003). The next most abundant genus: 

Variovorax was found in both Swedish/alpine and high Arctic origins in this dataset. Though 

strains of this genus have been isolated in the Arctic (Ciok et al., 2016) and Himalayan 

glaciers (Singh et al., 2020), they have yet to be reported in alpine glaciers. As previously 

mentioned, the presence of Sphingomonas matches the published data (Edwards et al., 2011; 

Lee et al., 2011). In this dataset, Arthrobacter could only be isolated from alpine samples, 

which matches published data, where it has thus far only been associated with Antarctic and 

alpine samples (Christner et al., 2003; Lee et al., 2011) respectively. The presence of 

Flavobacterium in Arctic samples only fits published data (Singh et al., 2014). The genus 

Glaciihabitans was found in both environments which contrasts from public literature where 

its presence is not widely reported. Li et al (2014) proposed this genus after isolating a novel 

bacterium in the meltwater of a Chinese glacier. Since then, Glaciihabitans has been reported 

in Arctic bacterial communities (Dahal & Kim, 2019). Its presence within alpine glaciers has 

hitherto not been reported. Though obviously, as it is a newer genus, older studies will not 

have used it as a comparison for their 16S rRNA gene comparisons. As previously 

mentioned, an abundance of Pseudomonas was recovered from alpine samples only in this 

dataset contrasts with (Singh et al., 2014) which did manage to culture members of 

Pseudomonas from glaciers in Svalbard. Mucilaginibacter is present in Arctic samples only 

in this dataset, which contrasts with published findings of the genus where it has only been 

reported in alpine (Lee et al., 2011) and Antarctic (Sanyal et al., 2018) samples only, though 

it has been reported in soils and lichens in Lapland (Männistö et al., 2010). Presence of 

Mucilaginibacter in Arctic samples has also been reported (Perini et al., 2019), as has 

Rugramonas species (also present in high Arctic samples only in this dataset). Massilia is 
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present in both environments in this dataset, more so in alpine samples. Massilia has been 

reported in Arctic samples (Perini et al., 2019), and is being increasingly isolated from Asian 

glaciers (Gu et al., 2017; Guo et al., 2016; Wang et al., 2018), so its presence here in both 

high Arctic and Swedish/alpine samples suggest its presence may be more widespread than 

previously thought. Janthinobacterium similarly could be found in both environments, and 

has been reported in both environments (Ambrožič Avguštin et al., 2013; Kim et al., 2012) 

and the Antarctic (Smith et al., 2013) . It is important to note only one these studies isolated 

Janthinobacterium from cryoconite (Kim et al., 2012). The others used glacier ice and 

supraglacial stream as their original environmental samples. Interestingly, the reported 

cultures of Janthinobacterium were much more abundant in sites with lots of human impact, 

though this dataset may demonstrate its inherent place within the lesser-impacted cryoconite 

bacterial community (Lee et al., 2011).  

On a phylum level the overall community structure reported in this dataset (proliferation of 

Proteobacteria, followed by Actinobacteria and Bacteroidetes, with a low proportion of 

Firmicutes representatives) mirror what has been previously published as the bacterial 

community using both culture-dependent and culture-independent techniques. Once 

descending the taxonomic ranks, there is more variability. 

5.3.1.1 Most abundant genera 

The absolute abundance of Cryobacterium, though in line with much of the previous 

literature, may be accounted for mostly by the BHI dilution experiment, which accounts for 

45% of the overall recovered Cryobacterium isolates. A similar consequence seems to have 

occurred in Chryseobacterium, which has not been widely reported but was hugely abundant 

in this dataset. Again, by examining figure 5.1 it is clear to see much of its recovery came 

from the BHI dilution experiment. Similarly, the abundance of Variovorax and 

Sphingomonas shown somewhat in the literature can be hugely accounted for by the 

Tarfala’17 experiment. Whether these organisms are simply more abundant, or whether the 

media selected have inherent bias merits further exploration as and when more metagenomic 

libraries from these environments are published. 

5.3.1.2 Lesser abundant genera 

Many genera are represented by much fewer isolates, with several having just one bacterium 

belonging to it across the 291 isolates. Brevundimonas, Reyranella and Tardiphaga were all 

isolated from Svalbard99 across 10% BHI, R2A and R2A respectively. Brevundimonas has 

been reported in ice cores from Greenland (Miteva et al., 2004) and snow cover on Chinese 
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glaciers (Zhang et al., 2012) , where it was actually shown to be the most abundant genera. It 

was similarly prolific within glacial environments in India (Hassan et al., 2020). Reyranella 

conversely does not seem to have been widely reported on any glaciers. It grew from 

Svalbard samples on R2A, so this may represent some novel recovery of hitherto uncultured 

genera in these environments. However, as previously explained, there is just one published 

study using culture-dependent methods for community characterisation using samples from 

Svalbard. Conversely, Tardiphaga has been isolated from Arctic samples previously, namely 

Greenland. Zeng et al (Zeng et al., 2020) explored isolated Tardiphaga strains isolated from 

Greenland and their phototropic potential. 

Rhodoferax (grown from R2A) and Hymenobacter (grown from CRYO), here present only in 

Swedish/alpine samples, have also been reported along Tibetan glacier snow (Zhang et al., 

2010). It is important to note that CRYO is technically a novel medium, and was made using 

cryoconite from Svalbard, so its recovery of Arctic dwelling bacteria seems coherent. 

Hymenobacter has also recently been shown to be widely abundant in coastal waters of 

Arctic glaciers (Garcia-Lopez et al., 2019). 

Other less abundant Swedish/alpine genera, such as Marisediminicola and Salinibacterium 

have been reported in Greenland (Liao et al., 2019) and (Møller et al., 2013) respectively, so 

this seems to be their first successful culture from a sub-Arctic environment. Paenibacillus 

represents the single member of Firmicutes across this dataset, grown on 50% BHI from the 

BHI experiment (which used a subset of samples from Svalbard16). However, this genus has 

been widely reported across the cryosphere before, in the Himalayas (Kishore et al., 2010), 

the Arctic (Cha et al., 2019) and the Antarctic (Dsouza et al., 2014). Paracoccus is the final 

genus represented by a single isolate, grown on R2S from Arctic samples. It has been 

demonstrated to be present in Himalayan glaciers (Singh et al., 2020) and coastal areas in the 

Arctic (Garcia-Lopez et al., 2019). 

5.3.2 Media 

In total, 6 different media (10BHI, R2A, R2S, CRYO, WA and RAVAN) were used to isolate 

the strains, and a further two mediums that were increasing concentrations of BHI (25%BHI 

and 50%BHI) were employed. The two ‘best’ media at capturing most of the inherent 

diversity within all samples was 10% BHI and R2A (figure 5.11). 10% BHI was able to 

capture 15/28 genera, and R2A was able to recover 20/28 overall genera. While only 3 genera 

Leifsonia, Frigoribacterium and Brevundimonas could be isolated on 10% BHI alone, 6 
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genera (Arthrobacter, Rhodanobacter, Marisediminicola, Reyranella, Rhodoferax and 

Tardiphaga) grew on R2A only. This seems to support the continued use of previously well 

established oligotrophic media R2A in culturing bacteria from the cryosphere. Several genera 

would only grow on specific mediums. Those on 10% BHI and R2A have already been 

discussed. Hymenobacter, Polymorphobacter and Salinibacterium could only be recovered 

using the CRYO extract plates. This is particularly interesting, and suggests extremely low 

nutrient media containing minerals from glaciers can be deployed and can capture strains that 

would have otherwise been missed or more widely used media such as R2A. As previously 

mentioned, the CRYO medium was created using cryoconite from Svalbard, so it is 

particularly pleasing it is able to capture isolates from unreported genera from sub-Arctic 

environments.  

5.3.3 High Arctic (Svalbard) versus low Arctic/alpine cultivable bacterial community 

Much of the most abundant genera was isolated using high Arctic cryoconite. Cryobacterium, 

making up the highest percentage of isolates was overwhelmingly present in Svalbard 

cryoconite, though was also recovered from Swedish/alpine samples. Polaromonas and 

Chryseobacterium, the two next most dominant genera were isolated only from Svalbard 

cryoconite. The next two, Variovorax and Sphingomonas were present in both environments, 

but more so in sub-Arctic cryoconite. Arthrobacter however is present only in sub-Arctic 

samples. As previously mentioned, few other genera are present only in sub-Arctic samples, 

but they are far less abundant: Pseudomonas, Polymorphobacter, Marisediminicola, 

Rhodoferax and Salinibacterium. Far more genera (13) are present only in Svalbard 

cryoconite. Despite the clear difference in specific high/low Arctic/alpine only bacteria, 

deeper conclusions about inherent diversity within the environments should not be 

speculated. There were far more isolates (212) in Svalbard than Swedish/alpine (79), so it 

seems expected there would be ultimately more diversity.  

To conclude, the aim of this chapter was fulfilled, where the two regions explored were 

compared in terms of resultant diversity. There were indeed some genera specific to each 

region, and some shared similarities. Overall, the culturable diversity largely matched what 

had been published, through both culture dependent and culture independent techniques. 

Some genera were recovered that had not yet been reported widely in cryoconite, either in 

high/low Arctic or Alpine samples. The lack of uniformity in experimental design was a huge 

limiting factor. Having different numbers of input environmental samples, resulting 

morphotypes and thus sequences for each media/region meant identifying concrete trends 
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was difficult. Also apparent from the phylogenetic trees is the differences in resulting 16S 

rRNA sequences according to the amplification method: PCR on genomic DNA versus single 

colony PCR. Future large-scale approaches should adopt either one method or the other and 

not mix them as this approach confused phylogenetic analyses. An approach to use different 

universal primers on the same samples was suggested, given the high number of unknown 

sequences that either did not amplify, or that the chromatograms were of such poor quality 

they could not be included in these analyses. Another limiting factor was the now suspecting 

mixed colonies going into the same co-extraction, confusing basecalling and thus resulting in 

odd phylogenetic groupings. Future approaches would do well to include time for many more 

subcultures, as clearly macroscopic colonies may contain mixed species. This project aimed 

to have few large-scale extraction/amplification batches, to have as few experimental 

variables as possible, but it may have been better to identify isolates in smaller batches more 

frequently, with characterised strains transferred to glycerol stocks on a frequent basis. 

Higher quality single isolates would have undoubtedly resulted in more consistent 

phylogenetic analyses. The issue of contaminant cultures is discussed in more detail in 

chapter 7, with some bioinformatic based strategies to counteract this limitation when 

analyses develop into whole genome sequencing. 

Having established a broad collection of bacterial isolates from a range of samples from 

several environments, the next step was to determine the antimicrobial capability of the 

isolates, using both phenotypic assays and genomic analyses. 
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Chapter 6 Antimicrobial activity of the isolates 

6.1 Introduction 

6.1.1 Antimicrobial activity of secondary metabolites 

Secondary metabolite production by bacteria represents a rich source of antimicrobial drug 

candidate compounds. Their very function: specialised natural products not involved in the 

primary cell development and replication, but the long-term survivability of the cell make 

them perfect candidates of antimicrobial drug leads. These natural products are sometimes 

produced as a defence mechanism, and as such, have antimicrobial function. Indeed, most 

current antibiotic drugs originated from the secondary metabolite production of soil dwelling 

microbes, particularly the Streptomyces genus, which has contributed towards 80% of all 

current antimicrobial drugs. Soil is an environment rife with competition from other 

microbial life. It has been estimated 1g of soil contains 4×107 prokaryotic cells (Richter & 

Markewitz, 1995).  

Bacterial associated secondary metabolites can be explored in a culture dependent and a 

culture independent manner. A combination of the two for bioprospecting in particular has 

become a popular (Berlemont et al., 2009; Kim et al., 2014; Lee et al., 2015; Vester et al., 

2014) route to explore cryospheric organisms.  

Given the extreme environment, glacier dwelling organisms may produce particularly diverse 

metabolites as they are defending themselves in a particularly rough environment. The 

inevitable competition of different metabolites inhabiting the same low nutrient space, 

coupled with the various stress factors that come with residing on a glacier surface (UV 

stress, temperature and salinity fluctuations.), contributes to the hypothesis that not only do 

glacier dwelling microbes produce biotechnical useful secondary metabolites, but that these 

may also have novel modes of action. 

By isolating an extract of secondary metabolites present in culture of actively growing 

bacteria, metabolite extracts can be tested against a range of other organisms to quantitatively 

assess antimicrobial activity. Additionally, as each strain to be screened has been isolated in 

pure culture, its genome can be sequenced. This can be mined for further insights into its 

antimicrobial capability using a variety of bioinformatics tools. Thus, through genome 

mining and performance in antimicrobial screens, a strain’s potential as a drug lead candidate 

can be assessed.  
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Metabolite extraction from bacterial cultures represents a formidable challenge. Microbial 

cultures must grow ample biomass for extraction, be actively producing secondary 

metabolites and this must be adequately separated from all other cellular components. This is 

particularly challenging with cryosphere dwelling organisms, as the majority of bacterial 

isolates from this environment will at least be psychrotolerant, meaning abundant biomass 

growth from overnight incubation at 37°C is not possible. Secondary metabolite production is 

initiated when a key nutrient is no longer abundant in a growth medium. Therefore, 

metabolite extraction needs to take place after a considerable amount of incubation time has 

passed, to allow exponential growth of the isolate to exhaust the supply of one (or more) of 

its key nutrients (see figure 1.1, section 1.3.1). Despite this, extracts from cryospheric 

dwelling organisms have been successfully screened for antimicrobial activity (Giudice et al., 

2007; O’Brien et al., 2004; Reddy et al., 2009). 

6.1.2 One Strains Many Compounds (OSMAC) approach and Co-culture 

To elicit more production, or perhaps more diverse production of secondary metabolites, 

studies have attempted to stress the actively growing bacteria in a variety of ways, thus 

hopefully inducing more compound production from the same sample (Wei et al., 2010). This 

approach is known as One Strain Many Compounds (OSMAC) (Bode et al., 2002). 

Additionally, co-cultures have been used with several bacteria and fungi growing together in 

the same culture medium, under the assumption they will turn hostile to compete for key 

nutrients (Ueda & Beppu, 2017), perhaps secreting hitherto unexplored bioactive compounds. 

Both methods have been adopted here. Though co-culture was only performed in a 

bacterium-bacterium manner. 

Co-culture has similarly been shown to improve antibiotic agent production. As far back as 

1994, fungal strains have been demonstrated to biosynthesize up to 400 fold secondary 

metabolites when grown in the presence of an antagonist strain compared to without 

(Sonnenbichler et al., 1994). Similar occurrence have been reported in marine bacteria 

(Burgess et al., 1999) where surface associated bacteria from Scottish coastal waters were 

grown in the presence of both other marine bacteria and human pathogenic strains of E. coli, 

B. subtilis and P. aeruginosa. 

Crucial to the fungal secondary metabolites was the discovery of so-called inducer molecules, 

which sense excretions of molecules produced by other fungi while actively growing 

(Sonnenbichler et al., 1994). Before living cells even come in contact with one another, these 
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toxins are produced. This has huge implications for bioprospecting in cryosphere bacteria, as 

strains of interest are not standardly grown in the presence of other competing strains. This is 

both because it would be complicated to separate compounds produced by each bacterium, 

and strains typically take longer to proliferate at such low optimum temperatures and 

accumulating enough biomass for a secondary metabolite extraction is time-consuming. 

However, such co-culture approaches have also been shown to result in growth promotion 

events that actually benefit the other strains. While studying Streptomyces strains grown in 

the presence of one another, it was discovered most interactions are in fact mutualistic, and it 

was assumed the stimulator strain actually induces development of receiver strains (Ueda & 

Beppu, 2017). Given these mixed findings, it is clear there is much to learn about this 

approach. 

 6.1.3 Tester bacterial strains 

This study aimed to test clinically relevant bacterial strains, with a capacity to become 

pathogenic in humans. The strains tested were: Pseudomonas aeruginosa ATCC 2785, 

Staphylococcus aureus ATCC 29213, Bacillus cereus and Escherichia coli ATCC 25922. 

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium common in soil, however 

it is clinically relevant owing to its opportunistic nature. It has a large genome (up to 7Mb), 

with many metabolic pathways, meaning it can adapt to changeable growth conditions with 

varied numerous environmental substrates (Hesse et al., 2018). It is particularly prominent in 

patients suffering from cystic fibrosis. 

Staphylococcus aureus is a Gram-positive bacterium, usually a commensal organism 

dwelling on the epidermis, but can become an opportunistic pathogen, particularly if any area 

of the skin becomes wounded, and it is able to enter the bloodstream (Foster, 2002). Here, 

their presence can give rise to Toxic Shock Syndrome (TSS). A particularly clinically 

relevant strain of this species is a methicillin resistant strain, dubbed MRSA.  

Escherichia coli is a Gram-negative rod-shaped bacterium. It thrives in gut environments of 

warm-blooded organisms, and despite being a facultative anaerobe, can survive in other 

environments (Rasko et al., 2008). Even gut-dwelling strains can survive outside the body, 

usually in faecal matter for 1-3 days. Due to its quick generation time of 20 minutes, it 

remains a popular species in research. 
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Bacillus cereus is a Gram-positive rod-shaped bacterium. It is commonly found in food and 

soil. While some strains are harmless and reside in the gut, others are opportunistic pathogens 

and can cause food-borne illness, where improper refrigeration methods allow endospore 

germination (Drobniewski, 1993). Like E. coli, its doubling time can be as little as 20 

minutes. 

These strains were chosen due to their well characterised properties as (opportunistic) 

pathogens, but for safety, only commercially available research strains were used, more 

specifically, the ATCC catalogue states all can be used for susceptibility testing or 

opportunistic pathogen research. All strains grew well overnight at 37°C which is required 

for this assay. 

6.1.4 Hidex testing for antimicrobial activity 

The Hidex Sense machine is a 96 well microtiter plate reader which measures the optical 

density within the wells at specific timepoints determined by the user. It has temperature and 

agitation capability, meaning a microtiter plate can be incubated for set durations with built in 

monitoring of optical density, generating a microbial growth curves. As bacterial growth can 

be continuously monitored, or measured at specific timepoints, bacterial responses to 

antimicrobial extracts can be quantified. Exact, accurate and reliable growth monitoring 

allows meaningful exploration as to the capability of metabolite extracts isolated from 

actively growing bacteria. By comparing the amount of growth of a standard bacteria 

incubated with each tested extract against a positive control, the inhibitory/suppressive 

capability of extracts can be determined. Not only this, their growth suppressing or promoting 

effect can be quantified, enabling further research into potential antimicrobial candidate 

strains based on their measured metabolite capability.  
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6.1.5 Hypotheses 

Hypothesis 1: ‘hardy’ bacteria will produce anti-microbial compounds against others within 

the cryosphere ecosystem, as a way to compete for nutrients essential for growth and survival 

Hypothesis 2: Stressing the growth conditions of the bacteria will induce more diverse 

antimicrobial compounds production as bacteria fight harder to thrive within a hostile system 

Hypothesis 3: Creating co-cultures of more than one actively growing bacteria within the 

same growth medium will introduce natural competition for key nutrients, inducing more 

diverse/concentrated antimicrobial compound production. 

6.1.6 Aims and objectives 

The overall aim is to assess the culture collection (isolated in chapters 3 and 4) in terms of 

antimicrobial potential. It is assumed these strains will perform well, given their tough 

ecosystem containing comparatively scarce nutrients. To test this hypothesis, metabolites 

must be extracted from an active culture of glacier dwelling bacteria, preferably in the 

stationary phase of growth where secondary metabolites are likely to be produced. These 

metabolite extracts can then be tested against actively growing bacteria to see if their growth 

can be supressed. Significant inhibition would support the overarching hypothesis that glacier 

microbes are a promising source of novel antimicrobials. 

Other aims, concerning hypotheses 2 and 3 are to elicit a wider range of secondary 

metabolites by stressing the actively growing strains, and to incubate the strain with another 

organism, introducing natural competition to the incubation conditions. To explore this, 

selected strains exhibiting bioactivity will be grown in increasing saline environments, and 

placed on a medium with extremely scant nutrients. These growth conditions will more 

accurately mirror environmental conditions likely to be encountered by these bacteria 

throughout the year. Meanwhile, co-cultures will be set up of previously antimicrobial 

strains. The secondary metabolites would be extracted and tested as normal. If the results are 

convincing and support the hypothesis, these metabolite extracts can be explored further, or 

the very strains themselves can be subjected to a number of gene expression analyses in 

response to the stimuli discussed previously. Additionally, investigation of NP production 

would need to be conducted to attribute particular compounds to its producing strain, such 

approaches have been successful for several compounds (Pettit, 2009).  
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6.2 Results 

Basic screens yield some isolates with acceptable levels of activity. There were three 

iterations of ‘Basic screen’ and these were detailed in section 2.6.4.1-3. Each iteration aimed 

to improve quality control of screens, such as the additional of an antibiotic/methanol control. 

In the co-culture experiment, a media control was added. The 24-hour screens produced 

mixed results. Overall, the screens gave a subset of isolates showing promising activity, some 

of which was cross-species. 

6.2.1 Hidex assay: basic screens 

Overall, the ‘basic screens’ (with no continuous monitoring and instead start and endpoint 

OD readings) yielded poor results in terms of antimicrobial activity. In most cases, the 

addition of the metabolite extract seemed to improve the growth of tester organisms. In the 

best screen, the growth percentage was reduced to 69% when compared with the positive 

control. The only activity that met the suppression threshold was against E. coli.  

 

Figure 6.1 shows the most promising bacterial metabolite extracts uncovered through the Basic Screen. 

As indicated by figure 6.1, 21 sample extracts were taken for the next stage of screening. All 

activity in these extracts were against E. coli. Other species suppression is shown in table 6.1. 

The most activity was in extract S99.26, where growth was inhibited by 31% when compared 

to the positive control. The least activity was exhibited by extracts 10.2-S99.84, which 

inhibited growth by only 15%, but S99.84 suppressed the growth of all tester bacteria, and 

was the only metabolite extract to do so. Though candidates were selected for more detailed 

assays based on their suppression, many of the isolates exhibited growth-promoting effects 

on the other tester bacteria (see SI, tables 5.1-5.34). It was hoped some extracts would show 
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suppression activity of 40-50% to be considered for further testing. Many of the Tarfala’17 

isolates (see SI) were cultured and tested after previous strains had already been selected for 

candidates for whole genome sequencing (chapter 7). In many cases, the methanol control 

that was introduced was also shown to promote/suppress growth, indicating a real limitation 

in this approach. In some cases, the negative control was also not as low as hoped- a 

threshold of <20% was initially set, but it became clear through repeated testing this was not 

always achieved. These are however based on OD readings taken by the Hidex and do not 

necessarily reflect actual bacterial growth. When loopfuls of the negative control were plated 

to check contamination of each assay, agar plates remained clear the next day, indicating the 

negative control did not actually contain any of the tester bacterial strains. As these screens 

were a time-optimised experiment, it was decided that only strains with ≤15% suppression 

would be considered for further analysis. Additionally, broth controls were tested at a latter 

stage with the Tarfala’17 isolates to ensure the growth mediums themselves were not the 

source of growth promotion. This test produced mixed results, with some tester strains 

responding positively to the broth controls, and some showing slight suppression (SI). 

However, none of the broth controls promoted growth beyond >11.39%. There are some 

worrying trends batch to batch (SI), where all or most samples tested in a single assay 

promote/suppress tester bacterial growth. This reiterates the needed for as many controls as 

possible in each screen, and a more robust extraction method, which is discussed in section 

6.3.5. 
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Table 6.1 shows the candidate extract’s activity against the other tester organisms in the basic screens. 

Sample name E. coli P. aeruginosa S. aureus B. cereus 

10.2 85 106 99 105 

10.3 77 110 102 104 

10.4 82 110 98 108 

10.6 85 112 87 108 

25.10 85 103 105 101 

50.18 81 102 119 97 

A19.1 82 105 108 103 

A23.1 79 95 100 91 

S16.10 81   97 107 

S16.11 83   99 106 

S16.14 82   101 110 

S16.17 76   100 110 

S16.19 76   99 114 

S16.39 85 103 113 107 

S16.43 85 98 100 103 

S16.45 83 101 111 109 

S99.12 78 108 88 115 

S99.15 70 104 103 113 

S99.17 75 140 106 113 

S99.26 69   123 125 

S99.84 85 98 89 87 

 

As previously mentioned, only some of the candidates were run against P. aeruginosa. Some 

candidates, though active against E. coli, actually promote the growth of other organisms. 

The only extract suppressive against all organisms is S99.84. The best performing extract 

against E. coli was S99.26, showing 31% inhibition against a positive control after 24 hours. 
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6.2.2 Hidex assay: 24-hour screen 

Five 24-hour assays were performed, testing 21 metabolite extracts that had previously 

suppressed growth by 15% or more. Three previously underwhelming strains (25.1 

(Cryobacterium luteum), 25.2 (unknown) and 25.4 (Cryobacterium roopkundense)) were 

included in the assays, however these were thought of as further controls. A methanol control 

from the final batch extraction was used in the final assay. Each assay tested five extracts and 

results are found in section X of the SI. A summary graph of the results is shown in figure X.  

Some batch to batch differences were clear. General suppression seems targeted against B. 

cereus and E. coli, suggesting antimicrobial effect is not limited by Gram status of tested 

strains. Only seven extracts suppress the growth of S. aureus, the majority promoted the 

growth. Several extracts suppress the growth of all three tested bacteria, which contradicts the 

basic screens. The highest level of suppression occurs in batch three, where S99.84 

suppresses the growth of E. coli by 40%. Encouragingly, it behaves as it did in the basic 

screen, suppressing all tested bacteria. Batch five has unanimous activity against E. coli, and 

promotion of B. cereus. E. coli suppression consistent through the assay is somewhat 

overshadowed by the idea that the methanol resuspension itself may play some role in this 

suppression. Therefore, suppressive results over the methanol-induced threshold are exciting, 

but lower levels of suppression remain unconvincing without further assays. 

Though these assays were overall very disappointing in terms of consistent antimicrobial 

bioactivity, results speak to the highly divergent capability of different species of the genus, 

or indeed strains of the same species. This complicates broader assumptions about genera and 

antimicrobial activity. In terms of genera and antimicrobial activity, the three controls 25.1, 

25.2 and 25.4 are assigned as Cryobacterium luteum, unknown and Cryobacterium 

roopkundense respectively. These were included since it was clear different members of 

Cryobacterium were having vastly different effects on tester bacteria growth in the initial 

screens. Therefore, these assays have the same number of Chryseobacterium and 

Cryobacterium isolates, but this subset of Cryobacterium members did not actually meet the 

inhibition thresholds to be in included in the 24-hour continuous screen. Therefore, in this 

sample set, Chryseobacterium is the most bioactive genus.
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Figure 6.2 shows the performance of the previously successful metabolite extracts during a continuously monitored 24-hour screen. The assumed genus is noted. Assays were carried out in five 

batches and these are indicated. 
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6.2.3 OSMAC approach results 

Unfortunately, the isolate selected for this assay (S99.84), selected as it showed consistent 

cross-species activity and was considered the most bioactive strain, as its inhibition % was 

numerically the highest, could not cope with the chosen stresses. S99.84 could not grow in 

any concentrations tested of NaCl (to test increasing salinity, mentioned in section X), nor 

would it grow on the nutrient limited medium (section X), despite all other incubation 

conditions being optimum. Since no biomass was available, there were no metabolite extracts 

to test.  

6.2.4 Co-culture results 

Unfortunately the co-culture (experimental design in section 2.6.2) yielded very poor 

suppression results (figure 6.3). None met the previously successful inhibition target of 15%. 

A blank control containing only each broth was used in the metabolite extraction, to 

determine if nutrient carry over might be causing the growth promoting effect of the strains’ 

extracts. The broth blank however, seemed to have slight promotive effects, maybe 

explaining some of the elevated growth of tester strains in response to metabolite exposure 

shown previously (tables X-X in SI). Coculture set ups (detailed in section 2.6.2) as follows: 

cc1= S16.17+S16.30, cc2= 10.2+ S16.30, cc3= S99.16+A23.1, cc4= S16.46+S16.45, cc5= 

S16.42+S16.41 and cc6= S99.84+S16.17. 

 

Figure 6.3 shows the assay results for the co-cultures of the most promising candidates. 
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Only cc1 had any significant suppression (see figure 6.3) and it was against P. aeruginosa. 

There was a slight suppression of E.coli, P. aeruginosa and B. cereus by most co-cultures. 

Also shown are the media controls for the metabolite extraction. S. aureus was not inhibited 

by any of the co-cultures, but instead growth was increased. 

6.3 Discussion 

6.3.1 Overall antimicrobial activity of isolate metabolite extracts 

Out of 291 isolates, just 21 metabolite extracts showed activity ≥15% (figure 6.1). ~7% 

success may seem low, but is comparable with other studies exploring bioactive potential of 

isolate collections. Shah et al (Shah et al., 2017) screened 121 soil isolates using the agar 

diffusion method and just 27 of these were selected for further downstream antimicrobial 

activity tests (22%). A study by Zhu et al (2014) which screened 816 Actinomycete strains, 

again isolated from soil samples, selected just 96 for further analysis (11.8%). Both studies 

had initial agar diffusion methods to assess antimicrobial activity, followed by a more 

quantitative test for the promising strains. On a more cryosphere specific note, during 

exploration of Antarctic marine environments, 580 isolates were screened and just 22 showed 

any inhibitory activity against tester organisms (Giudice et al., 2007). Therefore a low 

success rate seems inescapable when bioprospecting isolated environmental bacteria, even 

when measures are taken to improve success likelihood, such as focusing efforts on 

demonstrably bioactive strains, such as the approach screening Actinomycetes only (Zhu et 

al., 2014). 

6.3.2 Solid state growth medium and antimicrobial activity 

As much of the cryospheric bacteria bioprospecting has been culture independent, a protocol 

adapted for slow growing organisms is lacking. Generally, metabolite extraction protocols 

suggest extracting secondary metabolites from bacteria in a liquid medium. However, given 

that many isolates could not grow in a liquid medium, usually bacteria were taken from agar 

solidified medium within a Petri dish (section 2.6.1). It could be suggested that this represents 

very favourable growth conditions for the isolate, and given secondary metabolite production 

increases exponentially once a key nutrient for growth has been depleted (Wentzel et al., 

2012), these solid-medium culture conditions may not induce the maximum secondary 

metabolite biosynthesis. In future, researchers may need to adapt metabolite extraction 

protocols to find an optimum. In particular, growth curves of each potential bacteria could be 

performed, to determine actual optimum incubation duration before metabolite extraction. 
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6.3.3 Culture medium and antimicrobial activity 

There are many possible factors influencing the low recovery of promising strains from large 

isolate collections, particularly those originating in cryospheric environments. One factor 

with increasing attention is the culture medium used to isolate strains. It has been 

demonstrated multiple times that media containing glucose and/or phosphate can have 

suppressive effects on antimicrobial activity. Sánchez et al (2010) provides a nice review 

hypothesizing possible reasons for this, such as carbon catabolites suppressing secondary 

metabolite production, or increased carbon availability perhaps prolonging the growth phase 

of the organism, thereby reducing secondary metabolite production. Perhaps the media 

selected for these isolates were inappropriate for optimum metabolite biosynthesis, and a 

lesser nutrient dense media should have been utilised. However, as previously mentioned, 

lead candidate strain S99.84 (Cryobacterium psychrotolerans) was not able to grow on the 

nutrient poor medium, so more exploration is needed. Additionally, attempts to ‘stress’ 

promising strains by placing them in nutrient poor media (see section 2.6.3 for experiment 

design, and 6.2.3 for results) simply meant they would not grow. 

6.3.4 Single culture and antimicrobial activity 

Perhaps the biggest limitation of this approach to antimicrobial drug discovery is the single 

organism conditions of the culture. Previous experiments (Chen et al., 2015; Dashti et al., 

2014; Ola et al., 2013) show that co-culture of more than one organism may be key to the 

‘switching on’ of biosynthetic gene clusters. This seems intuitive: why would an organism 

waste precious metabolism and energy on defensive compound production when there is no 

competing organism to defend itself from? By simulating more authentic conditions, it is 

hoped more novel antimicrobial compounds would be produced than traditional pure culture. 

However, how do you know which compounds are produced by which isolate? Can the 

bacterium produce the compound reliably on a large scale? Can it be synthetically 

synthesized? Does its mode of action change according to which organism it is in co-culture 

with? To test this, co-cultures were set up in subsequent screens (section 2.6.2) with 

promising strains grown in the same medium as one another. Even when members of 

different genera were grown together, an increase in bioactivity could not be observed (see 

section 6.2.4, figure 6.3). This was particularly disappointing, but future studies could adopt 

this approach more readily, or even introduce some fungi-bacteria mediums to try and 

amplify antimicrobial secondary metabolite production. This approach shows great promise, 

with a 78-fold increase in secondary metabolites produced by fungi Fusarium tricinctum and 
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Bacillus subtilis (Ola et al., 2013). Not only this, the metabolites produced displayed great 

chemical diversity and were active against a number of known pathogens- even multi-

resistant clinical strains. Despite unconvincing antibacterial activity of some ‘turned on’ 

cryptic metabolites, novel compounds were shown to be produced in Aspergillus versicolor 

when grown with B. subtilis (Abdelwahab et al., 2018), demonstrating ways to overcome the 

bottleneck in antimicrobial drug discovery. Furthermore, coculture of Chaetomium sp, again 

with B. subtilis increased metabolite production 8.3-fold and resulted in five new novel 

compounds being identified that were not found in axenic fungal cultures (Akone et al., 

2016). Even fungi-fungi coculture has been shown to result in production of novel Macrolide 

compounds, which are not produced in axenic cultures (Stierle et al., 2017), demonstrating 

promise in bacteria-bacteria co-culture. A review of these co-cultures explores the underlying 

mechanism for this increased production, and suggest a pivotal role of signalling molecules 

between organisms, but acknowledges this means an insight into the ecology of isolates of 

interest is needed in this approach, to know how exactly to induce increased production 

(Moody, 2014). Finally, a recent review has recognized that performing co-cultures large 

scale on cultivated isolates can be time-consuming and reproducibility is hard to achieve, 

particularly with lesser-expressed compounds (Arora et al., 2020). These issues with 

upscaling could be helped with large scale transcriptomics at the time of co-culture exposure, 

to track gene expression, and more crucially, specific genes needed to induce these cryptic 

BCGs. 

Although co-culture was not a successful modification in this work, future cryosphere studies 

should consider using this approach, perhaps using fungi-bacteria co-cultures and 

incorporating multi-’omic approaches for bioprospecting. Metabolomics may inform on 

actual metabolite production, but transcriptomics will inform actual genes involved in 

pathways and genomics can help predict bioactivity, and assess novelty of pathways. It is a 

shame such an approach was not undertaken as part of this work. 

6.3.5 Extraction method and antimicrobial activity 

The method used to extract the metabolites could also be a limiting factor. The use of 

methanol:chloroform:dH2O (section 2.6.1) is a popular one for metabolite extraction, but 

more common is ethyl acetate (Shah et al., 2017; Zhu et al., 2014). However, both of these 

methods are non-targeted metabolite extractions (the resulting metabolites are not necessarily 

split into polar and non-polar or intracellular and extracellular). Despite both being non-

targeted approaches, recent research has shown ethyl acetate to reliably extract antimicrobial 
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metabolites from culture, particularly in Actinobacteria (Ahsan et al., 2017; Shetty et al., 

2014). In a review on different extraction methods, Mashego et al (2007) highlighted the 

frequent occurrence of cell leakage in both these extractions, due to a less robust cell wall 

than fungi and other eukaryotes. The review also stressed the importance of the ‘quenching’ 

step of metabolite extraction- where all metabolic activity is instantly stopped prior to 

extraction. There are several ways to achieve this: physical disturbance with stainless steel 

balls, acid/alkali shock and extreme heating or methanol addition coupled with an extreme 

low temperature. Therefore, perhaps the approach used in this study did not adequately 

‘quench’ cells, and a harsher method is needed. It could be argued a less crude extraction 

method should be attempted to provide reliable metabolite detection, quantification and 

separation. However, it is more laborious to extract distinct phases of a metabolite extract, 

which may not be preferred with larger culture collections. 

6.3.6 Genera and antimicrobial activity 

When setting the threshold of 15% inhibition before selecting strains for the 24hr assays, all 

extracts selected were those active against E. coli (figure 6.1). In terms of active genera, 

Chryseobacterium and Cryobacterium were the most bioactive genera tested (representing 7 

and 4 isolates respectively). The activity of Cryobacterium was expected, given the long 

standing knowledge of general antimicrobial activity of Actinobacteria, particularly in 

extreme/polar environments (Lee et al., 2012; Mahajan & Balachandran, 2012; Orlandini et 

al., 2014; Van Der Meij et al., 2017). It should also be remembered three isolates with 

underwhelming activity were included in controls, two of which belonged to Cryobacterium. 

This was to further explore the growth promotion/inhibition aspects of the Cryobacterium 

genus. Yet in these assays, 25.2 (unknown sp.) managed to suppress the growth of all tester 

bacteria, and was one of only five samples to do so. 25.1, C. luteum promoted the growth of 

all organisms, as expected, but 25.4 (C. roopkundense) suppressed growth of B. cereus in 

these assays. Although this supports the previously demonstrated varied bioactivity of 

Cryobacterium isolates, it is strange that metabolite extract samples would behave differently 

from one screen to the next. Previous initial screens using 25.4 had a final B. cereus growth 

of 102.84% (table 6.8), indicating slight growth enhancement compared to the positive 

control. It is possible, as discussed in section 6.3.5, that metabolites within the suspension 

were not homogenised through the suspension, and thus subsequent aliquots of the same 

sample used in different wells showed improved inhibitory effects. This underlines the need 
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for a method to robustly quantify secondary metabolite concentration when dealing with 

microbes. 

The majority of antimicrobial activity coming from Chryseobacterium extracts is surprising. 

Its bioactivity is less documented, with most research being conducted treating species within 

this genus as important clinical and sometimes pathogenic strains, therefore instead focusing 

on susceptibility to known antibiotics, or presence of antibiotic-resistance genes. However, 

recent culture dependent exploration has been conducted. Dahal et al (2020) isolated a 

member of this genus from Arctic soil and found 10 biosynthetic gene clusters within its 

genome. Interestingly, the strain, Chryseobacterium antibioticum sp. demonstrated 

antimicrobial activity against Gram-negative organisms, whereas in these screens, although 

members belonging to Chryseobacterium are active against E. coli, they are more reliably 

active against B. cereus, a Gram-positive organism. This genus may represent an exciting 

new direction for targeted isolation, shifting attention from long established Actinobacteria, 

and toward Bacteroidetes. 

Vester et al (2015) outlines culture-dependent and independent methods that could be used to 

increase the success of cryosphere bioprospecting. Many recommendations mentioned were 

employed in chapters 3 and 4: longer incubation time, solid medium isolation and a range of 

media employed to capture as much diversity as possible. While this worked well for the 

team (Kjølhede et al., 2013), instead here only a few of the recovered genera actually had any 

activity. This presents an argument against simply trying to capture diverse isolates for 

bioprospecting. Perhaps a more targeted approach, one favouring recovery of already prolific 

phylum Actinobacteria, or new players from Bacteroidetes should be adopted to increase 

chances of identifying drug leads. Other bioactive isolates were from the genera 

Polaromonas (3 extracts), Pseudomonas (2 extracts), Flavobacterium (2 extracts), 

Variovorax (1 extract) and Nakamurella (1 extract). Far less research has been conducted into 

these genera as sources of novel antimicrobial compounds. A study into endophytic bacteria 

as potential sources of novel compounds looked at genome sequences of endophytic bacteria, 

including strains of Polaromonas, Pseudomonas, Flavobacterium and Variovorax, but found 

only Pseudomonas had exciting levels of BGCs when genomes were analysed using the 

antiSMASH database (Monika et al., 2020). Representatives of Nakamurella were not 

included in the study, despite many examples of isolates being cultivated from interesting soil 

and plant environments (França et al., 2016; Liu et al., 2018; Nouioui et al., 2017). Very little 

genomic analyses into these genera (with the exception of well characterised Pseudomonas) 
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have centred on bioprospecting, which is unfortunate. Future work in this area may wish to 

make use of publicly available cryosphere bacterial genome sequences and the antiSMASH 

database. This would give a more global cryosphere centred overview of BGCs and therefore 

antimicrobial potential. 

More interesting is the performance of candidate extracts in the 24-hour screens, where 

members of the same genera can have either growth promoting, or growth inhibiting effects 

(figure 6.2). Cryobacterium in particular exhibits no consistency in which tester organism it 

acts on, and whether its effect is inhibitory or promoting, even when members of the genus 

are tested together in the same assay (figure 6.2). Pseudomonas isolates tested in different 

assays also had differing inhibitory effects, despite both being isolated from glaciers in the 

Tarfala valley. Polaromonas nearly always promoted the growth of all tester bacteria, except 

in S16.10 where it performs well against E.coli and S. aureus (table 6.1). Samples of 

Chryseobacterium always inhibits B. cereus and are generally consistent in their activity 

(figure 6.2). These assays support the notion of cryptic BCGs and it would be interesting to 

apply the OSMAC (section 6.2.3) and co-culture (section 6.2.4) approach on all isolates to try 

and improve activity. Though as discussed, the OSMAC approach needs modification, with 

perhaps a nutrient surplus and higher temperatures and co-culture could ideally include a 

tester fungal strain. 

6.3.7 Metabolite extracts and growth promotion 

Another interesting and unexpected outcome of these assays was the positive association 

between the addition of some metabolite extracts, and the increased growth of the tester 

strains. This was the case particularly with S. aureus, where just 9/24 extracts (plus the 

methanol control) suppressed growth (figure 6.2), while the remainder actually increased 

growth when compared to the positive control (broth and starter culture only). Also, at initial 

screens, metabolite extracts were rarely active against it. However, every organism was 

helped by at least some of the extracts and exhibited increased overall growth when 

compared to the positive control in some or many cases. This may be due to the leftover 

nutrient after the metabolite extraction. As discussed, the methanol:chloroform:dH2O method 

is an extremely crude approach to obtaining pure metabolite extract. Perhaps a more robust 

approach, or introducing a washing step to the resulting pellet before it is placed in the 

Rotavac evaporator would lower to nutritional content that ends up in the final extract used 

for the assays. In proteomics, for example, cells are routinely washed in PBS to ensure cell 

pellets are totally free of any nutrient in the medium in which they were grown. Despite the 
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antimicrobial assays being conducted in order to find metabolites with suppressive qualities, 

the fact some extracts positively affected overall growth in culture may be an advantageous 

finding. The previous chapter discussed the pitfalls in traditional culture methods, greatly 

influenced by the failure to replicate field conditions within the laboratory. Could the addition 

of extracted metabolites, perhaps mirror the metabolites produced by mixed communities of 

bacteria in the field? Would exposure to extracts improve diversity of cultivated bacteria by 

more accurately replicating ecological conditions? Such approaches may advance ecological 

knowledge of these systems. From these data, the overall thesis hypothesis seems null, where 

an extreme environment may mean isolated bacteria from these environments may display 

powerful and novel bioactivity. An ecological interpretation, particularly considering the 

failures in co-cultures attempted here, would be that these bacteria are instead much more 

tolerant of other species, and rarely waste precious resources on antimicrobial arsenal.  As 

cryoconite community structure seems fairly consistent over the decades of research in terms 

of relative abundance of different taxonomic ranks (Anesio et al., 2017), this may well be the 

case. 

6.3.8 Limitations to antimicrobial activity screening 

Figure 6.2 is displayed according to the batches it was run in. Each batch tested 5 extracts, as 

demonstrated in the plate set up covered in section 2.6.5. Samples of previously extracted 

metabolites were selected at random (25.2, 25.4 and 10.3) to balance out the number of 

extracts tested, but also to ensure no actually active strains were missed in the basic screen. 

None of these samples had a worrying increased effect on the growth of the tester organisms 

which indicates the basic screen works well to identify active samples only and does not 

negatively discriminate samples that actually are inhibitory. Yet 25.2 displays clear slight 

inhibition of all tester organism, when in previous assays in promoted growth of E. coli by 

7.85% when compared with the positive control, but did marginally inhibit the other tester 

organisms (SI). Some slight batch to batch variation is expected, but as previously mentioned, 

it would be useful to have a way to accurately quantify the secondary metabolite suspension 

so all samples and sample aliquots can have the same concentration used in assays.  

 Indeed, it does appear in figure 6.2 samples do cluster in their inhibitory/promoting effect 

according to batch. The reason for this is unclear, and in all batches, the samples are 

compared against positive, negative and antibiotic controls for that specific batch. However, 

it is still worrying and further exploration into why this occurs is needed. The fact that 

Chryseobacterium consistently inhibits the growth of B. cereus, no matter which batch it is in 
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provides some evidence the assay is at least partially working to illuminate truly inhibitory 

samples. Additionally, S99.84 behaved as it did in the basic screens, inhibiting the growth of 

all tester organisms, providing some consistency throughout this technique. 

Also of note is the performance of the methanol control. At the concentration used, it should 

have had a negligible suppressive effect, but in the final assay, it had a surprisingly strong 

effect (23% suppression of E.coli). Serious consideration is needed to determine if this 

method is accurate enough to quantitatively assess such crude extracts, or whether methanol 

is itself a suitable suspension medium for the extracts. The lack of a reliable measurement of 

metabolite concentration is another huge disadvantage to this method. For such crude, 

unknown extracts it might be better to use a less precise approach: plates and discs 

submerged in the metabolite extract with zone of lysis measurements conducted on tester 

organism spread plates might be more appropriate, as utilised in (Dahal et al., 2020). Such 

initial assays could then inform more high-throughput analysis on the Hidex Sense microplate 

reader. Additionally, a methanol (or alternate solvent used) and broth control must be 

included in each batch alongside the positive/negative/antibiotic control. Inclusion of three 

replicates in each assay and large batch secondary metabolite extracts with known activity 

could also be included as additional validation. Such approaches were not incorporated into 

this large-scale testing, but future studies may wish to include these. 

The aim of the chapter: to determine the antimicrobial capacity of each isolate has been 

fulfilled. Basic screening of 291 isolates was performed, yielding just 21 samples meeting a 

minimum threshold of 15% suppression, all of E. coli. When these were further tested, they 

behaved variably, casting doubt on the reliability of either the initial assay, or the 24-hour 

continuous screening to accurately quantify suppressive effects. However, some did indeed 

continue their suppressive effect, meaning hypothesis 1 can be accepted.  

Hypothesis 2 concerning the OSMAC approach could not be tested, given the fact the 

bacteria selected simply would not grow in the ‘stressed’ environment. Hypothesis 3, 

concerning the co-culture approach to enhance suppressive effects of strains already 

demonstrating bioactivity was tested. However, co-cultures did not meet the previous set 

threshold of 15% suppression, therefore the suppressive effect was not enhanced. For these 

samples, hypothesis 3 cannot be addressed and a larger scale effort to test co-cultures would 

be needed. However, given the amount of research confirming co-culture as a way of eliciting 
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cryptic BGCs, many of which are uncharacterised, this approach should not be disregarded in 

future studies of the cryosphere. 

6.3.9 Other methods to explore antimicrobial activity 

As shown throughout these assays, (and in previous chapters) culture dependent approaches 

have inherent bias. Recovery of organisms is limited, and phenotypic behaviour is not always 

consistent across assays and can be hard to quantify. However, culture-dependent methods 

has yielded pure isolated bacteria which could be genomically explored to assess potential 

antimicrobial activity. 
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Chapter 7 Bioprospecting for antimicrobial compounds using 

Arctic bacterial genomes 

7.1 Introduction             

7.1.1 Bioprospecting in the cryosphere                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Although exploring environmental bacteria for natural products is a well-established research 

avenue, particularly soil (de Castro et al., 2014) and marine organisms (Stincone & Brandelli, 

2020), using cryospheric psychrotolerant/psychrophilic bacteria is newer field. This avenue is 

hypothetically extremely fruitful, given the extreme nature of the cryosphere. Resident 

bacteria here need to cope with changeable conditions, such as saline, temperature and UV 

fluctuations. Evidence of genomic adaptation to these environments has been well 

documented in a range of microorganisms (Chrismas et al., 2016; Liu et al., 2020; Lyon & 

Mock, 2014), therefore it seems valid to explore these specialised genomes for potentially 

novel secondary metabolites that may be biotechnically useful.  

Current research into this area is still developing. Silva et al (2018) provides a comparable 

approach to the one undertaken in this experiment, surveying 326 isolates from the Antarctic 

and reporting low numbers of antibiotic compounds, though few had promising broad 

spectrum suppression in disc diffusion assays. It also highlighted the fact some isolates 

demonstrated antiparasitic activity and maintains the argument of this important ecosystem 

currently being underutilised in terms of antimicrobial potential. Likewise, a more recent 

study (Paun et al., 2021) utilising isolates from ancient ice cores of caves reported that of the 

subset selected for antimicrobial activity assays using the Kirby-Bauer method (using 

droplets of concentrated extracts of the isolates, as opposed to impregnated discs), all had 

some activity, indicated by the presence of a zone of inhibition. Though the authors do not 

present quantitative findings, the data further support the notion that psychrotolerant 

organisms (the paper states only four of the isolates were true psychrophiles, with the 

majority being psychrotolerant) should be explored more for hitherto untapped potential. This 

also demonstrates the need for more quantitative data, as reported on in chapter 6. Other 

studies routinely confirm antimicrobial activity exhibited by cultivated isolates of 

psychrotolerant and psychrophilic bacteria against clinically relevant bacterial strains (Javani 

et al., 2015; Rafiq et al., 2019; Sánchez et al., 2009; Suman et al., 2015; Yarzábal, 2016). 
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7.1.2 Bioprospecting Whole Genome Sequences of cryosphere bacterial isolates. 

Though rediscovery of already known compounds produced by different bacteria is certainly 

a bottleneck in this research, having a cultured strain that can be worked with means one can 

utilise the OSMAC approach (Bode et al., 2002)-originally mentioned in chapter 6. This can 

increase the chances of recovering novel compounds by exposing the same strain to a number 

of environmental stress, with the hope the organisms will produce different compounds in 

response to varied stimuli to maintain growth and persist in culture (Pan et al., 2019). 

Similarly, having the genomic potential of an organism gives a starting point to ‘turn on’ so 

called cryptic biosynthetic gene clusters (BGCs), so called because they will only be 

expressed in adequate levels under unknown conditions. Chiang et al (2011) presents a 

thought-provoking review on awakening these clusters, and mentions ‘orphan’ BGCs: where 

the corresponding metabolite is still undiscovered. Given the fact many bacterial genomes 

from the cryosphere have only been published within the last decade or so, it is reasonable to 

assume many of the corresponding metabolites produced by these strains is novel, and 

therefore unknown to databases that identify BGCs.  

7.1.3 Other approaches for bioprospecting in the cryosphere 

Other approaches are to bypass culture completely, utilising cloning and screening libraries 

for new compounds, or to try and mimic the organism’s natural setting to culture the 

infamous 99% (Kaeberlein et al., 2002; Nichols et al., 2010). These approaches come with 

their own limitations, for instance, when attempting heterologous expression of BGCs, it 

should be remembered these clusters can be extremely large. Not only this, heterologous 

hosts may have unsuitable native promoters to turn on the clusters and this presents an 

additional challenge. 

 

Figure 7.1 shows the potential workflow that can be employed using the genome sequences of bacterial isolated strains. 

Genomic potential

Actual metabolite 
production

OSMAC
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Figure 7.1 shows the potential of each isolate can be compared to its actual metabolite 

production, but crucially, incubation conditions of active cultures can be changed, informed 

by the genome information and again the actual metabolite production can be assayed. Hence 

why working with an actual isolate can be invaluable, where a multidirectional research plan 

can be applied (see figure 7.1), with data from each avenue informing the other, and work can 

be done to uncork this bottleneck of novel antimicrobial compound discovery. Indeed, 

(Knight et al., 2003) points out ecosystems are rarely systematically exploited, meaning much 

potential is missed and as these methods are so time consuming and generally focus in on 

easier to culture organisms. Therefore, much of the previous chapters have aimed to fulfil a 

void of large-scale exploration into the antimicrobial potential of an extremely challenging 

ecosystem. There is already a review into current methods to bioprospect from 

Actinobacteria specifically (Goodfellow & Fiedler, 2010) and it posits whether the 

rediscovery of Actinobacteria NPs could be mitigated by isolating Actinomycete strains from 

poorly studied habitats. 

Thus, the hypothesis of this chapter is whether the genomic potential of an isolate can be 

directly linked to its phenotypic behaviour in antimicrobial activity assays (chapter 6). To 

explore this, both growth promoting and growth suppressing strains of bacteria will have their 

genomes sequenced and compared. A good example of this are strains S99.84 and A18.2, 

both of which are assumed to be members of Cryobacterium psychrotolerans, yet have 

opposite phenotypic behaviour in the antimicrobial activity assays. It may be they differ 

vastly in terms of sequence annotation and characteristic BGC assigned by antiSMASH, in 

which case the hypothesis may be accepted and a proposed genomic mechanism for the 

antimicrobial activity can be suggested. Or they may have similar profiles across the 

bioinformatic tools used, in which case the hypothesis would be rejected and an alternate 

mechanism to elicit antimicrobial production between similar strains of bacteria would need 

to be suggested.  

7.1.4 Aims and Objectives 

The aim of this chapter is to survey the genomic information from each sample and explore 

its antimicrobial potential, or lack thereof. To achieve this aim, the following specific 

objectives will be pursued: 

 Each sample will be sequenced at 30× coverage, and the contigs assembled into a draft 

genome. This genome will be put through the program antiSMASH version 6. This tool 
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surveys genomes for their BGC potential, and inform future studies on controlling 

environmental conditions to try and turn on these cryptic BGCs. General information about 

each genome will be discussed, informed by their annotation in both RAST and Prokka. A 

‘resistome’ for each sample will be generated, using the Comprehensive Antimicrobial 

Resistance Database (CARD) tool ‘Resistance Gene Identifier. This is because antimicrobial 

resistance has been intrinsically linked with antimicrobial compound production. 

Additionally, Cryobacterium isolates will be directly compared to see if there is a genomic 

explanation for their growth promoting/growth suppression effect.  
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Figure 7.2 shows the workflow of the project, from isolates to bioinformatic exploration 
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7.2 Material and methods 

As shown in figure 7.2, the project workflow was to get from environmental samples to 

whole genome sequences that can be bioinformatically explored to give antimicrobial 

potential. Environmental samples of cryoconite were plated onto Petri dishes containing 

media covered in chapters 3 and 4, and interesting colonies were further sub-cultured until a 

pure isolated strain was achieved (morphological confirmation). Then, a whole metabolite 

extraction was performed on actively growing isolates, and the extracts were run on the 

Hidex Sense to assess antimicrobial activity. Selected strains (section 2.7.1) went through a 

genomic DNA extraction using the MoBio PowerSoil DNA isolation kit. Colonies were 

grown in their required growth medium for three weeks prior to genomic DNA extraction. 

Biomass was acquired by scraping the plates with a sterile disposable 10 µL loop and 

transferring this to a 1.5 mL microcentrifuge tube containing 1 mL of sterile 0.8% NaCl. 

These tubes were then pelleted after centrifugation and the extraction was performed 

according to manufacturer's instructions (section 2.7.2). Agar plates were used instead of 

liquid cultures to ensure colonies were uniform and had the expected morphotype for that 

strain, and these samples generally tend to grow quicker on a solid medium. Extracted DNA 

were normalized (table 7.1), confirmed by the Qubit High Sensitivity assay, and sent to the 

MicrobesNG facility. MicrobesNG sequenced the samples following the Nextera XT Library 

Prep Kit (Illumina, San Diego, USA). Reads underwent Quality Control (QC) with QUAST, 

trimmed using Trimmomatic (Bolger et al., 2014), assembled using SPAdes (Bankevich et 

al., 2012) and annotated using Prokka (Seemann, 2014). Kraken (Wood & Salzberg, 2014) 

was used to determine taxonomy. Upon receiving the reads, a further quality control was 

performed using QUAST (Gurevich et al., 2013) and CheckM (Parks et al., 2015) of the both 

the MicrobesNG assemblies and the FASTQ reads. If suspected contamination of sequences 

occurred, the sample was treated as a metagenome, and two contig binning tools were 

utilized: MetaBat2 (D. D. Kang et al., 2019) and MaxBin2 (Wu et al., 2016). Further QUAST 

and CheckM was performed, and an optimal binning set was obtained using DAStool (Sieber 

et al., 2018). GDTB-Tk classify (Chaumeil et al., 2020) was used to confirm taxonomy on 

samples/bins. Average Nucleotide Identify was estimated using the Kostas lab’s ANI 

calculator (jspecies). The sample was compared against other species within the same genus, 

as identified by GTDB-Tk classify. These classified assemblies were annotated using both 

Prokka (Seemann, 2014) and RAST (Aziz et al., 2008) and run through various tools. CARD 

RGI identifies regions in the genome matching those known to be associated with 

antimicrobial resistance, and estimates a ‘resistome’ of each sample (Alcock et al., 2020). 

http://jspecies.ribohost.com/jspeciesws/#analyse
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antiSMASH (version 6) (Blin et al., 2021) identifies regions of the genome likely to be 

BGCs, by comparing the sequence to its own database of known BGCs (Medema et al., 

2011). It also gives a similarity score for each match, and provides the taxonomy for the 

matching sequence- the ClusterBLAST function. 

7.3 Results 

Following a successful DNA extraction on the isolates, samples were prepared and sent for 

whole genome sequencing. The returned sequences were then explored using various tools to 

give information about each bacterial isolate, and uncover any regions of the genome 

matching known BGCs that may be associated with antimicrobial activity. 

7.3.1 Extraction 

The extraction went well, as shown by clear genomic DNA sized bands in figure 7.3.  

  

Figure 7.3 shows the gel electrophoresis visualization of the extracted samples. 

The gel electrophoresis (1= S16.19, 2= S99.84, 3= A18.2, 4= A19.1 and 5= S16.14) image 

shows band sizes above 1 Kb, indicating high molecular weight DNA present in all the 

samples, and this was validated with subsequent quantification (table 7.1). Importantly, the 

negative control for the extraction is completely clear indicating no contaminant DNA was 

present in the reagents used. 
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Table 7.1 shows the concentration of genomic DNA following extraction, purification and subsequent normalisation to 

achieve the final volume and concentration required for MicrobesNG. 

 

Nearly all samples presented in table 7.1 needed dilution to normalise extracts to the 

concentration and volume required for MicrobesNG. This indicated the extraction went well, 

with highly concentrated genomic DNA purified. Samples were diluted with elution buffer 

until their concentration was as desired, determined by Qubit Fluorometer (Invitrogen) 

quantification (see section 2.5.5 for details). 

 

 

 

 

 

 

 

 

 

Sample genomicDNA 

(ng/ µL)   
 

cleanDNA 

(ng/ µL)    

Dilute cleaned 

(ng/ µL)  
 

Dilute dilute 

(ng/ µL)  
 

Very dilute (ng/ µL)  

  

Stage of 

normalisation 

2 µL DNA to 

198 µL WS 

1 µL 

purified 

DNA to 

199 µL WS 

10µL DNA in 30 µL 

EB 

20 µL 

diluteDNA in 

20 µL EB 

additional EB to the 

DDdna 

1 Too high 81 41.2 23.6  

2 23.4 22.8    

3 Too high 82.8 39 27.8  

4 Too high 78.8 67.4 48.4 (+20 µL EB) 29.8 

5 Too high 78.2 56 38 (+10 µL EB) 29.8 

NC Too low Too low    
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7.3.2 Overall genome information 

7.3.2.1 QC 
Table 7.2 Quality control properties of each isolate assembly 

 

Table 7.2 shows some quality control information about each genome/bin. If the genome FASTA file had initial CheckM completeness score 

was <95, with a contamination score of >5 the sample was treated as a metagenome and put through various binning tools. Thus, the scores of 

the extracted sample bins (that subsequently met the inclusion threshold) are reported. S16.14bin1 Variovorax sp. was included despite its 

contamination score being slightly above 5, as was S16.14bin3 Cryobacterium sp. and its completeness score of 90.48. All other sequences had a 

completeness score >96. The total length of each genome ranged from 3,071,994 bp-6,298,555 bp and the largest contig length ranged from 

23,981 bp-491,399 bp. Number of predicted genes in each assembly ranged from 1091-6347. GC content ranged from 36.71-68.14%.  
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Table 7.3 The CheckM comparison scores for isolate genomes. 

 

Each assembly is compared to an appropriate marker lineage with the number of incorporated genomes in that lineage indicated. The number of 

markers used for the comparison is denoted. Missing genes are shown as ‘0’ and the presence of single copy genes matching other genomes in 

the lineage are in the ‘1’ column. Therefore, the numbers 2-5+ denote where an assembly has more than one copy of that marker gene- a possible 

indication of contamination. Table 7.3 shows only incomplete bins had 3 copies of a marker gene, though all assemblies had one or more 

duplicate copies, signifying all assemblies have slight contamination, or are compared against lineages that contain multicopy genes. S16.14bin1 

was the only assembly that seemingly could not be compared to any one order, and was instead compared against all 5449 bacterial genomes on 

the database, meaning it was only compared to 104 marker genes, by far the lowest number. S16.14bin3 also has lots of missing marker gene 

copies, likely due to incomplete assembly. 
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7.3.2.2 Identification and Taxonomic Classification 
Table 7.4 shows the GTDB-Tk taxonomic profile of each assembly and its identified closest placement ANI, determined through both GTDB-Tk and JSpeciesWS. 

 

Sequences were run through GTDB-Tk classifier (section 7.2), as well as JSpeciesWS (section 7.2), and their closest taxonomic placement was 

selected and the corresponding ANI scores. Individual tables of both taxonomic profiles can be found in the SI. Table 7.4 shows some taxonomic 

comparisons of each assembly across two different tools, along with their corresponding ANI score. Sequences generally had low ANI scores to 

their closest placement, especially considering ANI thresholds are set at ≥95% ANI to be considered the same bacterial species. The highest 

match was found when comparing the Variovorax genome to an unnamed member of the same genus, where an ANI score of 82.55 was 
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observed. GTDB-Tk estimated ANI was generally higher than the JSpeciesWS assigned scores. Four out of eight genomes have a closest match 

with Cryobacterium psychrotolerans. Inclusion of all genomes listed in the table changed this and more information can be found in the SI.  

7.3.2.2 Annotation 
Table 7.5 shows the RAST annotation of each genome/bin assembly. 

 

Table 7.5 shows a broad range of differences between genomes. The GC content of each assembly was within the expected range of the assigned 

taxonomy, even S16.14bin2 with a low GC content of 36.7% which seems within range for Chryseobacterium genomes (Matu et al., n.d.). 

Additionally genome sizes (bp) were within expected range for all assemblies. As expected, as the assembly sizes increases, so do the number of 

coding sequences. Obviously, the smaller the contig number, the better but most assemblies had contig numbers consistent with short read 

sequencing technology. 
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Figure 7.4 shows the relative percentages of subsystem features assigned in each assembly. Secondary Metabolism has been highlighted in bright yellow. 

 

When corrected to their relative identifiable subsystem proportions (see figure 7.4), the features show largely similar abundances across the 

assemblies. Interestingly, S16.19bin1 has no features associated with Secondary Metabolism. This is surprising as this assembly was classified 

as belonging to family Microbacteriaceae (table 7.4) and these generally have Secondary Metabolism associated features shown in members of 
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Cryobacterium in these isolates. Additionally, all other assemblies feature at least one subsystem concerning Secondary Metabolism. This is also 

important in subsequent antiSMASH analysis, where BGCs will be identified and resulting secondary metabolites likely coded for by these 

clusters will be discussed. A18.2 and S99.84 are also remarkably similar, except the features associated with Phages, Prophages, Transposable 

elements and Plasmids. in A18.2. Any genomic differences between the two assemblies are interesting, given their close phylogenetic 

relationship (see chapter 8) yet opposing phenotypic performance in antimicrobial activity assays. As expected, all assemblies devote at least 10-

20% of their subsystems to Cell Division and Cell Cycle, which is obviously needed to propagate and thrive. The Amino acids and Derivatives 

subsystem also accounts for ~10-20% of each assembly, and this is again involved in proliferation and producing proteins. Protein metabolism 

and Cofactors, Vitamins, Prosthetic groups and Pigments also make up a large proportion of each assembly. Most assemblies devote at least half 

of their subsystem coverage to these four key areas, vital for any functioning, proliferating bacterial cell. All assemblies devote some subsystem 

coverage to Dormancy and Sporulation, and this may be an important mechanism for survival in extreme environments. Genes concerning 

Virulence, Disease and Defence is also present in all assemblies. 
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Table 7.6 shows a most relevant subset of the RAST annotated subsystem feature counts. Relative proportions of feature counts in each assembly are denoted as percentages next to each count. 

 

Table 7.6 shows the relative proportions of features across assemblies were broadly similar. Features of interest were selected for their likely 

roles in antimicrobial activity and also cold adaption methods. Secondary Metabolism counts for <1% of counts in all assemblies. Stress 

Response features are between 1-5% of each assembly, and is particularly low amongst Cryobacterium sp. (<3%). Dormancy and sporulation/ 

Prophages never accounted for more than 0.2% of any assembly. Aromatic compound and fatty acid biosynthesis however were more dominant 

across the subsystems. Unsurprisingly, Cryobacterium sp. all had very similar profiles. A19.1 and S16.14bin2 also had increased counts across 

the subsystems. Interestingly, despite having comparatively lower counts of interest, S16.14bin2 clearly had the highest counts associated with 

Phages, prophages, transposable elements and plasmids. This may explain its comparatively small genome (table 7.2 and 7.5). 
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7.3.2.3 antiSMASH 
Table 7.7 antiSMASH output for each genome/bin assembly. Results are somewhat colour coded, with grey denoting no hits and lighter shades of green denoting fewer hits. 

 

Table 7.7 displays each reported present region, as well as the total number of regions detected from the input assembly. If more than one type of 

region was identified, both returned types were used in this table. Table 7.7 shows there is a clear abundance of saccharide and fatty acids 

associated cluster hits across all assemblies. Several hits were found in one assembly only, A19.1. Other common hits included NAPAA, 

terpenes, T3PKS and betalactone. Terpene hits were commonly strict hits, whereas saccharides and fatty acids were often only loose hits. A19.1 

(Pseudomonas) had the highest number of different clusters, though S99.84 (Cryobacterium) and S16.14bin2 (Chryseobacterium) had the same 

number of hits overall, dispelling the notion any one genera could be associated with more clusters. A18.2 and S99.84 (the growth promoting 

and inhibiting Cryobacterium strains respectively) had the exact same strict hits and difference of just 5 more saccharides.  
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7.3.2.4 CARD 
Table 7.8 shows the CARD information for each genome/bin assembly. All samples were run through the same parameters (Perfect+Strict+Loose hits). 

 

Table 7.8 shows Antibiotics efflux is clearly the most common resistance mechanism across the assemblies. However, each mechanism has 

similar representation in each assembly. Most assemblies had hits to all mechanisms, except A18.2 which did not have any genes associated with 

reduced permeability to antibiotic. This is particularly interesting as A18.2 is in the same genus as S99.84 and S16.14bin2. Generally, the larger 

the assembly size the higher the number of loose hits. Only A19.1 and S16.14bin2 returned any strict hits. 
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7.4 Discussion 

The whole genome sequences of all the isolates were indeed subject to QC and underwent 

bioinformatic analyses looking for key components of their genomes, such as AMR genes, 

BGC detection and phylogenomic comparisons. Therefore, the aims were met. Genomes have 

been compared and contrasted to see if there are any taxon-specific aspects of their genomes 

which have implications for future cryosphere research, both in terms of bioprospecting for 

antimicrobial activity and ecological responses to climate change. 

Throughout the exploration of each assembly, it has become clear that there are one or more 

novel species of Cryobacterium sp., given the low ANI matches with any other species within 

the genus (table 7.4). Therefore, these assemblies need further examining. Thus, these are 

explored in more detail in the next chapter. 

7.4.1 Annotation features 

RAST annotation of the genomes (tables 7.5 and 7.6 and figure 7.4) shows a varied number 

of feature subsystems across genera. Cryobacterium species tend to have higher number of 

Secondary Metabolism features, but lower Dormancy and Sporulation features. The 

Pseudomonas assembly has by far the highest number of feature counts in Stress Response, 

Aromatic Compounds and Fatty acid metabolism, though this could be due to better 

annotation from higher coverage sequencing, as opposed to mixed samples, which obviously 

have lower coverage (see table 7.2). It also had the second highest number of 

Dormancy/sporulation and Phages/transposable elements features. Interestingly, S16.19bin1, 

the unnamed Microbacteriaceae was the only genome to have no Secondary Metabolism and 

Phage/prophage/plasmids system counts, though two Cryobacterium genomes also had no 

Phage/prophage/plasmids counts. S16.14bin1 Variovorax also had high counts in Stress 

Response, Aromatic Compound metabolism and Fatty acid metabolism. It also had the 

highest Dormancy and Sporulation counts, though this could be due to its large assembly size 

(6.2 Mb, table 7.2). S16.14bin2 Chryseobacterium had lower feature counts all round, on the 

lower range of Secondary Metabolism, Stress Response, Metabolism of Aromatic 

Compounds and Fatty acid metabolism counts. This is likely due to its lowest assembly size 

(3.1 Mb, table 7.2). Interestingly, it had the highest number of counts associated with 

Phages/transposable elements and plasmids, so perhaps it is indeed a smaller sized genome. 

Differences between the several lower Arctic Cryobacterium species are also noteworthy. 

A18.2 had higher Phage/prophage/plasmid features when compared to its high Arctic 

counterparts. No annotations had hits to Cell Division and Cell Cycle. A19.1 had the highest 
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number of annotations overall, though again, this could be due to better sequencing coverage 

or big genome size.  

Prokka annotation of the genomes was also illuminating. There were fewer than expected 

cold shock genes within each of the sequences, given the samples are supposedly at least 

psychrotolerant, and thrive in an environment with extreme low temperature stresses. 

However, it should be remembered all samples were collected later on the melt season (July, 

August) in each environment. Given the temperature range of cryoconite holes remains 

generally fixed at just +0.1- +1°C however (Edwards et al., 2011a), it was expected more cold 

shock genes may be present in the high Arctic samples, but this was not the case. Perhaps the 

consistent low temperature means multiple genes coding for a cold shock response is simply 

not necessary. This all correlates with a recent study which compared several representative 

genomes of the Cryobacterium genus and probed the annotations for adaptation features, by 

comparing truly psychrophilic strains with their mesophilic counterparts (Liu et al., 2020b) It 

reports just two predicted cold shock genes in each genome from 14 psychrophilic strains of 

Cryobacterium, and highlighted a previous study (Piette et al., 2012), in which no cold shock 

genes could actually be detected in the proteome, despite systematically reducing the culture 

temperature in an Antarctic psychrophile. These studies also complement another study 

(Chrismas et al., 2016) where there were no differentiation in cold shock genes in 

Cyanobacterium Phormidesmis priestleyi when compared to its temperate counterparts. 

Conversely, Aliyu et al (2016) reports 20 putative cold shock proteins encoded by a 

Nesterenkonia sp. and described other important genomic differences between this bacteria 

and its mesophilic counterparts. This comparative approach should be continued because as 

Chrismas et al (2016) points out, there may be some hitherto uncharacterised cold tolerance 

genes present in the genome. As more complete genomes from the cryosphere are made 

available to public databases, it will be interesting to systematically rerun analyses on draft 

genomes, as much information about genomic adaptation in cryospheric bacteria may be 

being lost, simply due to lack of comparison. 

This suggests more detailed exploration of cold adaptation of bacterial genomes is needed, as 

opposed to relying on RAST subsystem identification and Prokka annotation. There is a 

particular need for complete cryospheric genomes against which novel draft genomes can be 

compared. Furthermore, as Liu et al (2020b) points out, heat shock genes, abundant at least in 

the psychrophilic Cryobacterium strains and genes involved in Motility and Chemotaxis 

(present in many of these assemblies in their RAST annotation) may provide more useful 
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clues in adaptation strategies. There is much to be learnt about the ecology of resident 

bacteria within the cryosphere. 

 However, that same study also reported psychrophilic strains did indeed have more genes 

associated with stress when compared to their mesophilic counterparts (only one mesophilic 

member of Cryobacterium was used, but other similar organisms were included in the 

analysis). All annotations in this chapter had Stress Response feature counts, ranging from 

104 in A19.1 to 16 in S16.14bin3. Inferences about adaptation to different study sites should 

not be speculated however, given the previously discussed differences in sequence coverage 

between assemblies, vast differences between assembly sizes, and the fact the annotation with 

the second highest number of Stress Response features was S16.14bin1, presenting no clear 

relationship between sample collection location and stress. This remains an avenue through 

which to address adaptation mechanisms.  

7.4.2 antiSMASH analysis of each genome (loose and strict hits) 

Generally, the predicted antiSMASH regions (table 7.7) were broadly similar across the 

assemblies, with a few core clusters throughout and many identified clusters bearing very low 

similarity, if any, to any known clusters (see SI tables 6.4, 6.8, 6.16-17, 6.21 and 6.28-30 for 

individual antiSMASH results). For example, analysis of S99.84 showed two regions 

associated with terpene metabolites. Only one of these showed any similarity (50%) to the 

closest known compound. Terpenes were actually found in all assemblies except A19.1. This 

also correlates with other polar bacteria, particularly marine organisms (Soldatou et al., 

2021). Demonstration of potentially novel Terpene biosynthesis is particularly exciting, given 

its previous utilisation in an antibiotic albaflavenone, isolated from Streptomyces (Schulz & 

Dickschat, 2007) and geosmin: a widely studied terpenoid, giving soil its earthy aroma 

(Pollak & Berger, 1996). 

There is a commonality of most of these assemblies with a terpene cluster (table 7.7), and 

terpenes may genuinely just be more abundant in these samples, given their commonality in 

polar bacteria (Waschulin et al., 2021). Incidentally, their study highlights an interesting 

emerging trend in bioprospecting, building on culture dependent and culture independent 

methods: using MAGs in many of the tools originally built for single isolates genomes. The 

paper results are directly comparable with the clusters found in this chapter, proving the merit 

in this technique. Terpenes were the most abundant cluster type among the 1417 BGCs 

identified. It also identified its own limitations, which also limit these data presented in this 

chapter. It hypothesizes the reference database did not contain enough representative 
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proteins, given most of the strains identified from their MAG in the study had not been 

characterised. 

To validate these assemblies further, the publicly available genomes of the genera 

represented were run through antiSMASH. Results can be found in the SI (section 6: Public 

genomes) and will be discussed imminently.  

Other hits common to the genomes were T3PKS (found in all samples, except again A19.1) 

and betalactone (in all except S16.14bin2 and 3). Interestingly, betalactone was always 

identified in the same cluster as a saccharide, and sometimes an additional Terpene. In public 

genomes and these assemblies, the cluster ranged in size from 37,030 bp (betalactone and 

saccharide in S99.84) to 62,507 bp (betalactone, saccharide and terpene in Cryobacterium 

psychrotolerans). It therefore seems likely as the largest contig size in S16.14bin2 and 3 

(23981 bp and 30545 bp respectively) simply was not large enough to span the sheer size of 

this cluster. It also seems the betalactone is part of a bigger pathway, and joins with a 

saccharide and terpene to build some kind of carotenoid. These clusters are sometimes found 

within the same cluster, provided the cluster is large enough in size (please see SI tables 6.31-

6.60 for individual antiSMASH profiles of each assembly). As previously mentioned, a strict 

hit to a terpene displaying between 50-66% similarity to a carotenoid cluster is found in 

S16.19bin1 and 2, A18.2 and S99.84 and also all public Cryobacterium genomes analysed 

except C. mesophilium. These clusters and their match to a carotenoid compound seems to 

suggest a core cluster among psychrotolerant members of Cryobacterium, and possibly 

Microbacteriaceae as a family. It was also found in S16.14bin1, belonging to Variovorax. It 

is tempting to speculate if this is a cluster that is shared among many cryospheric bacteria. It 

would be extremely interesting to explore this carotenoid compound further, as its similarity 

scores indicate something novel and core to the community. Though terpenes were found in 

most other publicly available genomes across all represented genera, the similarity to a 

carotenoid was not always identified. Therefore, there may be some kind of core pigment 

production specific to these bacteria, perhaps in response to the UV fluctuations experienced 

by the community. This is further supported by the presence of a Terpene cluster with the 

carotenoid similarity in a publicly available C. greendlandense genome (see appendix, table 

1.12), but not in its temperate counterparts. 

T3PKS seems common to all Cryobacterium species, identified in all Cryobacterium 

assemblies and even S16.14bin1 (Variovorax) and S16.14bin 2 (Chryseobacterium), hinting 
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it again may be a common cluster in cryospheric bacteria. Indeed, a T3PKS cluster was found 

in all of the public Cryobacterium genome assemblies used, ranging in size from 31,610 bp to 

41,253 bp. Sweeping generalisations about T3PKS clusters should not be inferred, given the 

sheer diversity within that compound type. Furthermore, there were multiple different ‘most 

similar known clusters’ (a returned result in each antiSMASH profile) to each of the T3PKS 

clusters found in both these assemblies and public genomes. It is interesting it was identified 

even in the poorer quality assemblies, such as S16.14bin2 (Chryseobacterium sp), which only 

had a QUAST estimated largest contig size of 23,981 bp, though that may be due to the 

relatively small size of a T3PKS cluster. 

Some identified clusters, such as NRPS-like and NAGGN underwent an update or were 

added in antiSMASH version 5.0, so it is possible as more genomes are added to public 

databases and the antiSMASH database develops, more strict hits could be assigned to the 

same genome in future. As more clusters are characterised and added to the database, it is 

expected the true biosynthetic potential of these organisms is much higher that can currently 

be satisfactorily analysed. 

Excitingly, many of the strict hits identified in these assemblies did not have high percentage 

similarities to its most similar known cluster. Out of 45 strict hits identified across each 

assembly, just 4 had 100% similarity to known clusters (1 in S16.19bin1, 2 in A19.1 and 1 in 

S16.14bin1). This supports an exciting idea that many of the BGCs found in these assemblies 

are truly novel, supporting the notion of untapped antimicrobial potential in cryospheric 

organisms. This is further supported by the confirmation that most of the KnownClusterBlast 

analyses returned results from the same genus, suggesting these compounds are specific to 

these types of bacteria. 

All genomes had multiple hits to clusters associated with fatty acid synthesis, which the 

database states is likely to be more from primary metabolism. Nonetheless, as discussed in 

chapter 6, due to the metabolite extraction method used, it is likely fatty acids/lipid 

compounds will have persisted with the extraction method, while compounds like Terpenes 

may have been lost either in the important quenching of metabolites step, or in the aggressive 

drying of the pellet, so it seemed important to include them in analysis. Running the 

antiSMASH algorithm on loose may give untrue hits, but as not many studies have been 

published utilising antiSMASH on draft genomes of glacier associated bacteria, this chapter 

was aimed at capturing all possibly novelty, and the potential of the samples, which could be 
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directly compared with their antimicrobial assay data. The potential antibacterial effect of 

fatty acids has been well documented (Desbois & Smith, 2010), so their proliferation in these 

assemblies in exciting. Additionally, fatty acid biosynthesis may shed light on important 

adaptation strategies, as is suggested from their role in membrane fluidity and its importance 

in cold stress response. A recent study (Králová, 2017) presents an exploration of membrane 

fatty acids in Antarctic Flavobacterium species, and concludes the psychrophilic strains 

produced more different types of fatty acids than other mesophilic and thermophilic members 

of that genus.  Additional reports of interesting fatty acid profiles from cultured bacteria from 

Svalbard glaciers (Singh, Singh, & Dhakephalkar, 2014) correlate with previous reports of 

branched fatty acids found in cold adapted bacteria (Aliyu et al., 2016).  

Another interesting aspect of the antiSMASH results is the similarity of S99.84 and A18.2 in 

their cluster hits. Both had two strict hits to Terpenes, one to T3PKS, one to NAPAA and one 

to NRPS-like. This may seem unremarkable, given both are demonstrably members of 

Cryobacterium and would clearly share some common genes and therefore gene clusters, but 

as shown in chapter 6, S99.84 had a clear growth suppression effect, across all tested 

organisms and exhibited the highest suppressive effect (41% against E. coli) in the 24-hour 

continuous assays. Conversely, A18.2 was included as a growth-promoting organism, as 

there were instances of Cryobacterium both supressing and inhibiting growth, and it was 

proposed the genome sequence may illuminate the reason for this occurrence. Yet their 

antiSMASH profiles are extremely similar, aside from slightly increased saccharide hits in 

S99.84. ClusterBlast (inherent algorithm that detects similar gene clusters previously 

reported) of the strict hits showed other query sequence hits mostly to other Cryobacterium 

species. It is tempting to speculate whether the additional saccharides in S99.84 could explain 

the growth suppression exhibited by S99.84, particularly as discussed in chapter 6, extraction 

methods can determine abundance of resulting metabolites. However, it should be 

remembered that each genome came from samples grown from different media, which could 

be a factor. More excitingly, it hints there is a cryptic BGC, not yet characterised which 

somehow needs switching on. Additionally, there have been cases of metabolites having both 

a growth stimulating and growth suppressing effect (Laine et al., 1996), illustrating how 

complicated it can be to assign activity to any one cluster. Further metabolomics is clearly 

needed to elucidate the opposing growth effects of Cryobacterium isolates. 

 The other Cryobacterium assemblies: S16.19bin2 and S16.14bin3 also had very similar 

antiSMASH profiles, e.g. strict hits to Terpene (2) and T3PKS (1). However, as the 16S 
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rRNA gene comparisons classified these samples to different genera previously, links should 

not be inferred between their genome sequences and their antimicrobial assay performances, 

as it is likely some contamination occurred after these assays were performed. Nonetheless, 

these profiles support a notion of Terpene biosynthesis as a common occurrence in cold 

adapted bacteria, mirroring previous studies (Núñez-Pons et al., 2020), but particularly in 

Cryobacterium species. Cryobacterium sp. have had documented activity against common 

bacteria, such as (Salister et al., 2019) which describes a putative peptide coding gene from 

an Antarctic dwelling Cryobacterium as having antimicrobial activity against different 

species-namely E.coli. Much of the previous research into extremophile bacterial natural 

products has focused on Actinobacteria (Bérdy, 2012), given its previous demonstrable 

activity. Indeed, 80% of current antibiotics originate from compounds produced by 

Streptomyces (Procópio et al., 2012). Thus, it would be interesting to see whether Terpenes, 

or some other common BGC specific to Cryobacterium can account for this widespread 

activity. 

S16.14bin1, Variovorax sp returned both strict and loose hits on antiSMASH: strict hits to 

Terpene (2), T3PKS (1), betalactone (1) and NAPAA (1). As the sample was clearly mixed 

during the genomic DNA extraction, inferences about previously demonstrated antimicrobial 

activity should not be taken as absolute. However, another study has shown arctic Variovorax 

strains as having some activity and has isolated a siderophore from the strain (Robertson et 

al., 2018). Excitingly, the fractionated compounds themselves were used in the antimicrobial 

testing, where the 96 well plate microbroth dilution assay was employed. Again, the genus 

has already been shown to possess useful antimicrobial activity when used against plant 

pathogens (Hong et al., 2015). Furthermore, antiSMASH analysis of an endophytic 

Variovorax sp: Variovorax paradoxus KB5 returned 10 clusters (Hong et al., 2017), though 

the  paper does not specify these. When public genomes of Variovorax were run through 

antiSMASH, all assemblies returned strict and loose hits, particularly to T1PKS. Again, 

similarity scores were low to most similar known cluster, suggesting other genera present in 

the cryosphere should be explored for antimicrobial potential. 

A19.1 presents an interesting assembly in terms of antiSMASH hits. Pseudomonas is likely 

the most characterised genus of the assemblies and this may be reflected in the number of 

identifiable hits on the database. It had the most strict hits of any assembly, and also the most 

diverse hits. Many clusters were identified in A19.1 alone: Siderophore, arylpropylene, 

NAGGN, redox-cofactor and RRE-containing. Despite this, it did not have the highest 
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number of hits to fatty acids or saccharides. As discussed in chapter 6, A19.1 demonstrated 

impressive activity against all tester strains of bacteria in the continuous 24-hour assay. 

Further work could examine whether any of the hits specific to A19.1 could account for this 

wide-ranging activity. Like the approach used in (Robertson et al., 2018), isolated compounds 

themselves matching the antiSMASH profiles could be tested against bacteria. As mentioned 

previously, studies have shown metabolites such as Siderophore produced in Pseudomonas 

sp. as having both growth promoting/growth suppressing effects (Laine et al., 1996), which 

could explain why A19.1 was only active against E.coli in the initial screen, but subsequently 

suppressed all tester strains. Pseudomonas has a proven record of antimicrobial activity, and 

has been tested as a biocontrol agent in both fish guts (Qi et al., 2020) and a variety of plants 

(Nelkner et al., 2019; Prabhukarthikeyan et al., 2018) Kotasthane et al., 2017) in particular 

explores Siderophore production by Pseudomonas isolates and demonstrated their 

antagonistic activity against selected fungal plant pathogens. This chapter’s exploration 

supports continuing work into Pseudomonas sp. as biocontrol agents, and it should be 

remembered if their metabolite production is not suitable for human antibiotic drug 

candidates, their potential in other areas, such as agriculture should not be discarded. Indeed, 

(Rondón et al., 2019) used tropical glacier isolated Pseudomonas strains and noted their 

protective effect on plantlets against plant pathogenic fungi. It should be noted that although 

‘Siderophore’ clusters were not identified in all public Pseudomonas genomes analysed 

(appendix, tables 1.24-1.30), this is a limitation of the antiSMASH software, as there are 

several types of Siderophore clusters, which are referred to under different chemical names 

within the tool. Thus, types of Siderophores were indeed present in all public genomes. 

However, only P. psychrotolerans and P. psychrophilia refer to this exclusively as 

‘Siderophore’. Whether this is simply a terminology error of the software, or whether this 

hints at a particular chemical type of Siderophore specific to cold adapted Pseudomonas 

species only needs further exploration. 

S16.14bin2, Chryseobacterium sp. should also not be discounted, despite the assembly being 

obviously lower quality than other draft genomes discussed in this chapter, the assembled bin 

had the highest number of loose hits and had the highest number of identified clusters overall,  

along with S99.84 and A19.1. This seems agreeable with current literature. Dahal at al (2020) 

explored a novel Chryseobacterium strain, now dubbed Chryseobacterium antibioticum strain 

isolated from Arctic soil, which demonstrated antimicrobial activity against Gram negative 

bacteria: E. coli and Pseudomonas. Furthermore, antiSMASH profiling of the isolate returned 
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ten clusters. As discussed in chapter 6, S16.14 (originally assumed to be an isolated unnamed 

Variovorax) met the threshold of E. coli suppression (18% inhibition) to be included in 

subsequent 24-hour screens. In these assays (figure 6.13), the sample had the fourth highest 

inhibition percentage of E. coli, but actually promoted the growth of Gram positive S. aureus 

and B. cereus. Unfortunately, the isolate was never tested against P. aeruginosa, which is 

regrettable, as it would be interesting to see if the growth suppressive effect occurs in Gram- 

organisms only. It may be that it is the contaminant Chryseobacterium in the original 

Variovorax sample that actually has the suppressive effect against E. coli. Dahal et al (2020) 

reports their isolate as having hits to many clusters in antiSMASH: terpene, siderophore, 

lanthipeptide, microviridin, bacteriocin, resorcinol, NRPS, PKS, PKS-like, T1PKS and hgIE-

KS. This assembled bin however, only had strict hits to Terpene, T3PKS and Halogenated. 

Unfortunately, the paper does not describe the detection settings used, but as it does not 

mention any fatty acid/saccharide hits, it is assumed the analysis was not run using the ‘loose’ 

parameter. The paper also clarifies antimicrobial activity was only determined using disc 

diffusion assays, a less quantitative and refined way of determining activity than using an 

automated detector such as the Hidex Sense. Nonetheless, despite differing methods, both 

support the idea that further exploration into cold-adapted Chryseobacterium species as 

warranted. This is exciting given the overwhelming amount of research centred on 

Actinobacteria as a phylum of interesting when bioprospecting, as opposed to Bacteroidetes. 

Once again, previous studies into the Chryseobacterium genus show research has been 

conducted into their potential antimicrobial effect in plant pathogens (Kumar et al., 2021). 

In general, the antiSMASH analysis worked well, even with obviously draft/incomplete 

genomes/samples with low coverage. This is demonstrated by the largely similar clusters 

identified in both good quality draft genomes (S99.84 and A18.2), and lower quality MAG-

type bins (S16.14bin3 and S16.19bin2). Further validation is confirmed when comparing 

publicly available genomes of the same genus with each assembly (appendix).  

Though previous studies have run isolated bacterial genomes through antiSMASH, just one 

of these has complementary quantitative antimicrobial assay data from automated detection 

assays, such as the Hidex Sense assay described in chapter 6. Many bioprospecting papers 

surveying cryospheric bacteria use disc diffusion assays, which although interesting, is not 

comparable with other environmental bioprospecting, where more automated quantitative 

approaches are standard. This chapter represents the first coupling of genomically inferred 
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BGCs to truly quantitative data using growth curve assays of tester bacteria grown in raw 

extracted metabolites from each sample. 

7.4.3 CARD analysis of genomes 

Interestingly, the CARD database assigned strict hits to just 2/8 input assemblies. Most loose 

hits were assigned to genes associated with antibiotics efflux (1460 across all genomes). 

Additionally, the six strict hits assigned to antibiotics efflux genes, further supporting the 

notion of antibiotic efflux mechanisms being the main source of antimicrobial resistance 

across cold adapted bacteria. Other mechanisms for resistance were very similarly assigned 

across all genomes (table 7.8). Both culture dependent phenotypic confirmation of 

antimicrobial resistance in cold adapted bacteria (Mogrovejo et al., 2020) and culture 

independent confirmation of antimicrobial resistance gene presence (Segawa et al., 2013) 

have been reported. Both reports confirm widespread resistance of antimicrobial resistance, 

but this chapter presents the first reports of bioinformatically determined resistome directly 

from isolated cryospheric bacteria. Though exciting, it would be useful to have more 

published studies to compare these hits to. Future work in this area could involve systematic 

use of public cold adapted bacterial genomes into the CARD tool. Such work would give a 

more coherent estimate of the true resistome present in cryospheric bacteria, something of 

upmost importance as these ecosystems become subject to yet another environmental 

pressure: climate change. As Edwards et al (Edwards et al., 2020) points out, systematic 

investigation of genomes should be conducted, before these diverse ecosystems are damaged 

from effects of climate change. 

7.4.4 S16.14 as a metagenome 

Although the goal of the study was to utilise five sequenced genomes of totally isolated 

bacteria, sample S16.14 ended up being contaminated, with not just two but three organisms 

within the same sample. This meant achieving the 30× coverage desired was impossible. 

Therefore, it should be remembered this sample’s analysis is working with much lower 

quality and coverage bins of metagenomes, as opposed near complete draft genomes. Despite 

this, extracted bins using DASTool were perfectly compatible with the downstream analyses, 

and results were mostly comparable. For example, CARD analysis of the bins showed similar 

numbers of hits associated with resistance mechanisms when compared to more complete 

genomes from actually isolated bacterial strains. The same was true of antiSMASH analysis, 

with the number of strict and loose hits remaining comparable to the genomes. Two strict hits 

to Terpene biosynthesis and one to T3PKS were found in S99.84 and A18.2, the two ‘draft’ 
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C. psychrotolerans species and this was mirrored in S16.14bin3 (Cryobacterium sp.). 

Arguably, the RAST subsystem identification of bin3 showed slightly less hits when 

compared to its cleaner relatives, with a slight reduction in Secondary Metabolism, Stress 

Response and Metabolism of Aromatic Compounds. Conversely, bin3 Cryobacterium sp had 

slightly more Fatty Acid hits (67 versus 56 and 52). Some variation in hits in such tools are 

likely to differ either way, as seen with A18.2 and S99.84 having slightly different number of 

hits across the subsytems, and A18.2 having 3 hits to Phages/prophages/transposable 

elements and plasmids, while S99.84 had none. Despite contamination of the sample being an 

obvious issue in terms of coverage and QUAST number of contigs, contig length etc.; when 

utilised in downstream analysis tools, the ‘metagenomic’ bins actually performed as expected 

and arguably gave more information for the sequencing cost of one genome. Indeed, S16.19 

bins 1 and 2 actually had the highest completeness score as generated by CheckM (table 7.3), 

with lowest number of missing genes from the 400 marker genes from lineage order 

Actinomycetales. 

7.4.5 Limitations  

One drawback of this exploration was the limitation of using short read sequencing only. A 

benchmark of genomic probing would use a hybrid assembly of both long and short read 

sequencing, likely to result in a full genome at good coverage, as opposed to a draft, or near 

complete genome. Hybrid assemblies of Arctic bacterial genomes have been reported (Kumar 

et al., 2018; Lee et al., 2017) and remain great data against which to compare and contrast 

draft genomes. A18.2 was sequenced with an aim of creating a hybrid assembly using an 

already sequenced long read genome, however these data were not available. As the cost of 

sequencing reduces, hopefully the database of cryospheric bacterial genomes will continue to 

grow. Complete genomes will give much more information on adaptation techniques of these 

organisms, and crucially, how they may respond to climate change in such a sensitive unique 

environment. Additionally, as more bioinformatic exploration tools are created, updated and 

utilised on these data, essential information on growth requirements and stress responses may 

give researchers a starting point for turning on these aforementioned cryptic BGC. 

Although the assembly quality and issues with contamination were clear drawbacks in this 

approach, validation in the analysis comes from the public genomes. As described in section 

7.4.2, several cryosphere specific public genomes were downloaded and also run on 

antiSMASH, and gave extremely similar profiles. Including genome assemblies of high 

enough qualities to be included on RefSeq and having confirmed broadly similar antiSMASH 
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profiles of them to these assemblies was illuminating. Not only did it validate the resulting 

data, it also showed clear genus specific trends. By including genomes isolated from the 

cryosphere, it also exposed clear differences between psychrotolerant/psychrophilic and 

mesophilic strains. 

7.4.6 Future of bioinformatic exploration of Natural Products 

Ultimately the aims and objectives of this chapter were met, and samples were indeed 

sequenced and probed for their antimicrobial potential according to their genomes. However, 

there is much more exploration to be conducted, which will be helped as more and more 

draft/complete genomes from glacier bacteria are published and newer versions of 

antiSMASH are created with more characterised clusters. The strongest growth-suppressing 

organisms may well be synthesising compounds hitherto completely unknown. More 

metabolomic work is needed to explain the vast differences in antimicrobial activity across 

the Cryobacterium genus. Additionally, the workflow (figure 7.1) should be employed, with 

culture conditions of samples modified so as to turn on the cryptic BGCs mentioned in the 

introduction. Although this was attempted in chapter 6, with the OSMAC approach attempted 

on the more promising strains, as they would not grow in the stresses tried (low nutrient and 

increased salinity), this tactic could be used more routinely when attempting to probe glacier 

dwelling organisms for their antimicrobial potential. Furthermore, as previously mentioned, 

already published draft genomes of cold adapted bacteria could be systematically reanalysed 

as more comparative genomes become available, and more/updated tools for analyses are 

released. Such an approach represents a cheap but effective way to continue probing genomes 

for biotechnological potential and is also suggested in a review chapter by (Bowman, 2017), 

analysing genomes of cold adapted bacteria and exploring genomic strategies for survival. 

The final objective, to compare and contrast phenotypically different members of 

Cryobacterium was also met, though as each assembly had extremely similar hits on both 

antiSMASH and CARD, further exploration is warranted. The Cryobacterium genome 

comparison paper provides a great starting point (Liu et al., 2020b), and more studies 

comparing psychrophilic members of specific genera to their mesophilic/thermophilic 

counterparts may elucidate important adaptation techniques. 

To return to the potential workflow (figure 7.1), two of the avenues have now been explored, 

namely the OSMAC approach and the genomic potential of these bacteria. The next stage of 

this work is to link both of these to the actual metabolite production, hinted at in previously 
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antimicrobial assays. To bridge this gap, whole metabolomics on the samples should be 

conducted. 
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Chapter 8 The Cryobacterium pangenome and potential cold-

adaptation methods 

8.1 Introduction 

8.1.1 Cryobacterium as a genus 

The genus Cryobacterium has long since been associated with the cryosphere since the 

detection of this novel genus in 1997 from Antarctic soil (Suzuki et al., 1997), previously 

identified as Curtobacterium psychrophilum. This important contribution to cryospheric 

bacteriology explored chemotaxonomic characteristics, fatty acid profiles and of course 

phylogenetic analysis using the 16S rRNA gene. As the isolate grouped at a distinct branch 

within the Microbacteriaceae family, a new name for the isolate was suggested, along with 

the acknowledgement this was likely not only a novel species, but a novel genus. Thus, 

Cryobacterium was coined, due to the optimal growth range of 9-12°C and a maximal growth 

temperature of 18°C. Since then, many more species have been discovered, much in 

cryosphere environments, but also including a supposedly mesophilic strain isolated from soil 

(Dastager et al., 2008) due its growth temperature range of 25-28°C-plainly not 

psychrophilic. This species however has very recently been reclassified as 

Terrimesophilobacter mesophilus (Hahn et al., 2021). Excluding this species, the genus has 

14 species with valid names as of the time of writing. Many of these species were isolated 

from the Xinjiang number 1 glacier in China. Indeed, Qing Liu has pioneered much of 

discovery of novel Cryobacterium species and their team has detected 8/14 strains currently 

recognized as belonging to Cryobacterium according to comparison of their 16S rRNA gene. 

Not only this, Liu et al (2020b) conducted a comparative genomics study to explore potential 

adaptations of the Cryobacterium genome may have undergone to enable them to live in such 

an extreme environment. As mentioned previously, representatives of Cryobacterium indeed 

have higher numbers of genes involved in stress response, motility and chemotaxis. Given the 

recent reclassification of Cryobacterium mesophilum, this genus does indeed seem to 

represent a truly psychrotolerant group of bacteria that are typically found in cryospheric 

environments. Several of the newest members of this genus have been discovered in the last 

decade, many from the same glacier. As sequencing technologies develop, and more 

metagenomes are generated quickly from such environments, it is not implausible to suppose 

this genus may have many more representative species waiting to be detected. As the 

reference database of sequenced whole genomes from this genus, future (and retrospective) 

samples will have more representatives against which to compare potentially novel species 
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sequences. Indeed, as uncovered in chapter 7, likely novel species of Cryobacterium have 

been detected during this work, both in Svalbard (high Arctic) and Sweden (low Arctic). 

Additionally, much of the Svalbard isolate collection was assigned to Cryobacterium, hinting 

there may be more hitherto undetected novel species being assigned to Cryobacterium 

psychrotolerans, as was the case with S99.84 and A18.2. As more strains and species are 

detected, a better informed picture of the temporal variation of this cryospheric genus can be 

built. 

Much of the exploration of this genus and its species’ relatedness to each other is conducted 

using well established concepts: 16SrRNA gene sequences, fatty acid profiles and relatedness 

of genomes using ANI. ANI was reliably shown by (Goris et al., 2007) to measure genetic 

distance between two sequences. They recommend the species delineation threshold as 95% 

ANI and this is adopted by JSpeciesWS, which follows the calculation described by the team, 

performing a BLAST+ search to determine ANI for input and inherent sequences. 

Table 8.1 rewritten from the https://bacterio.net/ resource details the current species within the Cryobacterium genus, their 

associated publications, and growth conditions. 

Species name Reference Sample type Location of 

sample 

Growth 

conditions 

Cryobacterium 

arcticum 

(Bajerski et al., 2011) Soil Greenland Nutrient agar and 

50%LB at 16°C 

Cryobacterium 

aureum 

(Liu et al., 2018) Ice China PYG agar at 

14°C 

Cryobacterium 

breve 

(Liu et al., 2020a) Ice China PYG agar at 

14°C 

Cryobacterium 

flavum 

(Liu et al., 2012) Ice China PYG agar at 

14°C 

Cryobacterium 

levicorallinum 

(Liu et al., 2013) Ice China PYG agar at 

14°C 

Cryobacterium 

luteum 

(Liu et al., 2012) Ice China PYG agar at 

14°C 

Cryobacterium 

melibiosiphilum 

(Liu et al., 2019) Ice China PYG agar at 

14°C 
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Cryobacterium 

mesophilum 

(Dastager et al., 2008) Soil Korea R2A at 28°C 

Cryobacterium 

psychrophilum 

(Suzuki et al., 1997) Soil Antarctica R2A at 10°C 

Cryobacterium 

psychrotolerans 

(Zhang et al., 2007) Frozen soil China PYG medium at 

20°C 

Cryobacterium 

roopkundense 

(Reddy et al., 2010) Soil Himalayan 

Mountain 

range, India 

Antarctic 

Bacterial 

Medium at 4°C 

Cryobacterium 

ruanii 

(Liu et al., 2020a) Ice China PYG agar at 

14°C 

Cryobacterium 

soli 

(Gong et al., 2020) Forest soil China Luria Broth at 

4°C 

Cryobacterium 

tepidiphilum 

(Wang et al., 2019) Rhizosphere 

soil 

China PYG agar at 

28°C 

Cryobacterium 

zongtaii 

(Liu et al., 2019) Glacier China  Bacto™Pepto at 

20°C 

 

8.1.2 Cryobacterium within glacier systems 

Table 8.1 demonstrates most of the formally taxonomically named species from this genus 

are overwhelmingly isolated from sample types and locations associated with the cryosphere, 

suggesting strong adaptation techniques to this unique environment. In fact, including 

Cryobacterium sequences without a formal taxonomic name, searches on the RefSeq 

database returns 7406 sequences, including complete, draft and whole genome shotgun 

assemblies. 

Only recently has work (Teoh et al., 2021; Wang et al., 2020) been conducted combining 

genomics, transcriptomics and proteomics of Cryobacterium strains, but a more comparative 

multidisciplinary approach is needed to truly elucidate Cryobacterium-specific cold 

adaptation strategies, as these studies use only one representative strain. Four novel β-

galactosidases were characterized after Cryobacterium sp. LW097 was exposed to different 

growth temperatures and suggested the substrate specificity of one of these made an excellent 
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candidate to quantify milk lactulose (Wang et al., 2020). This highlights another important 

application of bioprospecting in cold adapted bacteria: food safety.  The other study explored 

an Antarctic strain Cryobacterium sp. SO1 and demonstrated through gene expression the 

strain had upregulated genes important in cold adaptation (Teoh et al., 2021). Unfortunately, 

these exciting strains are not formally taxonomically named, as thus are not available to many 

comparative tools, presenting an urgent need for high quality genome assemblies from 

members of Cryobacterium, and more crucially, a broad phylogenetic analysis into members 

of the genus to properly elucidate their relatedness, properties, particularly in cold 

adaptations. 

8.1.3 Cryobacterium as a new source of antimicrobials 

The targeted exploration of Cryobacterium species as a novel source of antimicrobials is an 

avenue hitherto unexplored. Though studies have reported members of Cryobacterium as 

encoding genes with potential antimicrobial activity (Salister et al., 2019), no studies have 

utilized publicly available Cryobacterium assemblies and performed genome mining for 

BGCs. This is unfortunate, as countless publications mention the notion of the cryosphere 

being an untapped wealth of potential (Vester et al., 2015), and given the demonstrably 

obligate psychrotolerant/psychrophilic nature of Cryobacterium species, its detection in 

cryospheric environments across the globe, it seems to have been overlooked.  

Thus, the hypothesis of this chapter is whether there is a genus-specific antiSMASH profile 

of the genus, and whether any genomic exploration of a Cryobacterium pangenome can 

illuminate mechanisms of cold adaption. 

8.1.4 Aims and objectives 

The aim of this chapter is to explore the genus of Cryobacterium more fully, given the 

possible detection of novel species mentioned in chapter seven and the uncovering of several 

novel species within the last decade. Additionally, its suitability for genome mining as a 

potential source of novel antimicrobial compounds should be assessed. To do this, a 

pangenome of available representative isolates should be generated and the antiSMASH 

profiles of the publicly available assemblies and our isolated Cryobacterium species should 

be compared. 

8.2 Materials and Methods 

8.2.1 Isolation, characterization and sequencing of the Cryobacterium sp. Isolates 

Much of the isolation of the bacteria discussed in this chapter are covered in previous 

chapters. Briefly, collected environmental samples were diluted and spread across agar plates 
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and colonies were routinely sub-cultured until single isolated colonies were observed. Isolates 

were characterized following either DNA extraction of actively growing biomass, or via 

single colony PCR and Sanger sequenced. Resulting sequences were then run against the 

BLAST database and top hits were recorded and an assumed genus was assigned to each 

isolate based in these results. Following positive antimicrobial assay screens, strains were 

selected for whole genome sequences via MicrobesNG. Genome assemblies went through 

quality control, assembly and annotation mainly using applications within KBase. 

Table 8.2 shows the Cryobacterium isolates obtained from Svalbard and Sweden in previous chapters, along with their 

original sample collection location, growth medium and subsequent performance in antimicrobial assays. 

Sample Origin Media Antimicrobial 

assay (% of 

growth 

inhibition) 

Effect on 

Growth 

S16.17 Foxfonna, Svalbard, 2016 10%BHI 76 Suppressive 

25.1 Foxfonna, Svalbard, 2016 25%BHI 79 Suppressive 

50.18 Foxfonna, Svalbard, 2016 50%BHI 81 Suppressive 

S16.45 Foxfonna, Svalbard, 2016 R2S 83 Suppressive 

25.4 Foxfonna, Svalbard, 2016 25%BHI 85 Suppressive 

25.10 Foxfonna, Svalbard, 2016 25%BHI 85 Suppressive 

S99.84 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 85 Suppressive 

25.3 Foxfonna, Svalbard, 2016 25%BHI 87 Suppressive 

25.9 Foxfonna, Svalbard, 2016 25%BHI 89 Suppressive 

25.5 Foxfonna, Svalbard, 2016 25%BHI 90 Suppressive 

S99.71 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 90 Suppressive 

S16.18 Foxfonna, Svalbard, 2016 10%BHI 91 Suppressive 

25.12 Foxfonna, Svalbard, 2016 25%BHI 92 Suppressive 

50.20 Foxfonna, Svalbard, 2016 50%BHI 93 Suppressive 

S16.20 Foxfonna, Svalbard, 2016 10%BHI 93 Suppressive 

S99.27 Pedersenbreen, Ny Ålesund, Svalbard, 2013 10%BHI 93 Suppressive 

25.13 Foxfonna, Svalbard, 2016 25%BHI 94 Suppressive 

25.15 Foxfonna, Svalbard, 2016 25%BHI 94 Suppressive 

25.11 Foxfonna, Svalbard, 2016 25%BHI 95 Suppressive 

25.14 Foxfonna, Svalbard, 2016 25%BHI 96 Suppressive 

25.17 Foxfonna, Svalbard, 2016 25%BHI 96 Suppressive 

S99.85 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 96 Suppressive 
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50.14 Foxfonna, Svalbard, 2016 50%BHI 97 Suppressive 

S16.26 Foxfonna, Svalbard, 2016 10%BHI 97 Suppressive 

50.5 Foxfonna, Svalbard, 2016 50%BHI 98 Suppressive 

50.22 Foxfonna, Svalbard, 2016 50%BHI 98 Suppressive 

25.21 Foxfonna, Svalbard, 2016 50%BHI 100 No effect 

50.6 Foxfonna, Svalbard, 2016 50%BHI 100 No effect 

50.9 Foxfonna, Svalbard, 2016 50%BHI 100 No effect 

S16.32 Foxfonna, Svalbard, 2016 10%BHI 100 No effect 

S16.42 Foxfonna, Svalbard, 2016 R2S 100 No effect 

S16.46 Foxfonna, Svalbard, 2016 R2S 100 No effect 

S99.49 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 100 No effect 

25.20 Foxfonna, Svalbard, 2016 25%BHI 101 Promoting 

50.12 Foxfonna, Svalbard, 2016 50%BHI 102 Promoting 

50.16 Foxfonna, Svalbard, 2016 50%BHI 102 Promoting 

S16.30 Foxfonna, Svalbard, 2016 10%BHI 102 Promoting 

S99.47 Vestre Lovénbreen, Ny Ålesund, Svalbard, 

2013 

10%BHI 
102 

Promoting 

S99.75 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 102 Promoting 

S16.41 Foxfonna, Svalbard, 2016 R2S 103 Promoting 

S99.48 Vestre Lovénbreen, Ny Ålesund, Svalbard, 

2013 

10%BHI 
103 

Promoting 

S99.88 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 103 Promoting 

S99.97 Vestre Lovénbreen, Ny Ålesund, Svalbard, 

2013 

10%BHI 
105 

Promoting 

S99.92 Feiringbreen, Ny Ålesund, Svalbard, 2013 10%BHI 108 Promoting 

S99.16 Pedersenbreen, Ny Ålesund, Svalbard, 2013 R2A 120 Promoting 

S16.25 Foxfonna, Svalbard, 2016 10%BHI 112 Promoting 

A18.2 Tarfala, Sweden, 2013 R2A 

100 

Promoting* in 

subsequent 

assay 

 

8.2.2 Pairwise comparison of various Cryobacterium assemblies 

Again, http://jspecies.ribohost.com/jspeciesws/ described by (M. Richter et al., 2016b) was 

utilized. This tool uses the GenomesDB, but the particular assembly information is not 

provided. Therefore, representatives of Cryobacterium were chosen according to what was 

http://jspecies.ribohost.com/jspeciesws/
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available, in many cases this being a single representative genome. The team state that 

genomes are added to their internal database if they represent a Type Strain. As before, a 

pairwise comparison was conducted which compares according to ANI and correlation 

indexes of Tetra-nucleotide signatures. As previously mentioned, the threshold cutoff for 

species delineation is >95%. Because S99.84 is the main strain of this work, a subsequent 

Tetra Correlation Search (TCS) was run. This is based on tetra-nucleotides and correlation 

coefficients, an algorithm pioneered by (Teeling et al., 2004)  and takes the input genome to 

compare it to all other genomes on their database (GenomesDB). It then generates a list of the 

top 100 most related organisms.  

8.2.3 Construction of the pangenome 

The pangenome was generated through KBase, using an app called ‘Build Pangenome with 

OrthoMCL’. Briefly, this uses an algorithm for grouping any orthologous (homologs 

separated by speciation events) protein sequences. It performs an all-versus-all BLASTP of 

the proteins from input sequences and computes a %match length, assigning a specific 

threshold against all BLAST results. The output is a set of protein-coding genes in the input 

assemblies and displays both genes present in all organisms-representing the core genome 

and any genes present in some organisms only. A table is generated showing the summary of 

the pangenome, along with any shared homolog families and protein families. Since KBase 

incorporates sequences from RefSeq, rather than upload each assembly, the data were 

gathered from the KBase app itself. However, to provide consistency, the same assemblies, as 

specified through their unique identifiers were used for the pangenome generation and 

subsequent antiSMASH comparisons. 

8.2.4 Analysis of members of Cryobacterium through antiSMASH 

A group of 8 representative genomes from different species within Cryobacterium were used 

as a comparison against the Cryobacterium isolates discussed in chapter 7. Draft genomes 

were downloaded from RefSeq and run using the same parameters discussed in chapter 7. A 

summary of the assemblies is shown below. Despite the reclassification of C. mesophilum, it 

was included in the analysis to see if it was comparable with Cryobacterium antiSMASH 

detection profiles. This potentially gives an indication of whether a cluster is truly specific to 

the genus. All profiles were compared to the other public and our assemblies to pull out any 

Cryobacterium specific clusters for further exploration. (Other public assembly antiSMASH 

profiles can be found in the appendix, with representatives from Chryseobacterium, 

Variovorax and Pseudomonas, as mentioned in chapter 7.) S16.14bin3 was included in this 
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analysis and not the pangenome analysis because it has been identified as a Cryobacterium 

species (chapter 7, table 7.30), but as the sequencing depth was so much lower than other 

isolates, it was expected such truncated sequences might affect the pangenome analysis. 

However it was included in antiSMASH analysis as it provided some insight into the effect of 

assembly quality on resultant detected clusters. 

Table 8.3 shows the various assemblies in the antiSMASH comparison. The RefSeq identifier is shown along with the 

specific assembly chosen. 

Organism RefSeq identification Assembly identification 

Cryobacterium mesophilum GCF_002929725.1 ASM292972v1 

Cryobacterium arcticum GCF_001679725.1 ASM167972v1 

Cryobacterium aureum GCF_002954245.1 ASM295424v1 

Cryobacterium breve GCF_004402375.1 ASM440237v1 

Cryobacterium flavum GCF_004402625.1 ASM440262v1 

Cryobacterium luteum GCF_004402515.1 ASM440251v1 

Cryobacterium psychrotolerans GCF_004564325.1 ASM456432v1 

Cryobacterium roopkundense GCF_014200405.1 ASM1420040v1 

 

8.3 Results 

Much of the isolation of the bacteria discussed in this chapter are covered in previous 

chapters. Briefly, collected environmental samples were diluted and spread across agar plates 

and colonies were routinely sub-cultured until single isolated colonies were observed. Isolates 

were characterized following either DNA extraction of actively growing biomass, or via 

single colony PCR and Sanger sequenced. Resulting sequences were then run against the 

BLAST database and top hits were recorded and an assumed genus was assigned to each 

isolate based in these results. Following positive antimicrobial assay screens, strains were 

selected for whole genome sequences via MicrobesNG. Genome assemblies went through 

quality control, assembly and annotation mainly using applications within KBase. 
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As set out in the aims and objectives, pairwise ANI comparisons were made between 

members of Cryobacterium and our sequenced representative isolates. Given the importance 

of S99.84 as a strain, a subsequent TCS was performed: comparing this genome against all 

genomes on GenomesDB. A pangenome was generated and a core/accessory genome was 

established, along with a phylogenetic tree of these genomes and related species. Finally, a 

comparison of antiSMASH profiles was performed. 
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8.3.1 ANI tables of Cryobacterium species 

 

Table 8.4 shows the pairwise comparison of several Cryobacterium with an ANI score assigned to each. 
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C. arcticum 

PAMC 27867 

*
 75.42 

[37.14] 

76.71 

[42.32] 

75.67 

[38.01] 

77.17 

[37.52] 

75.15 

[40.34] 

76.63 

[44.96] 

76.71 

[43.50] 

77.04 

[41.00] 

75.76 

[36.17] 

75.44 

[37.40] 

75.42 

[35.99] 

83.66 

[61.90] 

75.00 

[39.85] 

C. aureum Hh31  75.37 

[37.55] 

* 75.30 

[38.89] 

88.19 

[65.54] 

75.81 

[38.23] 

76.21 

[46.32] 

75.11 

[37.13] 

74.85 

[36.51] 

75.36 

[39.25] 

83.50 

[56.30] 

84.77 

[58.87] 

84.38 

[55.82] 

75.29 

[37.31] 

76.13 

[44.61] 

C. breve TMT4-

23  

77.02 

[50.99] 

75.70 

[45.73] 

* 75.76 

[46.97] 

77.98 

[48.09] 

75.29 

[50.30] 

77.84 

[52.76] 

77.53 

[51.28] 

79.66 

[56.82] 

75.75 

[45.76] 

75.73 

[46.58] 

75.55 

[45.16] 

76.95 

[50.43] 

75.40 

[50.14] 

C. flavum Hh8  75.65 

[40.56] 

88.52 

[68.91] 

75.44 

[41.85] 

* 76.16 

[41.62] 

76.60 

[50.73] 

75.30 

[40.18] 

75.15 

[39.40] 

75.89 

[43.18] 

84.04 

[60.18] 

85.20 

[64.45] 

84.44 

[58.81] 

75.46 

[39.79] 

76.53 

[49.67] 

C. 

psychrotolerans 

CGMCC 1.5382  

77.51 

[49.11] 

76.35 

[49.07] 

78.08 

[51.81] 

76.57 

[50.31] 

* 76.40 

[52.36] 

77.62 

[47.99] 

77.50 

[47.29] 

78.80 

[53.35] 

76.73 

[47.84] 

76.66 

[48.55] 

76.34 

[46.86] 

77.57 

[48.14] 

76.21 

[51.28] 

C. roopkundense 

RuG17  

75.07 

[41.51] 

76.25 

[46.86] 

75.14 

[42.03] 

76.82 

[48.51] 

75.73 

[41.32] 

* 74.94 

[40.76] 

74.77 

[39.32] 

75.32 

[42.63] 

76.86 

[47.42] 

76.49 

[46.22] 

76.07 

[44.11] 

74.85 

[41.30] 

82.85 

[63.67] 

S99.84 76.87 

[45.98] 

75.55 

[37.19] 

77.87 

[44.89] 

75.81 

[38.45] 

77.36 

[37.96] 

75.12 

[40.50] 

* 92.31 

[70.35] 

78.96 

[46.90] 

75.80 

[37.62] 

75.71 

[38.29] 

75.57 

[37.48] 

76.68 

[43.75] 

75.05 

[41.17] 

A18.2 76.64 

[46.76] 

75.09 

[38.40] 

77.35 

[45.40] 

75.19 

[39.51] 

77.22 

[39.01] 

74.81 

[41.31] 

92.36 

[73.54] 

* 78.08 

[47.51] 

75.20 

[38.83] 

75.24 

[39.66] 

75.15 

[37.78] 

76.30 

[45.90] 

74.67 

[41.83] 
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S16.19bin2 77.23 

[50.58] 

75.64 

[47.66] 

79.55 

[57.22] 

76.06 

[49.00] 

78.57 

[50.50] 

75.65 

[50.66] 

79.16 

[54.39] 

78.62 

[52.73] 

* 75.97 

[47.11] 

75.92 

[47.62] 

75.77 

[45.79] 

77.11 

[49.64] 

75.65 

[51.36] 

C. levicorallinum 

Hh34  

75.73 

[41.60] 

83.90 

[63.66] 

75.73 

[43.68] 

84.18 

[65.19] 

76.50 

[42.73] 

77.06 

[53.31] 

75.48 

[42.34] 

75.22 

[41.94] 

75.83 

[44.59] 

* 83.58 

[60.47] 

83.08 

[60.43] 

75.68 

[41.34] 

76.50 

[50.00] 

C. luteum Hh15  75.74 

[41.97] 

85.27 

[65.11] 

75.77 

[43.84] 

85.47 

[67.58] 

76.35 

[42.20] 

76.87 

[50.36] 

75.56 

[42.60] 

75.45 

[41.55] 

75.77 

[44.03] 

83.58 

[59.39] 

* 86.23 

[60.79] 

75.42 

[42.00] 

76.44 

[48.68] 

C. ruanii Sr36  75.63 

[44.99] 

84.96 

[69.88] 

75.60 

[47.11] 

84.76 

[69.83] 

76.38 

[45.81] 

76.49 

[53.74] 

75.56 

[45.90] 

75.42 

[44.66] 

75.75 

[47.59] 

83.50 

[66.05] 

86.38 

[68.37] 

* 75.51 

[44.78] 

76.17 

[52.18] 

C. zongtaii TMN-

42  

83.79 

[66.10] 

75.42 

[39.49] 

76.78 

[45.23] 

75.56 

[39.93] 

77.07 

[39.73] 

74.98 

[43.39] 

76.45 

[46.72] 

76.37 

[45.98] 

76.93 

[43.15] 

75.53 

[38.91] 

75.53 

[39.50] 

75.38 

[37.78] 

* 74.94 

[41.69] 

C.sp. MLB-32 75.08 

[42.32] 

76.56 

[46.06] 

75.33 

[43.26] 

77.07 

[49.17] 

75.93 

[41.57] 

83.04 

[66.55] 

75.04 

[42.70] 

74.85 

[41.12] 

75.56 

[43.88] 

76.81 

[45.71] 

76.60 

[45.13] 

76.19 

[43.66] 

74.92 

[40.95] 

* 

 

Table 8.4 showed none of the input genomes were identified as being from the same species, as none approached the threshold cutoff of 

>95%ANI. S99.84 and A18.2 were the most closely related, with an ANI of 92.36%, though not above the accepted 95% threshold, so perhaps 

both are novel species. As with the previous chapter, neither could be satisfactorily assigned to the C. psychrotolerans genome as was the case 

during 16S rRNA amplicon sequence classification. S16.19bin2 was not particularly related to any other genome, with a highest ANI of 79.55% 

to Cryobacterium flavum Hh8. The species within this genus have ANI matches to each other. 
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8.3.2 Tetra Correlation Search of S99.84 

A TCS using JSpecies was conducted on S99.84 against all reference genomes as validation of its classification as a Cryobacterium species. 

Though the top 100 results are returned, the top 10 results were explored. A full list of the 100 top related species can be found in the SI. 

Table 8.5 shows the output of the TCS using S99.84 as the reference genome. 

Pos. Species Strain Domain Phylum Class Order Family ZScore 

1 Cryobacterium psychrotolerans CGMCC 1.5382 CGMCC 1.5382 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.96334 

2 Cryobacterium psychrotolerans CGMCC 1.5382 CGMCC 1.5382 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.96316 

3 Cryobacterium breve TMT4-23 TMT4-23 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.95711 

4 Cryobacterium arcticum PAMC 27867 PAMC 27867 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.94201 

5 Diaminobutyricibacter tongyongensis NBRC 108724 NBRC 108724 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.93661 

6 Cryobacterium zongtaii TMN-42 TMN-42 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.93489 

7 Herbiconiux solani NBRC 106740  NBRC 106740 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.93268 

8 Microbacterium sp. SA39 SA39 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.93206 

9 Microterricola pindariensis PON 10 PON 10 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.9291 

10 Cryobacterium luteum Hh15 Hh15 Bacteria Actinobacteria Actinomycetia Micrococcales Microbacteriaceae 0.92759 
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Table 8.5 posits the most related strain to S99.84 using their GenomesDB is C. 

psychrotolerans CGMCC1.5382, with a Zscore of 0.96334.  

8.3.3 Pangenome of Cryobacterium with new members 

 

Figure 8.1 shows the OrthoMCL-generated pangenome of Cryobacterium species, using S99.94 as the base genome. 

The generated pangenome shown in Figure 8.1 hints at a large proportion of a core genome 

among Cryobacterium isolates. Genomes are listed in order of their proportion of genome 

containing these core genes. When using S99.84 as the base genome, the core genome is 

determined by that assembly’s genome, thus it is unsurprising A18.2 has the highest 

proportion of shared core genes, given previous analyses indicating these two assemblies are 

the most related. Also encouraging is the high proportion of the C. arcticum core genome 

shared with S99.84, as this assembly is obviously also Arctic, with the original sample 

collection occurring in Svalbard.  
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Table 8.6 shows information from the comparison of the genomes used in the pangenome. 

Total number of genomes 11 

Total number of protein coding genes 39210 genes with translation, 34443 are in homolog families, 4767 are in singleton families 

Total number of families 10247 families, 5480 homolog families, 4767 singleton families 

Genome Number of genes Number of genes in 

homologs 

Number of genes in 

singletons 

Number of homolog 

families 

S99.84 4120 3507 613 3277 

A18.2 3909 3371 538 3184 

Cryobacterium arcticum 4005 3369 636 3164 

S16.19bin2 3447 2967 480 2851 

Cryobacterium roopkundense 4159 3568 591 3272 

Cryobacterium breve 3262 2889 373 2776 

Cryobacterium flavum 3909 3493 416 3305 

Cryobacterium luteum 3604 3194 410 3064 

Cryobacterium aureum 4065 3431 634 3255 

Cryobacterium psychrotolerans 3017 2665 352 2577 

Cryobacterium mesophilum 2324 1989 335 1974 
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Table 8.6 compares all submitted genomes and returns several differences between C. 

mesophilum and other genomes. When discounting this incorrectly-assigned species, the 

number of genes in the genome ranges from 3017-4159, and the number of homolog families 

ranges from 2577-3305. 

Even with the reduced number of genes, the genome comparison makes it clear that C. 

mesophilum is only distantly similar to other members of Cryobacterium, which supports its 

recent reclassification (Hahn et al., 2021). 

 

Figure 8.2 shows the homolog and singleton genes present in each genome, presented in descending order according to 

their number of homolog genes. 

Figure 8.2 shows similar ranges of absolute homolog gene numbers and number of genes in 

singletons, where the number of homolog genes is much bigger than singleton genes. Bigger 

genomes such as C. arcticum and C. aureum have much higher numbers of genes than shorter 

genomes, such as C. mesophilum and C. psychrotolerans. Nonetheless, a broad abundance of 

homologous genes is seen throughout the genus. 
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Table 8.7 shows the proportion of genes that are identified as homologs, and the proportion identified as singletons in any 

one genome. 

Genome % of homolog genes % of singleton 

Cryobacterium flavum 89.36 10.64 

Cryobacterium luteum 88.62 11.38 

Cryobacterium breve 88.57 11.43 

Cryobacterium psychrotolerans 88.33 11.67 

A18.2 86.24 13.76 

S16.19bin2 86.07 13.93 

Cryobacterium roopkundense 85.79 14.21 

Cryobacterium mesophilum 85.59 14.41 

S99.84 85.12 14.88 

Cryobacterium aureum 84.40 15.60 

Cryobacterium arcticum 84.12 15.88 

 

Table 8.7 presents broadly similar proportions of the genome each assembly contains, 

something also demonstrate in the similar absolute gene numbers displayed in figure X. The 

lowest percentage of homolog genes is detected in C. arcticum, with C. flavum representing 

the highest percentage of homolog genes. An interesting aspect of the comparisons is the 

proportion of C. mesophilum given its recent reclassification. It is not the most different from 

the core collection of homolog genes, therefore it is also not the genome with the highest 

proportion of singleton genes. Out of our genomes, S99.84 has the lowest proportion of 

homolog genes and therefore the highest proportion of singleton genes, meaning it the most 

different from the other members of the genus.  
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Figure 8.3 shows a phylogenomic tree with the Cryobacterium isolates used in the pangenome analysis and some close relatives. Reassigned C. mesophilum is indicated in green. 
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The phylogenetic tree in Figure 8.3 presents an interesting portrayal of relatedness of the 

species within Cryobacterium. Whereas the pangenome comparison of proportions of 

genomes that were homolog versus singleton genes put C. aureum as the second lowest 

percentage of homolog genes and C. breve with the highest, in the phylogenetic tree they 

group closest together out of all representatives. This tree supports the notion A18.2 and 

S99.84 are novel species, though they may be strains of the same novel species. S16.19bin2 

however groups closer to C. arcticum. This again is at odds with the pangenome analysis. 
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8.3.4 antiSMASH comparison of Cryobacterium isolates 

Publicly available genomes and genomes sequenced and assembled in chapter 7 belonging 

the Cryobacterium were all run through antiSMASH v6 on the same parameters, and a 

comparative table comparing their detected clusters was generated. Unlike the analysis in 

chapter 7, clusters were not counted overall. For instance, antiSMASH sometimes identifies 

clusters with multiple identified compounds, such as ‘betalactone, saccharide’. In previous 

analysis, either cluster were recorded as their own entity. However, Cryobacterium species 

specifically seem to have a core cluster associated with Terpene, betalactone and saccharide 

compounds all in the same cluster, with a closest hit to carotenoid. Therefore, identified 

clusters were recorded in their original format to see how many publicly available genomes 

had hallmarks of building this unique cluster. 
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Table 8.8 shows the various antiSMASH-determined BGCs detected in each organism. The grey colour code represents no returned hits, with green denoting a hit and increasingly darker 

shades corresponding to a higher number of returned hits. 
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S99.84 16 2 0 1 1 1 1 0 1 0 0 0 0 0 0 0 

A18.2 10 1 0 1 0 1 2 1 0 0 1 0 0 0 0 0 

S16.19bin2 10 1 2 1 0 0 2 1 0 0 0 0 0 0 1 0 

S16.14bin3 15 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

C. mesophilum 7 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 

C. arcticum 13 2 0 1 0 0 1 1 0 0 1 0 0 0 0 0 

C. aureum 12 2 0 1 0 0 1 1 0 0 1 0 0 0 0 0 

C. breve 13 2 0 1 0 0 1 1 0 0 1 0 0 0 0 0 

C. luteum 14 1 0 1 0 0 1 1 0 0 1 0 0 0 0 0 

C. flavum 15 1 1 1 0 0 1 1 0 0 1 0 1 0 0 1 

C. psychrotolerans 13 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

C. roopkundense 8 1 1 1 
0 

0 1 1 0 0 1 1 1 1 0 0 
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Table 8.8 displays the antiSMASH profiles across the Cryobacterium genus, using both publicly available and privately submitted genomes 

assemblies. Saccharides are present in all assemblies, as are fatty acids. Just one assembly, C. flavum returns of hit of ‘Halogenated’. Many 

assemblies have some, or all of the components of the terpene-betalactone-saccharide cluster also noted in chapter seven. No assemblies contain 

hits to betalactone alone, suggesting its integral inclusion into this larger, multi compound cluster. C. flavum and C. roopkundense return 

linaridin hits and nearly all assemblies contain hits to a T3PKS cluster, with the exception of S99.84, S16.14bin3 and C. psychrotolerans. 

However, S99.84 returns a hit to T3PKS associated with a saccharide, so this may be part of a larger cluster the program is not detecting. 
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Table 8.9 shows the terpene, betalactone, saccharide cluster detected in most assemblies, with most a scored most similar cluster and their relative sizes in each assembly. C. mesophilum is not 

included. 

Genome Cluster Most similar known cluster Similarity score (%) Size of cluster (bp) 

S99.84 Betalactone, terpene Carotenoid, Terpene 50 37,030 

A18.2 Terpene, betalactone, saccharide Carotenoid, Terpene 50 62,325 

S16.19bin2 Terpene Carotenoid, Terpene 50 11,496 

S16.14bin3 Terpene Carotenoid, Terpene 21 13,235 

C. arcticum Terpene, betalactone, saccharide Carotenoid, Terpene 66 60,142 

C. aureum Terpene, betalactone, saccharide Carotenoid, Terpene 50 55,493 

C. breve Terpene, betalactone, saccharide Carotenoid, Terpene 50 56,570 

C. luteum Terpene, betalactone, saccharide Carotenoid, Terpene 50 57,555 

C. flavum  Terpene, betalactone, saccharide Carotenoid, Terpene 50 55,689 

C. psychrotolerans Terpene, betalactone, saccharide Carotenoid, Terpene 50 62,507 

C. roopkundense Terpene, betalactone, saccharide Carotenoid, Terpene 50 56,504 
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Table 8.9 showing the similarity scores and cluster size of this terpene-betalactone-saccharide cluster. The similarity score ranges from 21% 

(interestingly, not in the smallest cluster size) in the S16.14bin3 assembly to 66% in the public C. arcticum genome. The cluster size of clusters 

which include all three compounds: terpene-betalactone-saccharide ranges from 55,493 bp in C. aureum to 62,507 bp in C. psychrotolerans. This 

is interesting given C. psychrotolerans differing proportion of homolog/singleton genes shown in figure 8.2 and table 8.7. 
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Table 8.10 shows the T3PKS cluster present in most genomes and its most similar known cluster and their sizes relative to each assembly. 

Genome Cluster Most similar known cluster Similarity score Size of cluster (bp) 

S99.84 T3PKS, saccharide 
  

38,956 

A18.2 T3PKS 
  

41,397 

S16.19bin2 T3PKS Echoside A/B/C/D/E/F (NRP) 11 30,205 

S16.14bin3 T3PKS 
  

3928 

C. mesophilum T3PKS Alkylresorcinol, Polyketide 7 44,573 

C. arcticum T3PKS 
  

41,253 

C. aureum T3PKS Echoside A/B/C/D/E/F (NRP) 11 31,610 

C. breve T3PKS 
  

33,552 

C. luteum T3PKS Echoside A/B/C/D/E/F (NRP) 11 41,220 

C. flavum  T3PKS Echoside A/B/C/D/E/F (NRP) 11 41,205 

C. psychrotolerans T3PKS 
  

37,297 

C. roopkundense T3PKS Echoside A/B/C/D/E/F (NRP) 11 41,229 
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The T3PKS profiles shown in table 8.10 demonstrate this cluster is present across several assemblies, and five out of 12 assemblies identify its 

‘Most similar known cluster’ to a non-ribosomal peptide: Echoside. Interestingly, the size of cluster does not seem to be associated with the 

return similarity to an Echoside. Only C. mesophilum returns a different similar cluster of a polyketide Alkylreorcinol, but its genus 

reassignment should be remembered when considering this result. The similarity score of the T3PKS hits found across Cryobacterium 

assemblies are ≤11% and six assemblies return no score at all. 
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8.4 Discussion 

8.4.1 ANI tables of Cryobacterium species shows high diversity within the genus 

The integrated database within JSpeciesWS, GenomesDB could not provide any related 

genomes with >95% ANI to any of our input sequence, indeed nor did it calculate ANI >95% 

for any of our input sequences against each other. Although this hints these isolates were all 

their own novel species, sequence quality could be affecting the analyses. As discussed in the 

previous chapter, assembly statistics were extremely variable for each of these three 

assemblies, and although S99.84 and A18.2 were among the higher quality assemblies, 

S16.19bin2 was demonstrably not sequenced to the same depth. Hence, its novelty is 

certainly questionable. The fact that A18.2 and S99.84 had the highest ANI values for any 

two assemblies hints they may be different strains of the same species, though as the tool 

calculate an ANI below the threshold, it may be assumed they are in fact two different novel 

species. A hybrid assembly of both genomes may provide better taxonomic classification. 

The Cryobacterium genus generally needs more high-quality hybrid assemblies to generate 

closed genomes, as current ANI (table 8.4) and phylogenetic tree (figure 8.3) analyses all 

posit these species as being extremely different from one another. This is perhaps surprising, 

given table 8.1 and its demonstration that many of the currently accepted species within the 

genus were in fact collected from the same glacier in China. 

8.4.2 Pangenome of Cryobacterium reveals a core genome 

The pangenome concept was first introduced in 2005 with a comparison of five 

Streptococcus agalactiae strains, and it was estimated that a core genome was shared among 

the group, representing ~80% of any one genome (Tettelin et al., 2005). The same study also 

postulated unique genes will continue to be discovered even as the genomic resource for any 

one specie grows. As different strains of particular species became sequenced, a huge 

variability of genomic content was discovered, leading to the terms such as ‘core’ (genomic 

content shared amongst individuals within a species) and ‘accessory’ (genomic content 

present in some, but not other members). The core also refers to fundamental gene families 

present in all members at the time of sequencing. Thus, a core genome is ever-changing and 

can give important clues to adaptation strategies of species. A latter team suggested 

pangenomes were a direct result of adaptation of prokaryotes to migrate to new niches 

(McInerney et al., 2017), and this has particular poignance in the cryosphere: a dynamic 

environment extremely vulnerable to global warming. The same study points out any 

understanding of a species pangenome is always dependent on what has been sequenced thus 

far and whether what has been sequenced adequately represents the inherent diversity within 
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a species. It seems Cryobacterium is very much an open pangenome (figure 8.1), meaning it 

is likely to change as more genomes are integrated and new gene families are added.  

In terms of cryosphere bacterial pangenomes, and indeed pangenomes of a whole genus, the 

genus Pseudoalteromonas was probed for insights into adaptation strategies for cold 

environments. 38 strains of the genus were sequenced and compared and found enormous 

heterogeneity within the genus and even between closely related species (Bosi et al., 2017). 

Like other studies (McInerney et al., 2017), the team found Horizontal Gene Transfer (HGT) 

played a fundamental role in the evolution of this genus. Using the ACLAME database (A 

CLAssification for Mobile Genetic Elements (Leplae et al., 2010)), the team assigned genes 

from this genus into three mobile element families: plasmid, virus and prophage. They 

estimated these MGE genes account for 14% genes within the Pseudoalteromonas strains and 

these were further compared to construct groups of shared genes into different mobilomes: 

core, accessory and unique. Unfortunately, the software to explore these in Cryobacterium 

was unavailable, but such work demonstrates the wealth of information gleaned from such 

comparative pangenome analysis. The same work also explored cold adaptation genes among 

the genomes and found most had four-five cold adaptation proteins (CAPs). This is similar to 

the work conducted in the previous chapter, with most genomes explored possessing three 

cold shock genes. Interestingly, the team could not distinguish between Antarctic and non-

Antarctic strains on the basis of their CAPs, suggesting more work is needed to explore 

specific cold adaptation strategies among genera that are globally distributed. It would be 

immensely interesting to compare the Chinese-discovered species of Cryobacterium with 

their polar counterparts, and even more to discover some alpine members of Cryobacterium, 

since the pangenome and phylogenetic analyses reported here also hints at high levels of 

heterogeneity within the genus.   

Since the pangenome analysis hinges on the clustering of orthologous genes, these were 

explored in this chapter, with the numbers of singleton versus homolog genes explored. 

These data presented a more uniform distribution with 84.12-89.36% homolog genes present 

across the assemblies (table 8.7). Interestingly, C. mesophilum had a higher % of homolog 

genes than C. aureum and C. arcticum. Such differences may be expected from assemblies 

originating from strains isolated from diverse locations, such as C. arcticum from Greenland, 

but C. aureum was one the strains isolated from ice in a Chinese glacier and isolated using 

the same growth conditions as many of the other strains discovered by the same team (PYG 
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agar at 14°C). It could be species within Cryobacterium will continue to come under scrutiny 

and be reassigned to other genera.  

As S99.84 was the base reference genome for the pangenome analysis (figure 8.1), its 

grouping with A18.2 and S16.19bin2 is expected, given their relatedness in both ANI (table 

8.4) and phylogenetic tree (figure 8.3) analyses. Also of note is the high shared proportion of 

the core genome of C. arcticum. This particular isolate was sequenced by (Bajerski et al., 

2011) using soil from Greenland. Another proportionally high core genome assembly was C. 

roopkundense which was collected from a Himalayan mountain range in India (Reddy et al., 

2010). Whereas many of the Cryobacterium assemblies collected from Chinese glaciers: C. 

breve, C. flavum, C. luteum, C. aureum, C. psychrotolerans group lower in terms of similarity 

to the core genome of S99.84. C. psychrotolerans being the lowest core genome-sharing 

representative of the pangenome is interesting, as this was the only specie representative from 

a Chinese glacier originating from a sample type other than ice: frozen soil. These vague 

trends in geography and sample type have interesting implications for a global 

Cryobacterium genome. As the first formally named Cryobacterium isolate: C. 

psychrophilum was collected from Antarctic soil, it would be fascinating to collect more 

Antarctic Cryobacterium isolates, sequence them fully and include them in a pangenome 

analysis. Although Cryobacterium has been recovered from Antarctic samples, and genome 

sequencing has been performed (Teoh et al., 2021), these were not sequenced in time to be 

included in the RefSeq database, nor does the isolate explored have a formal taxonomic name 

and thus were not included in the pangenome analysis. Teoh et al (2021) does present 

interesting methodology however, combining genomic and transcriptomics to explore cold 

adaptation in the Antarctic Cryobacterium isolate: Cryobacterium strain SO1. They state this 

isolate was most closely associated with C. arcticum and its cold adaptation and thermal 

stress genes were differentially expressed in response to lower incubation temperatures, 

though acknowledge they did not test extremely low temperatures likely experienced by the 

isolate in its natural habitat. 

Such comparative genomes could provide important clues as to adaptive mechanisms for 

Cryobacterium and the different geographical sites they inhabit, as opposed to studies 

focused on any one isolate. Though Liu et al (2020b) compared a collection of 

Cryobacterium, it acknowledged only one mesophilic strain of Cryobacterium could be 

compared directly against psychrophilic Cryobacterium strains: C. mesophilum. Again, given 

its reclassification, such insights are no longer as reliable. It instead relied on several 
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mesophilic strains within the Microbacteriaceae family. As much of their phylogenetic 

analyses compared only Chinese originated strains of Cryobacterium to mesophilic members 

of Microbacteriaceae, it would be appealing to instead compare polar strains of 

Cryobacterium with their Chinese counterparts, excluding C. mesophilum and determine a 

more global picture of cold adaptation. 

Working with draft genomes brings its own set of complications, one of which is the 

introduction of sequencing errors affecting analysis, since it all hinges on gene consistency 

and function. Errors can occur at any step, including genome assembly or annotation and 

such inconsistencies will result in incorrect pangenome construction. It is therefore 

imperative there is good representation across the species or genus one is trying to generate a 

pangenome from. The previously discussed hybrid assembly of genomes, using short and 

long read sequencing is much more likely to result in a closed genome and it is advantageous 

to have as many of these as possible within a pangenome.  Tools to mitigate this risk are 

beginning to be developed, such as the Pan4Draft which specifically looks for frameshifts 

within sequences after assembly and internal annotation using RAST. These frameshifts are 

adjusted to create a consensus file to which a file without frameshifts is compared. A 

standardized file is then generated for use in the downstream PGAP pipeline. 

Additional challenges in this pangenome generation (figure 8.1) is the use of KBase tools for 

creation and comparison of pangenomes. Though the tool performed as expected in its 

pangenome generation, the method adopted by many comparative genomics studies is one 

created by the Meren Lab. This uses anvi’o (ANalysis and Visulization platform for ‘Omics 

data) to explore metagenomic data, with binning, annotation and comparative genomics 

integrated within the tool (Eren et al., 2015). As this study was comparing isolated genomes 

many of the steps in this metagenome-centered tool were not directly relevant so a user-

friendly open source software was used instead. Future studies using metagenomic libraries 

from cryosphere environments may wish to adopt this powerful strategy. There is no 

standardized method for pangenomics, thus inferences from pangenome data should be 

treated with caution until there is a universally accepted pipeline to analysis both 

metagenomic and genomic assemblies. 

Additionally, there are many reported genome sequences of isolated Cryobacterium species 

(Singh et al., 2015; Teoh et al., 2021; Wang et al., 2020), but as these were not formally 

taxonomically named, they are disregarded in large scale comparative genomic efforts (Liu et 
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al., 2020b). It seems another big challenge in pangenome analysis across this genus involves 

the high-quality thresholds set in many genome databases integral to many of the analysis 

tools. NCBI groups assemblies as: 1. Complete (gapless chromosomes), 2. Assemblies that 

include chromosomes/linkage groups, scaffolds and contigs, 3. Assemblies including 

scaffolds and contigs, 4. Assemblies that include only contigs. Such terminology and 

specificity mean much of the true diversity of the genus simply isn’t included on the 

respectable databases. It is hoped as third generation sequencing costs continue to fall, more 

hybrid and complete genomes will be announced, improving the base datatset with which one 

can build a pangenome. Attempts to upload the NCBI assemblies that did not meet this 

criteria to KBase failed. 

8.4.3 antiSMASH clusters show commonality among members of Cryobacterium 

The antiSMASH comparative table shown in table 8.8 shows a commonality of many BGCs 

as identified through antiSMASH version 6. However, a low percentage similarity of these 

clusters was universal throughout this genus, suggesting some core BGCs shared among 

Cryobacterium that is highly divergent from many commonly detected BGCs. 

The fact that members of Cryobacterium show vastly different results in actual antimicrobial 

assays, their metabolite extracts displaying both growth promoting and growth inhibiting 

effects on common bacteria is intriguing. It suggests there may be a core defense mechanism 

specific to Cryobacterium, but something entirely inducible.  

The shared detection of a terpene, betalactone, saccharide clusters (table 8.9) seems to be 

something present in many of the input genomes. The size of this cluster ranged from 55,493-

62,507 bp. 8/12 of the assemblies had this cluster detected. The only ones that did not were 

S99.84, S16.19bin2, S16.14bin3 and C. mesophilum. In the case of S99.84 a similar smaller 

cluster was detected of saccharide and terpene (37,030 bp), so it possible that the particular 

sequence encoding that cluster was not fully sequenced. This is further supported by the fact 

S16.19bin2 has a similar cluster of saccharide and betalactone and S16.14bin3 has no such 

detected cluster. Both of these lower quality assemblies did have its own terpene-only cluster, 

though this was quite small (11,496 bp and 13,235 bp respectively). It may be that S16.19 

indeed has this cluster (when the terpene cluster is added to the betalactone and saccharide 

cluster the resultant cluster would be 65,674 bp-only slightly bigger than the clusters 

identified in other assemblies. As these were contaminated samples, and therefore were 

treated as MAGs, their sequencing depth is likely worse than S99.84. the only other assembly 

not have this cluster detected was C. mesophilum. Since it has since been reclassified, this is 
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not relevant. Overall, these data support the notion of this cluster as being specific to 

Cryobacterium. Additionally, AntiSMASH estimated similarity scores of this cluster have a 

maximum value of 66%, but most are 50% to some kind of terpene, specifically a carotenoid 

compound. This shared pigment production may be naturally occurring in this genus, or 

could be involved in a UV stress response mechanism. Indeed, carotenoids have been linked 

in a number of studies to cold stress response in bacteria. In terms of Antarctic bacteria, 

carotenoids may give increased resistance for Antarctic bacteria to survive freeze thaw cycles 

and solar radiation exposure (Dieser et al., 2010). Their role in stress response seems likely, 

given their role in regulating membrane fluidity, enabling them to withstand lower 

temperatures. (Chattopadhyay & Jagannadham, 2001) demonstrated polar-specific 

carotenoids exposed to synthetic membranes could increase their rigidity. This carotenoid 

induction to cope with low temperature has been exhibited by other glacier bacteria, by (Fong 

et al., 2001) using a strain of Arthrobacter agilis isolated from Antarctic sea ice. Though the 

production of a carotenoid was increased with lower incubation temperature, it was markedly 

decreased at higher temperatures. This suggests carotenoid compounds from cryospheric 

bacteria are a cold-specific stress response mechanism, as opposed to a mechanism to help 

survival and growth at higher temperatures, meaning the hypothesis questioning the existence 

of core cold adaption mechanisms present in this genus specifically may be accepted, pending 

further characterisation of this cluster. This would also need to be link genotype with 

phenotype, perhaps with cold stress experiments using members of the genus and comparison 

of their transcriptomes.  

Another similarity between the assemblies is the universal presence of a T3PKS cluster (see 

table 8.9). Only in S99.84 is it associated with anything else- an additional saccharide. 

However, this cluster has far less uniformity across the assemblies. Only half of the detected 

T3PKS clusters had the same most similar known compound: echoside A/B/C/D/E/F, a type 

of non-ribosomal peptide. After their initial identification from fungi, a pathway for these 

cluster types has been proposed after extensive work in Streptomyces, and they possess 

inhibitory activities against DNA topoisomerases (Zhu et al., 2014). These clusters have only 

11% similarity to any other assembly with this cluster, suggesting it may be a novel cluster 

type. Additionally, with the exception of aforementioned lower quality assemblies, all 

clusters have similar sizes, ranging from 31,610-41,253 bp. Only C. mesophilum has a cluster 

larger than this (44,573 bp), however this matches an entirely different compound, a 

polyketide (arylresocinol with 7% similarity to any other organisms with this cluster type). 
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Given its reclassification, it is validating that the T3PKS shows divergence in this assembly 

and supports the idea of a core T3PKS shared amongst true members of the Cryobacterium 

genus, supporting the hypothesis of the chapter proposing core clusters found within the 

genus. 

In terms of other compounds specific to the genus, NAPAA (non-alpha poly-amino acids like 

e-Polylysin) seems common among the assemblies, missing from only one true 

Cryobacterium: C. psychrotolerans. This NAPAA cluster had no most similar cluster on the 

MiBIG database, so seems entirely novel. Several of the fatty acid/saccharide clusters had 

hits with varied similarity to known clusters, but as these were only picked up using ‘loose’ 

detection settings, these were not explored further. It seems the Cryobacterium genus does 

indeed contain three core clusters specific to the genus, and perhaps novel to the MiBIG 

database. Whether or not these are in any way connected to antimicrobial activity is an 

assessment that cannot be made in the scope of this study and would need validating with 

phenotypic data. It is however, ecologically interesting and again supports the need for more 

Cryobacterium species to be discovered and sequenced, so the secondary metabolism of this 

psychrotolerant genus can be explored in detail. In the previously mentioned exploration of 

the pangenome of Pseudoalteromonas (Bosi et al., 2017), a high variability into the 

represented BGCs  (cluster number ranged from 1-19) was reported. They also report 

pigmented strains had higher numbers of clusters, were more phylogenetically variable. As 

all genomes used in this chapter were pigmented it would be interesting to cultivate and 

isolate non-pigmented members of Cryobacterium if there are any and compare their 

bioactivity. Such conclusions may inform more cultivation-based bioprospecting in the 

cryosphere. 

8.4.4 The future of the Cryobacterium genus 

As mentioned, more representatives from this genus are being uncovered each year, yet there 

are gaps in terms of publicly available fully sequenced genomes. If more species 

representatives are added to databases, future researchers exploring isolate diversity or indeed 

a true shotgun metagenome from cryosphere environments will have a truer comparison for 

their samples. As the genus is dominated by species from one location in China, it would be 

interesting to see if representatives are globally distributed, and if so, how similar they are. 

Indeed, the Cryobacterium isolates uncovered in previous chapters were from high/low 

Arctic samples only, from Svalbard and the Tarfala valley in northern Sweden. No 

representatives were isolated in the previous effort using alpine samples. It would be 
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interesting to see if metagenomes of samples collected from alpine glaciers contain sequences 

matching to this genus, and if so, further exploration into why these representatives were not 

able to be cultivated would be warranted. An exploration into genomic differences between 

alpine and polar strains would also be interesting, with emphasis on adaptation strategies and 

how these communities may react to the ongoing climate change affecting these 

environments. 

The broadly similar antiSMASH profiles (table 8.8) of each of the representatives explored 

here hint at a core capability within the genus, with a particularly exciting cluster of Terpene, 

saccharide and betalactone all working together to build an unknown larger carotenoid 

cluster. As members of this genus have been shown in chapter 6 to have wildly different 

capabilities in terms of antimicrobial activity, there may an inducible mechanism novel to this 

genus with demonstrably suppressive activity. Such findings would support the notion of 

continuing to explore Actinobacteria within extreme environments for their potential as novel 

drug candidates. Additionally, work could be conducted to locate whether these core 

antiSMASH clusters are part of the core or accessory pangenome of Cryobacterium. Given 

their specialized nature, BGCs are not generally present in the core genome, and are instead 

inherited in accessory genomes. The apparent distribution of ‘core’ clusters throughout the 

genus hints these are instead present in the core cluster. More isolation of novel members of 

the genus and bioinformatic exploration of the physical location of the clusters may begin to 

answer this question. Identification of core/accessory genomes have been conducted in 

Pseudomonas (Ozer et al., 2014), using a software called Spine, so a future avenue of this 

work could be to employ this software against all available members of Cryobacterium. 

Metabolomics may also shed light on this remarkable ability of growth promotion/growth 

suppression of Cryobacterium strains. Comparative genomics may only hint at the potential 

of organisms under stress, but metabolomic data will elucidate compounds actually produced 

by these strains grown under standard conditions. Therefore, work is needed to compare 

A18.2 and S99.84 according to their cellular metabolomes. 
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Chapter 9 General discussion 

9.1 Aims and objectives of the project 

The aim of the project (chapter 1, section 1.6) were to establish and assess a large collection 

of bacterial isolates from alpine and Arctic glacial environments for their suitability as novel 

antimicrobial compound drug targets. This aim was met. Each objective was carried out. In 

chapters 3-5, a collection of bacterial isolates was cultivated from samples collected from 

Svalbard, Sweden and the Alps. They were then amplified according to regions v1-8 in their 

16S rRNA gene, and these were compared against known reference sequences to characterize 

each strain. They were then phylogenetically compared to one another through maximum 

likelihood trees built on pairwise comparisons. This not only gave an indication of the genetic 

divergences between isolates from each other, and from known sequences; but also provided 

validation to the characterization technique. In chapter 6, these isolates were systematically 

tested for antimicrobial activity against a range of tester bacteria in a high throughput, 

automated manner. A subset of these that performed well in initial screens were subject to an 

additional screen, with the inclusion of 24-hour continuous monitoring of tester bacterial 

growth. This more detailed screen can indicate whether its suppressive effects are something 

the tester bacteria is eventually able to overcome. In chapter 7, five isolates, chosen for their 

genus diversity and contrasting performance in the antimicrobial assays had their whole 

genome sequenced. Although this approach was marred by issues with contamination, the 

resulting chapter explored 3 single isolate genomes, and two multi-species samples which 

were treated as metagenomic samples, and binned accordingly. These genomes were then 

input into various bioinformatic tools to learn more about each strain, including its BGCs and 

resistome. Chapter 7 also led to the tentative discovery of a new species within 

Cryobacterium, of which there are perhaps two strains explored in the chapter: A18.2 and 

S99.94. In chapter 8, these were explored in more detail and compared and contrasted with 

other species within the Cryobacterium genus. A pangenome was constructed and it was 

realized that species within the genus display a lot of distinctiveness from each other, both 

according to their ANI and phenotypically. However, BGC detection in representatives of 

Cryobacterium hinted at a core cluster produced by all members of the genus, in which some 

kind of carotenoid (consisting of a cluster of betalactone, saccharide and terpene) displaying 

~50% similarity to any known carotenoid is detected. This carotenoid may have implications 

for cold adaptation by members of this genus, given its role in membrane stability during 
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temperature fluctuations. Although samples were prepared for metabolomic analyses, data 

were not returned in time for inclusion in this thesis.  

9.2 The microbes of the cryosphere 

Attempts to cultivate diverse bacteria comparable to 16S rRNA-meta-barcoded community 

profiles was largely successful (section 3.3.3). This study used a total of 6 different mediums 

(figure 2.7). Growth media were broad, and included the novel use of high-nutrient medium 

BHI (section 3.2.4), although high-nutrient mediums had been employed before (Lee et al., 

2011). One growth medium had been spiked with an environmental stressor- such as the 3% 

NaCl R2A medium (R2S, table 2.6). Another theoretically contained minerals essential to 

cryoconite organisms, made by sterilizing bulk cryoconite samples and again spiking some 

dilute R2A (CRYO, table 2.6). A similar approach was used in the creation of the WA (tables 

2.6 and 2.5), where commercial water mineral profiles were compared to try and find one 

with a mineral content similar to Isklar water. This water was from an Icelandic brand which 

claimed their product was glacial runoff. Therefore, mineral content would likely mirror 

some downstream glacier conditions. As the BHI was so successful in the initial Svalbard’16 

cultivation (section 3.2.2.3, figure 3.7), further higher concentrations of this were tested 

(Section 3.2.4, figures 3.14 and 3.16). Though the diversity of morphotypes in that 

subsequent BHI experiment was low, 50% BHI growth medium was able to recover the lone 

Firmicutes isolate, a Paenibacillus species. This has interesting implications for future 

cultivation studies, where highly nutritious mediums may be systematically employed with a 

view of capturing lesser abundant organisms. Paenibacillus has previously been captured 

from the cryosphere, and in fact Firmicutes was the most dominant phyla within an isolate 

collection recovered from a non-polar glacier in the Tibetan plateau (Ali et al., 2019). This 

contrasts with much of the polar taxon profiles, where Firmicutes is rarely recovered, usually 

there is an abundance of Proteobacteria and Actinobacteria (Edwards et al., 2011, 2016; 

Gokul et al., 2016; Seok et al., 2016) In a Svalbard permafrost metagenome, just one MAG 

could be resolved that was assigned as an unnamed member of Firmicutes (Xue et al., 2019). 

A soil forefield metagenome from Midtre Lovénbreen also recovered some Firmicutes (Seok 

et al., 2016). Otherwise, community abundance of the cultured isolates largely mirrors meta-

barcoded libraries from the same environment. As discussed in section 3.3.3, a 16S rRNA 

meta-barcoded library from Foxfonna cryoconite collected in 2016 was totally comparable 

with the cultivated community profiles. Taxa such as Variovorax, Sphingomonas, 

Actinobacterial species and Polaromonas were uncovered in both figure 3.7-8 and table 3.1 
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and (Edwards et al., 2016). As mentioned in that chapter, future studies may wish to generate 

a metagenome from samples if possible, prior to cultivation strategies so that knowledge of 

what is actually there can inform targeted cultivation. As there were so few isolates recovered 

from truly alpine environments (figure 5.6), it is hard to draw robust conclusions on the 

comparability of culture dependent/independent community profiles. Alpine samples were 

assigned to Masillia and Arthrobacter, both of which have been reported in alpine cryosphere 

samples previously (Lapanje et al., 2012a; Margesin et al., 2012; Zhang et al., 2010). 

This study also tested different dilution factors and incubation temperatures as a way to 

increase recovered diversity (sections 3.2.2.2-3.2.2.3 and figures 3.5 and 3.4 respectively). 

Both attempts had limited success- a more concentrated sample suspension simply resulted in 

uncountable plates and an absence of single colonies suitable to pick for further sub-culture 

(section 3.3.2.4). Similar results were found with temperature variations (section 3.2.2.1), 

with little difference with morphotypes recovered from samples. Although further 

temperatures were tested in the majority of isolates (20°C, 25°C and 37°C), it became clear 

through repeated sub-culture that isolates were generally able to grow anywhere between 2°C 

and 20°C, with many able to grow above this. Thus, it may be more fruitful to researchers to 

test a wider range of temperatures, providing more immediate growth temperature profiles of 

isolates.  

9.3 Diversity of bacteria according to geography 

Bacterial isolates recovered from the high and low Arctic and alpine cryosphere were 

comparable with culture-independent meta-barcoded libraries and true metagenomes 

generated from these environments. It would have been more informative if more isolates 

from alpine environments were able to be revived, but those that were revived were 

consistent with previous studies. Of note is the fact no isolates on either Frey’s medium nor 

1/100 RAVAN could be recovered (section 4.3.2). Therefore future studies may consider 

using diverse media to recover different isolates, but attempt in subsequent sub-cultures to 

see if isolates are able to grow on a more reliable medium, such as oligotrophic R2A, which 

is the catch-all medium used by many studies, capturing numerous diverse isolates (Ali et al., 

2019; Cheng & Foght, 2007; Lapanje et al., 2012a). Having isolates from the same 

geographical region over different years e.g. Svalbard cryoconite from 2013 (table 2.2) and 

2016 (table 2.1) (albeit different glaciers) and Tarfala glacier and forefield samples from 

2013 (table 2.3) and 2017 (table 2.4) showed a remarkable stability in terms of phyla 

abundance over the years. Admittedly, samples were always collected over a melt season 
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(July-August), but the consistency in class/phyla profiles was notable. This study reaffirms 

current knowledge of these bio geographies, with high Arctic cryoconite being dominant in 

Proteobacteria (particularly Alphaproteobacteria) and Actinobacteria and low Arctic/alpine 

samples showing an abundance in Betaproteobacteria and Actinobacteria. It is interesting 

Bacteroidetes members could not be isolated from low Arctic/alpine samples, given previous 

metagenome libraries revealing Bacteroidetes being more prevalent than even Cyanobacteria 

(Edwards et al., 2013). 

9.4 Antimicrobials in the cryosphere 

Chapter 6 explored the antimicrobial capability of isolates and all 291 isolates were tested. Of 

these, 21 strains (figure 6.1) were selected for further screening. The suppression threshold of 

inhibition had to be reduced to just 15%, as so few had potent bioactivity in the initial 

screening. However, some isolates were inhibitory, and inhibitory to more than one of the 

tester bacterial strains (e.g. S99.84 against all tester strains, table 6.1), which was 

encouraging, as it showed suppression of both Gram negative and Gram positive strains. The 

subsequent assays (see SI) had mixed results. Some metabolite extracts showed increased 

antimicrobial capability, and some showed less. Thus, it was hard to draw broad conclusions 

about the suitability of cryosphere bacteria for bioprospecting, despite previous studies urging 

this as the ecosystem is poorly characterized and may be host to a plethora of novel 

metabolites (Vester et al., 2015). However, the work had some informed some interesting 

ecological perspectives, which are discussed in more detail in 9.7. The majority of metabolite 

extracts had either neutral or positive interactions with the tester strains. Although a number 

of possible reasons for this are discussed in section 6.3.7, the general observation cannot be 

discounted, and thus the primary hypothesis of the thesis is null. It appears extreme 

environments do not mean resident bacteria have an array of antimicrobial arsenal to suppress 

growth of nearby organisms, instead strategies for survival are much more symbiotic. 

Nonetheless, there was some convincing suppression (figure 6.2), with a reduction in E. coli 

growth by >40% by metabolite extract 4, S99.84. Table 6.1 also showed cross species 

suppression, which is particularly exciting. Bioprospecting in the cryosphere should not 

therefore be discounted, but perhaps different strategies need to be formulated to do so. 

Mesophilic strains may react well to the OSMAC approach, or co-culture, but 

psychrophilic/psychrotolerant bacteria in the cryosphere are not strangers to the concept of 

harsh conditions. Therefore, it may be more fruitful to incubate under positive conditions: 
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optimum growth temperature, nutrient surplus, neutral supply of UV light to truly understand 

the biotechnological potential of cryosphere bacteria. 

9.5 WGS to explore isolate potential 

WGS of candidate isolates was conducted in chapter 7. This was conducted for several 

reasons, including an urgent need for public databases to contain more cryosphere sequences. 

Additionally, phenotypic behavior of strains will not give a full indication of its antimicrobial 

potential. To do this, BGCs within each strain needed to be explored, and better yet, 

compared to contemporary counterparts to elucidate any specialized metabolite production. 

Genomes can also be explored for genes involved in cold adaptation, such as cold shock, 

stress response or dormancy capability. Furthermore, tentative conclusions can be inferred 

from the level of ARGs within the genome, since these are usually correlated with 

antimicrobial potential (Mak et al., 2014). This is to provide some protection from the very 

compounds they may produce towards other organisms (Tran et al., 2019). Finally, given the 

unconvincing BLAST analyses, there was suspicion that some of the isolates may represent 

novel species. Aside from contamination issues, where contaminant genomes were able to be 

binned as MAGs, the WGS performed as expected. In particular, there was nice consensus 

along the antiSMASH profiles for each strain, with some clear core mechanisms within 

genera. More excitingly, many of these were entirely novel, or bore low levels of similarities 

to comparable compounds already identified by the database. Such was the case with the 

elusive terpene-betalactone-saccharide compound found in many Cryobacterium, or indeed, 

the apparently novel T3PKS. Results like these were surprising, given PKS are the most well 

characterized enzymes (Chevrette et al., 2020) and support further sequencing of cryosphere 

bacterial genomes. In many cases, using the MiBIG database to explore these compounds 

revealed they were usually also present in the same genera from similar environments. 

Though the number and diversity of BGCs identified was disappointing, they were 

comparable. This was tested by submitting publicly available genomes from each genus to 

antiSMASH to compare profiles (these data are available in the appendix). Again, given their 

overwhelming novelty against any compounds current characterized in the database, it would 

be interesting to continue mining retrospective public genomes and comparing their 

antimicrobial potential. Such efforts may hint at niche-specific specialized metabolites 

essential for adaptation in extreme environments. Annotations of each genome also enabled 

conclusions about adaptation in the isolates. For instance, all assembly annotations returned 

genes involved in Dormancy/Sporulation and Virulence, Disease and Defense.  
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Future work in this area will benefit greatly from more publicly available genomes against 

which newly sequenced samples can be compared. This is particularly true where 

comparative genome studies have fewer members of cryosphere-specific genera to compare 

against. As sequencing cost and time is reduced with the emergence of third generation 

sequencing, it is expected databases will be better populated in future studies. 

9.6 New members of Cryobacterium 

One major finding of this study was some new members of the genus Cryobacterium- if they 

are indeed a part of the genus. This was particularly exciting, as mentioned in chapter 8, 

many of the representative genomes from this genus are from one distinct region in China. 

The genus genome comparison is therefore biased towards these Chinese ice core samples. 

Comparison to high and low Arctic isolates revealed much divergence between species in this 

genus. With the recent reassignment of C. mesophilum (Hahn et al., 2021), and the recent 

genome comparison study reporting few cold-shock genes in Cryobacterium genomes (Liu et 

al., 2020b) it is clear there is much to be learnt about this genus. Furthermore, pangenome 

analysis of the genus (figure 8.1) and its characterized antiSMASH profile (table 8.9) 

revealed some core genome mechanisms of interest. For instance, the terpene-betalactone-

saccharide cluster that seems ubiquitous with the genus, with only 50% similarity to any 

known carotenoid could reveal important cold-adaptation strategies. A shared T3PKS cluster 

also with low similarity to any known compounds demonstrates the need for more 

Cryobacterium genomes to be deposited into public databases. Since the major genomic 

comparison report (Liu et al., 2020b) there has already been taxonomic reassignment, not 

only to another species, but to another genus (Hahn et al., 2021). 

9.7 Ecological implications: extreme environments, but benevolent bacteria 

As more is learnt about bacterial ecology, through largely culture independent techniques, it 

becomes clear that bacterial communities can cooperate and fluctuate according to the 

metabolic needs for them to proliferate within an environment. During a large-scale 

metagenomic profile of aquifer systems, it was discovered the majority of organisms within 

the environment could not perform all metabolic functions needed to continue a 

biogeochemical cycle (Anantharaman et al., 2016). Furthermore, organisms appear to work 

together to continue these cycles, with different microbial growth being selected for within an 

environment during changes in conditions to maintain ecosystem resilience. The study also 

recommends that reaction steps in major biogeochemical cycles be assigned to different 

organisms- essentially the whole process is much more complicated and may involve 
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organisms that may not be particularly abundant at the time of sampling. Far from the 

hypothesized battleground between different bacterial species all fighting for space and 

nutrients, the whole ecosystem is reliant on cooperation within bacteria. Something similar 

may be happening with cryosphere ecosystems. Though it was posited such extreme 

environments would mean cryosphere dwelling microbes produce a dazzling array of novel 

antimicrobial compounds against competitors, the opposite may be true. In such a tough 

environment, bacteria do not waste precious metabolism on microbial warfare, they produce 

compounds to ensure the environment remains suitable for habitation. Hints of this may have 

been uncovered in the cryosphere, with high Arctic cryoconite community profiling revealing 

major responsibilities for certain taxa, namely Actinobacteria and Cyanobacteria to engineer 

the cryoconite community (Gokul et al., 2016). Further studies have assessed bacteria-algal 

interactions as being positive, since algal organisms are primary produces and heterotrophic 

bacteria utilize organic compounds produced be them, hence repeated findings of their co-

occurrence (Kouzuma & Watanabe, 2015). 

Recent comparative studies into Actinobacterial soil species have affirmed this notion, where 

it was reported Actinobacterial interactions with co-occurring bacteria are actually 

overwhelmingly neutral (Yan et al., 2021). This certainly seems to be the case in the 

Cryobacterium isolates screened, where generally little inhibition was observed, and the 

majority of isolates had either a neutral or beneficial effect on tester strains. One could argue 

that many of the strains selected for further testing were Cryobacterium isolates, but it should 

be remembered that the majority of the isolate collection were Cryobacterium isolates, so a 

little bias in downstream screening is to be expected.  

Another recent, more targeted study of alpine snowfields revealed positive interactions 

between resident cryophilic algal members and bacteria: when co-cultured together as 

opposed to bacteria cultured with industrial algal strains, much more biomass was measured 

(Krug et al., 2020). Incidentally, these snowpacks had bacterial communities dominated by 

Proteobacteria, with many Oxalobacteriaceae, Pseudomonadaceae and 

Sphingomonadaceae- which was comparable to the cultivated community found in low 

Arctic and alpine glaciers uncovered in (figure 5.8). The authors hypothesize that 

communities residing in extreme environments are actually supportive of each other, and that 

is why these communities are so resilient. 
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In this study, antimicrobial activity of cryosphere bacterial isolates was disappointing 

(chapter 6). Far from powerful bioactivity against an array of tester bacteria, many of the 

metabolite extracts of isolated strains actually improved the growth of tester bacteria. 

Reasons for this have been discussed in chapter 6, but future work is harder to deliberate. 

Though numerous studies have explored cryosphere bacteria and reported notable 

antimicrobial activity (Abbas et al., 2011; Bruntner et al., 2005; Lo Giudice et al., 2007; Sala-

Pérez et al., 2016), these compounds seem not to have been take further along the drug 

discovery process as of yet. Certainly, none of the isolates explored here seem to be good 

candidates for drug discovery targets, yet they do have some activity. Major issues with the 

exploration are methodological, as lack of consistency in assay setup meant it was hard to 

draw general conclusions in terms of sample variables such as genera or location. As 

mentioned in chapter 6, time spent optimizing the method of screening cryosphere bacteria 

specifically would be well spent. In particular, a bacterial growth curve experiment on each 

strain would be beneficial. At lower temperatures, biomass accumulated much more slowly in 

these strains, so there are questions as to whether a three-week incubation is the correct 

assumption in terms of secondary metabolite production. Furthermore, recent work has 

shown that Actinobacteria produce far more, and more diverse metabolites when grown in a 

nutrient rich medium, as opposed to an oligotrophic medium (Yan et al., 2021). This has 

broad implications for the future of antimicrobial testing, the most obvious of which is to try 

and grow strains in a nutritious medium. Perhaps only when energy is in surplus do these 

bacteria attempt to divert attention to predatory secondary metabolism. If so, the OSMAC 

approach attempted in (6.2.3) is not the optimum way to increase the likelihood of novel 

metabolite production. 

Additionally, a more robust method to determine extraction concentration would go a long 

way in improving consistency of these basic screens. Much of the research into antimicrobial 

compounds uses disc diffusion assays and this may have been the approach to use with these 

isolates. The reason for using the Hidex Sense microplate reader was to be the first study to 

provide a more accurate, high-throughput quantitative exploration into cryosphere bacteria.  

Future bioprospecting of extreme bacteria should employ a consistent approach to screen 

isolates for antimicrobial activity. A number of controls, including metabolite solvent blank, 

growth medium blank should be included. A wider range of tested bacteria against which to 

assess activity could be employed. Great care should be taken to ensure any strains submitted 

for WGS are demonstrably pure, and this could be achieved through amplification using 
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universal bacteria 16S rRNA gene primers on the extract genomic DNA itself, prior to 

submission for sequencing. Future approaches could also utilize cultivated collections of 

bacteria, and probe their suitability as new candidates as hosts urgently needed for 

heterologous expression approaches used in true metagenomes from extreme environments. 

Such approaches circumvent the need for costly and laborious field trips to extreme 

environments, as many research teams interested in the cryosphere will already possess 

collections of samples stored in freezing conditions in the laboratory. Additionally, given the 

emerging suggestion that cryosphere bacteria are more helpful to the ecosystem microbiome 

as opposed to combative, future approaches could explore different kinds of extreme 

environments, such as high heat or salt. 

9.8 The future of the cryosphere: climate change, pathogenic threats and using 

metagenomics for exploration and bioprospecting. 

 

There is much to be learnt about the cryosphere, a need made all the more poignant with 

climate change. The need for continued monitoring of microbial community has been hinted 

at throughout this thesis: potentially pathogenic microbes being released, with demonstrably 

high levels of resistance to current antibiotics (Mogrovejo et al., 2020; Segawa et al., 2013) 

among the most troubling. However, the cryosphere also represents an extremely old 

microbial community- if microbial release is not a threat to human health, it will at least 

disrupt resident ecosystem with extremely old, but still viable bacteria (Miteva & Brenchley, 

2005). Aside from microbiological release, the cryosphere also habours chemical dangers, 

such as Mercury, with its release identified in staggering levels from Arctic rivers (Zolkos et 

al., 2020). Radionuclides have been shown to accumulate within cryoconite particularly, due 

to all its organic matter and thus is even being considered as a dating tool for cryoconite age 

predictions (Baccolo et al., 2020). 

The cryosphere undoubtedly habours threats to human health, but human impact threatens the 

cryosphere in return. Glaciers have been shown to be subject to human impact, shifting 

bacterial communities according to level of human pollution (Lee et al., 2011). Therefore, it 

is imperative to collect as much information as possible on the natural microbial communities 

that dominate the cryosphere. In particular, shotgun metagenomes can address resident 

microbial community. Knowledge of which bacteria are in these environments, and therefore 

will be eventually released from these environments gives researchers clues to predict which 

potentially pathogenic and/or multi-drug resistant strains are of most concern. 
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Transcriptomics can address what genes are being expressed by these communities, and 

whether these pose any threat to human/animal health through HGT to other environmental 

bacteria. Metabolomics gives an indication of compounds being released from these microbes 

and following identification of these compounds, their potential to be used for exploitation 

for use in food safety or antimicrobials can be assessed.  

However, these environments are diminishing before they can be properly explored. As 

mentioned in section 1.5.2, a key limitation of metagenomic functional based screening in 

extreme environments is the lack of suitable expression vectors, tailored to express 

cryosphere specific gene products. Culture-based exploration is needed to couple with 

culture-independent work, so both tools can be used to the best of their advantage. Though 

MAGs are a useful tool, their quality is undoubtedly less than single isolate genomes (Shaiber 

& Eren, 2019) and thus they cannot be wholly relied upon for cryosphere research, 

particularly with such a lack of reference cryosphere genomes. Single isolated culture 

genomes are needed to populate databases to validate and improve MAGs recovered from the 

cryosphere. A limitation of this work was the lack of metabolomic data, which was not 

returned in time for inclusion. As shown in figure 7.1, metabolomics should form an inherent 

feedback loop of data accumulation and analysis. This is demonstrated in a recent review of 

Arctic microbiology and its future research, where it was acknowledged not just microbes, 

but their gene products needed to captured from these environments, including proteins, 

transcripts and metabolites (Edwards et al., 2020). 

Therefore, overall recommendations resulting from this thesis are as follows: 

• Generate metagenomes from environmental samples used for culture collections. This could 

enable MAGs to be used in downstream analyses and give an indication of the success of the 

culture collection at capturing inherent bacterial diversity. 

• Antimicrobial activity assays could be repeated for all samples, with appropriate controls in 

place and consistent across screens. Most crucially, a method needs to be developed and 

validated to accurately quantify the concentration of metabolites. Co-culture experiments 

could be repeated for every sample, pairing bacteria with known fungal strains with 

established metabolite profiles, enabling easier discernment of bacterial produced metabolites. 

• More WGS generated from samples of interest, not just in this project, but generally. This, 

coupled with MAGs could help validate conclusions hinted at in terms of genus-specific 

antiSMASH profiles and their role in cold adaptation. 
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• Finally, metabolomics could be performed on all samples, so that suitability of strains as 

antimicrobial drug candidates may be assessed. 

To return to the introduction, and the comment of the NSIDC having only two 

microbiological datasets, future elucidation of the cryosphere will need a timely multi-

disciplinary approach, particularly considering the looming loss of this fascinating ecosystem. 
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