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ABSTRACT
Natural products have many uses in today’s society, from disease therapeutics to
cosmetic applications. One such application of natural products is use as an active
ingredient in commercial sunscreens. Ultra-violet (UV) radiation exposure can result in
a range of harmful side effects from a minor burn to the induction of melanoma. Due to
the hazards associated with UV exposure, there is a need for safe and effective natural
sunscreens. Microbes are known to produce structurally diverse natural products with
greatly varied functions. One potential role of microbial natural products is to act as UV
protectants for the producing organism. For this thesis we wanted to describe the
cultivable microbial community of sea ice melt pools to determine if microbes in this
habitat are resistant to UVB radiation, and if their mechanism of resistance was via the
production of UV protectants. Thus, microbes living in high UV intense habitats are of
interest for this thesis. One such habitat is sea ice melt pools in Canada’s Arctic. During
the early summer months the sea ice begins to melt forming melt pools. Due to the
constant sun exposure, coupled with the reflective property of the ice, microbes present
in these pools endure extreme levels of UV radiation. Microorganisms have three
mechanisms in which they can survive exposure to UV radiation. They can produce
spores, have DNA repair mechanisms, or they can produce UV-absorbing metabolites.
With this knowledge it was hypothesized that microbes living in these melt pools would
be resistant to UV radiation via the production of UV-absorbing metabolites. Water
samples were collected from sea ice melt pools in Nunavut and the cultivable microbial
community was identified via sequencing of the 16S rRNA gene (bacteria) and the
ITS/28S rRNA genes (fungi). Phylogenetic analysis revealed that the microbes belonged
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to 26 different species. Of these 26 species two of the organisms, Frigidiomyces
aurantiacum and Polaromyces triangulaformis, were discovered in this study and were
described during the course of the research. Each of the 26 organism’s temperature
growth range, nutrient requirements, ability to survive a freeze thaw cycle, and
resistance to UVB radiation were determined. Post exposure to UVB radiation,
compounds produced by each organism was extracted to determine if UV-absorbing
metabolites were being produced. The crude extracts were then analyzed using HPLCHRMS. Of the 26 organisms, seven were true psychrophiles, 17 could survive with
minimal nutrients, all of the organisms tested remained viable after a single freeze-thaw
cycle, and 20 were resistant to exposure to UVB radiation. HPLC-HRMS analysis of
the crude extracts revealed that four strains produced mycosporines or mycosporine-like
amino acids. One bacterium, Rhodococcus sp. RKAT245, produced a single
mycosporine-like amino acid, shinorine. From the fungal library, Bulleromyces albus
produced mycosporine-glutaminol, Dioszegia sp. RKAT 238 produced mycosporineglutaminol, mycosporine-glutaminol-glucoside, and mycosporine-glutamicol-glucoside,
while Frigidiomyces aurantiacum produced mycosporine-glutaminol-glucoside.
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CHAPTER 1: GENERAL INTRODUCTION
1.1 Natural products
Many organisms can produce a diverse assortment of organic compounds, the
vast majority of which do not appear to function directly in metabolic roles that are
essential for survival. These compounds are referred to as secondary metabolites, or
natural products (Katz & Baltz, 2016). Initially natural products were perceived as
biologically insignificant, and received little attention from many scientists; however,
organic chemists were interested in these novel organic molecules and have studied their
chemical properties since the 1850s (Croteau et al., 2000).
With the growing interest in natural product chemistry, researchers discovered
that these compounds represent a family of diverse chemical compounds, with over
23,000 compounds being characterized since the discovery of penicillin in 1928 (Katz &
Baltz, 2016; Mishra & Tiwari, 2011). Natural products also have a wide range of
biological activity (Giddings & Newman, 2013; Katz & Baltz, 2016). One of the major
focuses of natural product research has been in the field of drug discovery as it was
discovered that some natural products have biological activity against human diseases,
including, but not limited to, antibacterial, antitumor, antifungal, anti-inflammatory,
antiparasitic, antidiabetic, anticoagulant and antiviral activity (Chin et al., 2006;
Giddings & Newman, 2013; Katz & Baltz, 2016; Koehn & Carter, 2005; Li & Vederas,
2009). With this, many natural products have been commercialized for use as human
therapeutics (Butler, 2005; Li & Vederas, 2009; Mishra & Tiwari, 2011).
The discovery and commercialization of penicillin began the period, known to
natural product researchers, as the golden age of natural product drug discovery in the
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1940s (Shen, 2015). The study of natural products reached its peak in Western industries
between 1970 and 1981, and has since been in a decline (Koehn & Carter, 2005). As of
2013, of the 1453 new chemical entities that have been approved by the US Food and
Drug Administration approximately 40% are natural products or of natural product
origin (semi-synthetic natural product derivatives)(Katz & Baltz, 2016). However, by
the late 20th century, many pharmaceutical companies scaled back their natural product
drug discovery research (Cragg et al., 1997; Koehn & Carter, 2005; Li & Vederas, 2009;
Shen, 2015). There are many reasons emphasis has shifted from the initial stages of
natural product drug discovery. One of the main reasons for this shift is the high risk
with little chance of success. Other reasons include the development of combinatorial
chemistry, which allowed for simpler more drug-like screening libraries of wide
chemical diversity, and the introduction of high-throughput screening as it led to the
creation of many synthetic chemical libraries instead of the natural product crude extract
libraries (Katz & Baltz, 2016; Koehn & Carter, 2005; Li & Vederas, 2009; Newman &
Cragg, 2012; Shen, 2015; Taylor, 2015). With a decreased emphasis on natural product
drug discovery in the major pharmaceutical companies, this lead to an overall reduction
in new drug development leads and a decline in drug approval (Koehn & Carter, 2005;
Shen, 2015).
With a decline in pharmaceutical interest in natural product drug discovery
programs, it is important to note other areas of natural product research. As mentioned
before, natural products have a wide variety of biological activity allowing for more
industrial interest in natural product research than just human pharmaceutical drug
discovery. These areas of interest include animal medicine, and agriculture (insecticide
and herbicide) (Gong, 2004; Katz & Baltz, 2016). There is also an increasing interest in
2

commercializing natural products to be used in cosmetics including shampoos, skin
creams, sunscreens, etc. (Aburjai & Natsheh, 2003; Heukelbach et al., 2015; Kijjoa &
Sawangwong, 2004). For example, research is currently ongoing to find natural products
that could be used in creams and shampoos to prevent and treat lice infections
(Heukelbach et al., 2015). As well, pseudopterosins have been developed as skin care
additives in Estée Lauder’s Resilience™ cosmetics line to prevent skin irritation
(Fenical, 2006; Kijjoa & Sawangwong, 2004).
1.2 Microbial communities as a source of natural products
Natural products can be produced by a variety of organisms including: bacteria,
fungi, plants, marine animals (snails, tunicates, fish, etc.) as well as terrestrial
invertebrates including insects (Butler, 2004; Cragg et al., 1997; Giddings & Newman,
2013; Katz & Baltz, 2016; Li & Vederas, 2009; Shen, 2015). While there are many
producing organisms, of the many natural products that have been characterized the
majority were produced by bacterial sources. Fungi, however, have also been associated
with the production of medically relevant compounds (Demain, 1999; Giddings &
Newman, 2013; Katz & Baltz, 2016). For example penicillin is a well-known example
of a fungal natural product that is of great medical importance. It is also important as it
was one of the seminal natural product discoveries that gave rise to the field of natural
product research. Sir Alexander Fleming first discovered this compound in 1928 from
the fungus Penicillium notatum. He noticed that the organism appeared to inhibit the
growth of various bacteria. In 1939 Howard Florey and Ernst Chain isolated the active
compound, which was called penicillin, now known as benzylpenicillin (pencillin G)
(Figure 1.1)
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Figure 1.1 Medically relevant natural products that have been approved to treat various
human infections.
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(Ligon, 2004; McMurry, 2011). In the early stages of its discovery there was very little
acknowledgement; however, when the first paper about penicillin was published, in
1941, interest in the compound increased. Penicillin became an antibiotic used to treat
various infections and in 1945 Sir Alexander Fleming won the Nobel Prize in
Physiology or Medicine along with Sir Howard Walter Florey and Ernst Boris Chain
(Ligon, 2004)
The second microbial natural product that was instrumental in the development of
natural product research was the discovery of streptomycin in the early 1940s (Katz &
Baltz, 2016; Shen, 2015; Wainwright, 1991). In the late 1930s, Selman Abraham
Waksman began a research program in his lab to search for antibiotic producing
actinomycetes from soil habitats. Early into the program, his lab discovered actinomycin
and streptothricin, and in 1943 a paper was published about the discovery of
streptomycin (Figure 1.1) (Katz & Baltz, 2016; Wainwright, 1991). This compound is
produced by various Streptomyces spp. including Streptomyces griseus (Huddleston et
al., 1997; Katz & Baltz, 2016). The discovery of streptomycin was significant due to its
antibiotic activity against gram positive bacteria including Mycobacterium tuberculosis
(Katz & Baltz, 2016; Wainwright, 1991). In 1952, Selman Waksman won the Nobel
Prize in Physiology or Medicine for his discovery of streptomycin (Katz & Baltz, 2016;
Shen, 2015; Wainwright, 1991).
More recently, William C. Campbell and Satoshi Omura shared the 2015 Nobel
Prize in Physiology or Medicine for their discovery of avermectin and its derivative,
ivermectin, two compounds that significantly lowered the incidence of river blindness
and lymphatic filariasis (Figure 1.1) (Omura & Crump, 2004; Shen, 2015). This
microbial natural product was produced by a newly identified Streptomyces sp.,
5

Streptomyces avermectinius which Omura isolated from soil in Japan in 1973
(Campbell, 2012; Omura & Crump, 2004). It was determine that avermectin had
antihelmintic activity. Following the discovery of avermectin, William Campbell
synthesized derivatives of this compound, and found a structure, ivermectin, that
increased the spectrum of activity and safety in mammalian cells (Campbell, 2012;
Omura & Crump, 2004).
Microorganisms that produce natural products can be found in a vast variety of
habitats (Giddings & Newman, 2013). As we know, microbes are everywhere, and the
microorganisms that produce these compounds are also ubiquitous. Many of the
organisms that have produced medically important natural products have been isolated
from terrestrial soil. Streptomyces spp. are an example of medically important natural
product producers as seen previously (Giddings & Newman, 2013; Katz & Baltz, 2016;
Omura & Crump, 2004; Wainwright, 1991). Aquatic habitats are also an underexplored
area that is a source of specialized metabolites. Over 70% of the Earth’s surface is
covered by water, and due to the inaccessibility of these environments, many
metabolites likely remain undiscovered. However, evidence has shown that marine
microbes are also responsible for a significant number of natural products (Demain,
1999; Giddings & Newman, 2013). Some examples of microbial natural products or
natural product derivatives that have entered clinical trials include kahalalide F,
dolastatin-10 and salinosporamide-A (Figure 1.2) (Giddings & Newman, 2013; Knight
et al., 2003; Shilabin & Hamann, 2011).
As we know, microorganisms can produce a variety of natural products;
however, despite the number of microbial diversity studies that have been carried out
globally, it is estimated that only 1% of microbial species that exist, have been
6
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Figure 1.2. Marine microbial natural products that have entered human clinical trials.
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taxonomically characterized and cultured (Giddings & Newman, 2013). With this
knowledge, and the fact that the majority of already described natural products are
produced by microbes, it leads to the belief that there are still a great deal of unknown
natural products to be discovered, and studying microbial sources would be a beneficial
area to research (Giddings & Newman, 2013; Katz & Baltz, 2016).
Working with microbes can also be much more beneficial than other natural
product producers. When using a bacterium or fungus, one can usually continually
maintain the organism in a laboratory setting. A microorganism can survive over many
passages; as well, it can be stored in a stock that will remain viable for future work
without needing to do a re-collection. Another benefit of microbial natural product
research is that there is not a detrimental effect on the environment if more of the
compound of interest is needed for purification or assays. When working with an
invertebrate or plant, if more of the compound is needed, the researcher will need to
collect more of the producing organism to obtain more of the compound, or they will
need to synthesize the molecule. Depending on the production level this could be
impossible, or it may have a very large impact on the environment by collecting a large
amount of the organism. When halichondrin B was first discovered in 1986, 600 kg of
the marine sponge Halichondria okadai was collected (Giddings & Newman, 2013). If a
microbe is the true producer, a researcher would only need to collect a small amount of
sponge, isolate the producing organism, and then scale up the fermentation volume
(Parekh et al., 2000). This would allow the researcher to obtain more of the product
without having a significant effect on the environment.
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1.3 Microbes as a source of UV-absorbing metabolites
Sunlight emission covers a broad spectrum of wavelengths including ultra-violet
(UV) radiation, which can have many detrimental effects (De Gruijl, 1999). The
spectrum of UV radiation can be further divided into three regions, each with their own
physical properties and biological effects: UVA, UVB, UVC (Runger, 1999). The UVC
region ranges from 100-280 nm, and is the highest energy UV region. This region of UV
radiation is completely absorbed by the ozone layer, as the ozone can absorb
wavelengths up to 310 nm (D'Orazio et al., 2013; De Gruijl, 1999; Runger, 1999). The
UVB region ranges from 280-320 nm, so although most of this region is absorbed by the
ozone, some UVB radiation will still reach the Earth’s surface and will be absorbed by
the skin (D'Orazio et al., 2013; De Gruijl, 1999; Runger, 1999). Finally there is UVA
that ranges from 320-400 nm. This region has been further subdivided into two
subgroups, UVAI (340-400 nm) and UVAII (320-340 nm) (Runger, 1999). It is
important to note that as wavelengths increase, their penetration levels increase, causing
UVA to get absorbed much deeper in our skin than UVB (D'Orazio et al., 2013; Runger,
1999).
One of the most commonly known side effects of UV radiation exposure is skin
cancer. Skin cancer is now one of the most common cancers worldwide, and in the US,
incidences of skin cancer surpass all other cancer types combined (Brash et al., 1991; De
Gruijl, 1999). When studying cancer, it is difficult to determine the carcinogen that
triggered the mutagenesis; however, when studying squamous cell carcinoma, the most
common skin cancer, researchers have been able to determine the carcinogen
responsible. The majority of skin cancers are due to exposure to sunlight, but researchers
have discovered squamous cell carcinoma to be more sunlight dependent than basal cell
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carcinoma and melanoma (Brash et al., 1991). DNA can absorb UV light and produce
distinct mutations or “signatures” allowing doctors to determine the cause of the cancer
(Armstrong & Kicker, 2001; Brash et al., 1991; Runger, 1999). Researchers have found
that UV radiation is actually the only known source that can cause direct DNA damage
and mutations (Armstrong & Kicker, 2001).
Mutations that can occur include cytosine (C)

thymine (T) and CC TT

transitions at dipyrimidine sites. Exposure to UV radiation is the only known source of
this C T transition leading to UV being labeled as a mutagen (Brash et al., 1991).
Brash et al. have found UV radiation can cause these point mutations to occur in the p53
gene, the gene responsible for tumor suppression (Brash et al., 1991). Further research
by this group discovered that UVB causes this mutation much more than UVA, due to
UVB being absorbed by the basal layer where the dipyrimidine dimers occur (Brash et
al., 1991). There are other photoproducts that UV radiation can cause, leading to the
formation of cancer lesions. These include cytosine-containing pyrimidine cyclobutane
dimers, pyrimidine-pyrimidine (6-4) photoproducts and Dewar-isomers of the 6-4
photoproduct (Figure 1.3); however, C T and CC TT transitions are the most
common mutation that occurs in response to UV radiation exposure (Brash et al., 1991;
Runger, 1999).
While most studies previously conducted linking UV exposure to DNA damage
focused on UVB and UVC exposure, researchers have more recently been focusing on
UVA exposure (Runger, 1999). It was found that while UVA exposure cannot directly
excite DNA or form cyclobutane dimers like UVB or UVC, UVA exposure can have
DNA-damaging, mutagenic and carcinogenic effects indirectly. These effects are now
believed to be caused in response to oxidative DNA base modifications through indirect
10

Figure 1.3. DNA photoproducts resulting from exposure to UVB radiation.
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reactions with reactive oxygen species and excitation of a cellular photosensitizer
(Runger, 1999).
Exposure to UV radiation has also been linked to incidences of malignant
melanoma (Runger, 1999). While much less is known about the induction of malignant
melanoma, it has been found in opossums and a melanoma-prone fish species, that UVA
exposure was much more effective at inducing melanoma lesions than UVB exposure
(Runger, 1999; Setlow et al., 1993). Although little is known about the mechanism of
action, Setlow et al. have claimed that 90-95% of melanoma cases can be attributed to
exposure of UVA radiation (Runger, 1999; R. B. Setlow et al., 1993). Studies have also
been conducted to compare the incidence of malignant melanoma cases in people who
use tanning beds and those who do not, as tanning beds use UVA irradiation. This
research has found that people who use tanning beds have a higher incidence of
melanoma than those who do not. As well, in many cases the melanoma lesion was in
areas which would not be exposed to UV radiation during normal sun exposure (Higgins
& Du Vivier, 1992; Runger, 1999).
Not only does UV exposure have effects on DNA, it also has negative effects on
skin physiology. One commonly known effect is that UVB exposure can cause sunburn
(D'Orazio et al., 2013). This is due to UV exposure causing an inflammation response by
inducing a cascade of cytokines, vasoactive and neuroactive mediators to the skin
(D'Orazio et al., 2013). If the UV dose is too high, and exceeds the amount of damage
the skin can manage, keratinocytes in the skin activate apoptotic pathways and the skin
cells begin to die. Exposure to UV radiation has also been associated with epidermal
thickening, and adaptive melanization, which helps to protect the skin against
subsequent exposure damage (D'Orazio et al., 2013). A final example of the effect UV
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exposure can have on skin is the premature aging effect. Photo-damage to the skin from
UVB or UVA exposure can lead to skin appearing much older and wrinkled (Mawn &
Fleischer, 1993; Burke, 2010).
There are, however, some harmful side effects that are not as well known. One of
these is that UV exposure can cause immune suppression. Studies have demonstrated
that UV radiation exposure has been shown to modify cutaneous immune responses
(Kripke, 1994; Runger, 1999). UV-induced immune suppression is specific to UVB
radiation; however, the mechanism in which this occurs is not well understood (Kripke,
1994).
With the knowledge of how many harmful side effects can be associated with
exposure to UV radiation, it is important to protect our skin. Sources of protection
include avoiding direct sunlight, wearing protective clothing, and applying sunscreen
(Burnett & Wang, 2011). As for sunscreen application, there are some regulations in
place as to what chemical components can be used. Sunscreen products and UV filters
vary greatly from country to country (Mawn & Fleischer, 1993; Levy, 2014). In Europe,
sunscreens are labeled as cosmetics, so guidelines aren’t as strict as in the United States
where UV-actives are regulated as over-the-counter drugs (Mawn & Fleischer, 1993;
Levy, 2014). Canada also regulates their UV filters as drugs, so they follow the U.S.
guidelines when approving sunscreens (Levy, 2014). There are currently 17 active
ingredients that are approved for commercial sunscreens in North America. Of the 17
compounds, nine are UVB filters, three are broad-spectrum filters, one filters UVAI
radiation, two filter UVAII radiation, and two are physical filters (Mawn & Fleischer,
1993; Levy, 2014).
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Although there are 17 approved compounds to be used in sunscreens there are
some problems and controversies associated with these compounds (Burnett & Wang,
2011). For example oxybenzone and octinoxate are commonly used filters (Figure 1.4)
(Burnett & Wang, 2011; Hexsel et al., 2008). Research has determined that oxybenzone
and octinoxate are absorbed systemically when applied to skin, as it is excreted through
urine. However, to date there has not been a published study on these compounds
causing acute toxicity in humans (Burnett & Wang, 2011; Hexsel et al., 2008). Some
studies suggest that hormone disruptions due to UV filters may be amplified when the
filters are combined in sunscreens; therefore, more research needs to be conducted to
determine the true effect of these compounds (Mawn & Fleischer, 1993; Burnett &
Wang, 2011). Another problem that has been associated with oxybenzone as well as
para-aminobenzoic acid is that they are common photoallergens (Figure 1.4)(Burnett &
Wang, 2011; Hexsel et al., 2008). Because of this, people with common skin conditions
typically cannot use sunscreens with these filters, as they may cause an allergic reaction
when exposed to sunlight (Mawn & Fleischer, 1993; Hexsel et al., 2008). As well,
avobenzone, the only UVAI filter that has been approved for use in Canada is photounstable, and when it is combined with octinoxate, the sunscreen mixture becomes
photo-labile (Figure 1.4) (Mawn & Fleischer, 1993; Hexsel et al., 2008).
Microbes, like humans, must also protect themselves from the harmful effects of
UV radiation. There are three mechanisms they can use to survive exposure to UV.
These include: spore production, DNA repair mechanisms, and the production of UV
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Figure 1.4. Chemical structure of common UV-absorbing compounds that have been
approved as active compounds in commercial sunscreens.
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absorbing metabolites (Hanawalt et al., 1979; P. Setlow, 2001; Siezen, 2011; Witkin,
1976). Spores from various organisms are resistant to many harsh conditions including
heat, desiccation, chemicals and have also been found to be extremely resistant to UV
radiation (P. Setlow, 2001). Work by Donnellan and Setlow (1965) found that DNA in
spores exhibit unique photochemistry when exposed to UV radiation (Donnellan &
Setlow, 1965; P. Setlow, 2001).
When human DNA is damaged by UV radiation, cyclobutane dimers form
causing negative side effects to the body (Runger, 1999; P. Setlow, 2001). When spores
are exposed to UV radiation, a spore photoproduct forms which is 5-thyminyl-5,6dihydrothymine (Nicholson et al, 2000; P. Setlow, 2001; Varghese, 1970). It is believed
that the spore DNA is saturated with small acid-soluble proteins that cause this altered
photochemistry (Nicholson et al., 2000). Further research found that the UV resistance
of the spores came from DNA repair mechanisms found within a dormant spore, which
can repair this specific photoproduct (Munakata & Rupert, 1972; Nicholson et al., 2000;
P. Setlow, 2001). One repair mechanism is nucleotide excision repair, and the other is
unique to spores, which can monomerize the photoproduct back into two thymines
without cleaving the DNA (Nicholson et al., 2000; P. Setlow, 2001).
As mentioned, DNA damage due to UV radiation exposure can have a
carcinogenic effect in humans, but it can have a lethal effect in microorganisms
(Hanawalt et al., 1979; Witkin, 1976). Other than spore production, microbes can have
various DNA repair mechanisms (Hanawalt et al., 1979; Witkin, 1976). One of these
mechanisms is via enzymatic DNA repair by photo-reactivation. A photo-reactivating
enzyme accomplishes this (Figure 1.5). The enzyme binds to the pyrimidine dimer in the
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Figure 1.5. DNA repair mechanisms that can be present in microorganisms in response
to UV-photoproducts.
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dark and once UV light is present, the enzyme is able to split the dimer (Hanawalt et al.,
1979; Witkin, 1976).
Other DNA repair mechanisms in microbes only occur in the dark. One of these
mechanisms is via nucleotide excision repair. This is a multi-enzymatic process. The
distortion in the DNA caused by a pyrimidine dimer will be recognized by an
endonuclease, which will make a single strain incision in the DNA. Excision and repair
occur at the site of the incision by DNA polymerase I. The DNA is then sealed by a
polynucleotide ligase and replication can occur (Figure 1.5) (Hanawalt et al., 1979;
Witkin, 1976). One last repair mechanism a microorganism can utilize is post-replication
repair; however, this mechanism does not remove the pyrimidine dimer (Hanawalt et al.,
1979; Witkin, 1976). Post-replication repair simply repairs the discontinuous area in the
daughter strand of DNA after it replicates (Figure 1.5) (Witkin, 1976).
The third mechanism of UV resistance a microbe can exhibit is the production of
a UV-absorbing metabolite (Nguyen et al., 2013; Siezen, 2011). A UV-absorbing
metabolite is a compound with conjugated bonds that absorbs UV radiation at around
200 nm or above. As the amount of conjugation in a compound increases, the
wavelengths the compound can absorb increases also (De Gruijl, 1999; Nguyen et al.,
2013). A compound’s ability to absorb UV is due to electronic transitions within the
compound from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). The wavelength of light absorbed by the
compound must be equal to the energy required to move an electron from the HOMO to
the LUMO (Nguyen et al., 2013). Energy that is absorbed is then released. This process
can occur by different pathways. The energy can return unchanged to the ground state by
releasing excess energy by heat or luminescence, allowing the compound to achieve
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photo-stability (Nguyen et al., 2013). Energy can also be removed by transfer to another
molecule or by photoreactions. In this case, structural modifications occur that may be
either reversible or irreversible. This mechanism of deactivation ultimately renders the
compound ineffective and photo-unstable (Nguyen et al., 2013).
These metabolic compounds have been found to be produced by bacteria, fungi,
lichens, plants and cyanobacteria (Moliné et al., 2009; Nguyen et al., 2013; Siezen,
2011; Davoli &Weber, 2002). Some examples of UV absorbing metabolite include
mycosporines, scytonemin, and carotenoids (Figure 1.6). Mycosporines are stable,
colorless, water-soluble molecules that absorb wavelengths of about 310-365 nm. These
compounds are found throughout nature; however, they are not produced in large
quantities (Nguyen et al., 2013; Siezen, 2011). These compounds have been of great
interest to many researchers, and will be discussed further at the end of the section.
Scytonemins are produced by cyanobacteria, and various lichens (Nguyen et al., 2013;
Proteau et al., 1993; Siezen, 2011). Scytonemins were first discovered in 1877, and can
be produced as a yellow to green pigment or as a brown pigment (Proteau et al., 1993;
Siezen, 2011). They are a lipid-soluble compounds found in polysaccharide structures
or in extracellular sheaths. Due to the high levels of conjugation, scytonemins have very
strong absorption around 384 nm in the UVA region (Proteau et al., 1993; Siezen, 2011).
Another common class of compounds produced by microbes are carotenoids (Moliné et
al., 2009; Nguyen et al., 2013). Carotenoids are lipid soluble molecules produced by
various yeasts, bacteria and lichens and are typically red, yellow and orange in color due
to their high levels of conjugation (Moliné et al., 2009; Nguyen et al., 2013). They can
absorb UVA radiation (325-400 nm), and they can also absorb in the visible region (400-
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Figure 1.6. Compounds produced by microbes that absorb UV-radiation at varying
wavelengths.
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700 nm) depending on the compound being produced (Moliné et al., 2009).
One reason to study microorganisms is to discover new UV-absorbing
metabolites with the potential to be used in commercial sunscreens. For a compound to
be of commercial interest, it must provide protection against UV radiation (280-400
nm), be colorless, as it is well known that to ensure compliance by consumers a
sunscreen must be colorless. It must also be stable against heat and UV radiation, be user
friendly and compatible with skin, and it must be produced on an industrial scale at low
cost (Diffey & Brown, 2012; Forestier, 2008; Shaath, 1996). The compound should also
have a high molar extinction coefficient, preferably with a value exceeding 20,000, as a
higher value corresponds to better UV protection with the least amount of compound in
the formulation (Shaath, 1996).
When studying natural products, the question of how the compound is induced
arises. One theory is that photo-protective compounds could be induced due to the
presence of UV-radiation, as these compounds absorb UV radiation, and could be acting
as a protectant to the organism (Libkind et al., 2004; Portwich & Garcia-Pichel, 1999;
Sinha et al., 2001). Another theory that has been tested is the possibility that osmotic
stress could act as an inducer for some UV-absorbing compounds such as mycosporines,
as they are believed to act as osmotic regulators in various organisms (Portwich &
Garcia-Pichel, 1999; Volkmann & Gorbushina, 2006). Additionally, there is the
possibility that the compounds are constitutively present, and will not be induced in the
presence of stressors (Libkind et al., 2004).
One family of UV-absorbing compounds of great interest is the mycosporines,
and mycosporine-like amino acids (MAAs). This is due to their structural stability, their
lack of pigmentation, and their strong UV-absorbance in the UVB and UVA regions
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(310-365 nm) (Carreto & Carignan, 2011; Singh et al., 2008; Bandaranayake, 1998;
Oren & Gunde-Cimerman, 2007). Mycosporines have been labeled as nature’s
sunscreen due to these various characteristics, and the fact that they have been found
throughout nature in many different organisms including, but not limited to plants, fungi,
lichens and bacteria, and fish (Hu et al., 2014; Singh et al., 2008; Bandaranayake, 1998;
Sinha et al, 1999). The mycosporine is a cyclohexenone ring conjugated with a single
nitrogen substituent of an amino acid or an imino alcohol on C3, a methoxy group on
C2, a hydroxyl group, and a hydroxymethyl on C5 (Miyamoto et al., 2014) (Figure 1.7).
An MAA, on the other hand, is a cyclohexenimine ring conjugated with two nitrogen
substituents of an amino acid or imino alcohol on C1 and C3, a methoxy group on C2,
and a hydroxyl group at C5 along with a hydroxymethyl (Carreto & Carignan, 2011; Hu
et al., 2014) (Figure 1.7).
The first mycosporine was initially labeled as P310. It was a UV-absorbing
metabolite that was initially discovered to be induced by UV-radiation in 1965 by
Asochyta pisi (Leach, 1965; M Bandaranayake, 1998). This family of compounds was
isolated from the spore-forming mycelia of fungi, hence the name mycosporine (Hu et
al., 2014; Leach, 1965; Bandaranayake, 1998). Mycosporine-serinol was later
characterized from the Basidiomycete, Stereum hirutum (Favre-Bonvin et al, 1976). It
was determined, that mycosporine-serinol and P310 were the same compound. This lead
to mycosporine-serinol being the first classified mycosporine, which was isolated from
the carpophore of fungi (Favre-Bonvin et al., 1976; Leach, 1965; Bandaranayake, 1998).
Although these compounds are found in in many different environments, from
marine to terrestrial and polar to temperate, the main function of this family of
compounds is not well understood (Bandaranayake, 1998). Mycosporine-glycine is
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proposed to function as an antioxidant in marine organisms, while other members of this
family are believed to play a role in osmotic regulation in other organisms (Portwich &
Garcia-Pichel, 1999). There is also evidence that mycosporines and MAAs have
sporogenic activity, as they are commonly found in the sporulating portions of fungi
(Bandaranayake, 1998). Research also suggests a photoprotective role for this family of
compounds (Cardozo et al., 2007; Bandaranayake, 1998).
Although these compounds are found throughout nature, and have been studied
for many years, the biosynthetic pathways remain unknown (Cardozo et al., 2007;
Favre-Bonvin et al., 1987). It is believed that the biosynthesis of mycosporines occurs
via a branch of the shikimic acid pathway (Favre-Bonvin et al., 1987; Junge et al.,
2011). Experiments conducted by Favre-Bovin et al. and Shick et al. suggested
components on the shikimic acid pathway are precursors to mycosporine biosynthesis
(Favre-Bonvin et al., 1987; Shick et al., 1999). One of the experiments to test this theory
involved a coral Stylophora pistillata that had specific inhibitors of shikimic pathway
steps. When the inhibitors were present synthesis of MAAs was blocked, and when the
inhibitors were removed, production would continue (Shick et al., 1999). With these
experiments in place it is believed that the biosynthetic pathways of mycosporines and
mycosporine-like amino acids are depicted in Figure 1.8 and Figure 1.9 respectively.
(Cardozo et al., 2007; Favre-Bonvin et al., 1987; Miyamoto et al., 2014).
One of the main issues facing the use of these compounds in commercial
sunscreens is the low production level from the organisms. This family of compounds is
not produced in great abundance, making them very difficult to purify and characterize.
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Figure 1.8. Scheme 1: Proposed biosynthesis of mycosporines, including the formation
of the 6 membered ring. (Modified from Carozo et al., 2007)
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Figure 1.9. Scheme 2: Proposed biosynthesis of mycosporine-like amino acids.
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This makes the compounds very difficult to manufacture commercially, as they are not
produced in nearly enough quantity to be of industrial interest (Nguyen et al., 2013;
Siezen, 2011).
Due to the fact that mycosporines are found commonly throughout nature, we
hypothesized that this family of compounds would be present in the organisms living in
high UV intensity environments.
1.4 High UV habitats
The intensity of UV radiation that reaches the Earth’s surface is different around the
globe at any given moment (Liley & McKenzie, 2006). To compare the UV intensity
globally, as well as to inform the public of how hazardous the UV radiation is on a given
day, the ultra violet index (UVI) was developed in Canada in 1992 (Kerr et al., 1994;
Liley & McKenzie, 2006; WHO, 2002). The UVI is the sun-burning strength of UV
radiation, and describes the level of UV radiation at the Earth’s surface (Liley &
McKenzie, 2006; WHO, 2002). The UVI ranges from 0 to 11+ with higher UVI values
representing higher solar UV radiation intensities (Liley & McKenzie, 2006; WHO,
2002). To calculate the UVI a mathematical algorithm is used that takes into account
the projected cloud coverage for the day, the energy of UVB radiation reaching the
Earth’s surface, and the ozone thickness in the area (Kerr et al., 1994).
Various other factors also affect the UVI index throughout the day and time of year.
These factors include: solar elevation, aerosols in the air, altitude, snow coverage, and
the Earth’s elliptical orbit (Liley & McKenzie, 2006; WHO, 2002). Due to these factors,
different latitudes around the globe experience different levels of UV radiation exposure
throughout the year (Liley & McKenzie, 2006). The tropics located at the equator are an
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area that most people associate with high levels of UV radiation due to the constant
proximity to the sun. Areas in the tropics can have a peak UVI of 11+ over the year
(approximately 16-18) (Liley & McKenzie, 2006).
When considering the UVI at various latitudes, it is important to determine if it is
northern or southern hemisphere, due to differences in ozone depletion(Liley &
McKenzie, 2006). For example, the peak UVI in southern parts of Canada is
approximately 8; whereas, at the same latitude in the south, the peak UVI could be as
high as 16 (Liley & McKenzie, 2006). The polar regions are geographical areas that are
almost permanently covered in ice with mid-winter temperatures falling to -50°C, and
the average temperature of the warmest month, July, never exceeding 10°C (Cavicchioli
et al, 2000; Zalar & Gunde-Cimerman, 2014). During the polar winter, the areas are
exposed to very little, if any solar UV-radiation, whereas during the summer they are
exposed to 24 hours of solar radiation (Brinkmeyer et al., 2004). In Antarctica, a peak
UVI of 11-14 can occur in December due to severe ozone depletion occurring (Liley &
McKenzie, 2006). In the Arctic, however, the peak UVI in Iqaluit, Nunavut is
approximately 4-5, which occurs in June (Liley & McKenzie, 2006).
In the Arctic, during early summer, an increase in solar radiation begins to warm
the snow and sea ice causing it to melt. Because of this melting, shallow freshwater
pools form on the ice (Brinkmeyer et al., 2004; Fetterer & Untersteiner, 1998;
Langleben, 1969). These freshwater pools are known as sea ice melt pools. Living
conditions in these pools are very inhospitable, as temperatures are consistently around
0°C, there are very little nutrients in the water to support life, and the pools are subjected
to constant, high levels of UVB irradiation (Brinkmeyer et al., 2004; Langleben, 1969;
Wickham & Carstens, 1998).
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During the Arctic summer, “white nights” occur, which are 24-hour periods of
sunlight (Brinkmeyer et al., 2004). This means that organisms living in this area are
exposed to constant UV radiation. As well, within a sea ice melt pool, UVB is reflected
back from the ice surrounding the pool increasing the intensity of UV radiation within
the water (Brinkmeyer et al., 2004). Due to these harsh conditions, it was thought that
melt pools were devoid of life; however, various researchers who conducted microbial
diversity studies of melt pools disproved this (Brinkmeyer et al., 2004; Wickham &
Carstens, 1998).
1.5 Microbial diversity in Arctic habitats
To date, our understanding of the microbial diversity present in sea ice melt
pools remains limited. Microbial diversity studies in the Arctic Circle have previously
concentrated on the culturable microbial community present in the scarce vegetation,
wooden remains, soil, permafrost, aerosphere and rock (Zalar & Gunde-Cimerman,
2014). Recent studies have shifted their focus to more water-based environments
including: seawater, glaciers, glacier melt water, snow, and lake ice (Zalar & GundeCimerman, 2014). Results of these studies suggest that extreme cold environments
harbor diverse, viable, and metabolically active microbiomes, which include: bacteria,
yeasts and filamentous fungi (Zalar & Gunde-Cimerman, 2014).
Studies of microbial diversity have determined species of basidiomycetes and βproteobacteria to be the predominantly isolated fungi and bacteria in Arctic habitats
respectively (Branda et al., 2010; Brinkmeyer et al., 2004). There have been few studies
conducted on melt pools and sea ice to determine the bacterial diversity in melt pools;
however, to our knowledge there haven’t been any reporting the fungal diversity within
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sea ice melt pools. (Brinkmeyer et al., 2004; Junge et al., 2011; Zalar & GundeCimerman, 2014). The Arctic environment remains a relatively under-explored
geographical region in terms of microbial diversity, and thus is believed to be a probable
location for the discovery of new fungal and bacterial taxa (Zalar & Gunde-Cimerman,
2014).
When the sea ice thaws, the entrapped microorganisms are released into the pool
of water (Zalar & Gunde-Cimerman, 2014). To sustain life in an arctic melt pool,
organisms need to be able to undergo freeze-thaw cycles without lysing. To achieve
this, microbes living in these cold habitats have been shown to produce cold-active
enzymes, anti-freezing proteins, and/or they encapsulate themselves via the secretion of
biopolymers (Anesio & Laybourn-Parry, 2012). To maintain cell membrane fluidity at
low temperatures, cold-adapted microbes also increase the proportion of unsaturation
and decrease the chain length of fatty acids present in their cell membranes (Anesio &
Laybourn-Parry, 2012).
Temperature is also a strong influencer of whether a microorganism can survive
in a habitat (Margesin & Miteva, 2011). Because of this, microorganisms can be
characterized based on their temperature growth range. In permanently cold habitats the
terms psychrophilic or psychrotolerant are used to describe an organism (Helmke &
Wayland, 2004). A psychrophilic organism is one that has a minimum growth
temperature of below 0 °C, and a growth maximum at 20 °C or below, while a
psychrotolerant organism can grow at 0 °C, but its growth maximum is above 20 °C
(Helmke & Wayland, 2004). A study of novel bacteria and fungi from cold habitats
found that psychrophiles represent the majority of new microorganisms (Margesin &
Miteva, 2011). With this knowledge, it is suspected that the majority of microorganisms
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found here would likely be psychrophilic, be able to survive a freeze-thaw cycle and be
resistant to UVB radiation.
1.6 Experimental Goals
Given the need for new UV-protectants, investigating underexplored, high intensity
UV environments for producers of UV-absorbing metabolites is ideal. It is
hypothesized that microbes living in sea ice melt pools, in Frobisher Bay, Nunavut,
would be UV-resistant via the production of UV-absorbing metabolites. The
hypothesis was tested by addressing the following objectives:
1. To describe the culturable microbial community present in sea ice melt
pools and their growth characteristics
Five water samples from interconnected melt pools were collected from Iqaluit
Harbor, Frobisher Bay, Nunavut in June of 2013. The water samples were plated
on various media and the cultivable bacterial community was determined via
sequencing of the 16s rRNA gene. The cultivable fungal community was
determined via sequencing of the ITS and 28s rRNA genes. Each organism’s
cold tolerance, nutrient requirements, ability to survive a freeze-thaw cycle and
ability to survive exposure to UV radiation cycles were tested as these are traits
that would be essential to maintain life under the unique environmental
conditions present in Arctic sea ice melt pools.
2. To describe new organisms discovered from the sea ice melt water
New genera that were discovered from the melt pool water after phylogenetic
analysis were fully described and characterized.
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3. To determine which microbes are resistant to UV-radiation, and
characterize the UV protectants being produced
Isolates were fermented under the stress of UV radiation and the viability of the
isolates was determined post UV exposure. The cell biomass of both UV treated
and control samples was collected and extracted using various solvents. Crude
extracts were then analyzed for the presence of compounds that absorb UV
between 280-400 nm. Any isolates exhibiting the production of UV-absorbing
compounds were analyzed further. Samples were analyzed using HPLC-HRMS,
and MS-MS fragmentation patterns were investigated.
Because there is precedence in that literature that mycosporines are found
commonly throughout nature, we hypothesized that organisms found in sea ice
melt pools would be producing mycosporines as well (Hu et al., 2014; Singh et
al., 2008; Bandaranayake, 1998; Sinha et al, 1999). To ensure that the
mycosporines would be extracted, and to ensure that they could be detected using
liquid chromatography/ mass spectrometry (LC/MS) a control organism was
obtained. Porphyra umbilicas is a red algae found in the intertidal zone of
Atlantic Canada, an area that is regularly exposed to UV radiation (Kucera &
Saunders, 2012). This specific organism has been associated with the production
of shinorine and porphyra-334, which are both MAAs that have a λmax of 334
nm. With this knowledge, this organism was chosen as a control, as it is available
on Prince Edward Island, and the production of these compounds has been well
characterized (Schmid et al., 2006; Volkmann & Gorbushina, 2006).
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CHAPTER 2: MATERIALS AND METHODS
2.1 Sample collection, isolation of microbes, culture media
Jamal Shirley of the Arctic Research College collected a total of five water
samples from interconnected sea ice melt pools from Iqaluit Harbor, Frobisher Bay
located in Baffin Island, Canada in June of 2013. The water temperature was 0.3 °C, the
pH was 6.7 and the salinity was 0.05%. The samples were shipped to Prince Edward
Island, Canada for analysis. The water samples were diluted to extinction and each
dilution was plated in triplicate on yeast-malt agar (YM: 10 g malt extract, 2 g yeast
extract, 10 g glucose, 0.1 g chloramphenicol, 18 g Noble agar per 1000 mL distilled
water), 1% YM agar, 20% trypticase soy agar (TSA: 3 g tryptone from casein, 1 g
soytone, 1 g sodium chloride, 0.05 g cyclohexamide, 15 g Noble agar per 1000 mL
distilled water), and 1% R2A (from Becton Dickinson, 0.5 g yeast extract, 0.5 g protease
peptone No. 3, 0.5 g casamino acids, 0.5 g dextrose, 0.5 g soluble starch, 0.3 g sodium
pyruvate, 0.3 g dipotassium phosphate, 0.05 g magnesium sulfate, 0.05 g cyclohexamide
with 15 g Noble agar per 1000 mL distilled water). The plates were incubated at 4 °C for
six months. Colonies with unique appearing phenotypes were purified on the medium
they were isolated from, and stock solutions of the isolates were stored in 25% glycerol
at -80 °C. Live isolates were maintained on YM, and 20% TSA, for fungi and bacteria
respectively, at both 4 °C and 15 °C.
2.2 Microbial library characteristics
The temperature preferences were tested for each organism to determine if the
isolate was psychrophilic (does not grow above 20 °C) or psychrotolerant (will grow
above 20 °C). During the isolation step, each isolate was plated on agar to grow at 4 °C
and 20 °C. If the organism grew at both temperatures it was psychrotolerant and if the
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organism only grew at 4 °C it was a true psychrophile. At this step, each bacterium was
also plated on 20% TSA and 1% R2A, and each fungus was plated on complete YM and
1% YM, to determine each organism’s ability to survive with low nutrient availability.
A representative from each species was grown in YM broth and 20 % trypticase
soy broth (TSB), for fungi and bacteria respectively, for one week. Each sample was
diluted to extinction and plated so colonies could be counted. Post plating, the original
sample was frozen at -20 °C for 48 hours, thawed and plated once again. The viability of
the organism post freeze thaw was determined.
2.3 Molecular characterization
Genomic DNA was extracted from fungal isolates following the Prepman® Ultra
DNA extraction protocol. The ITS and nLSU rRNA regions were amplified using
polymerase chain reaction (PCR). The primers ITS1 (5’-TCCGTAGGTGAACCTGC
GG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’) were utilized to obtain the
ITS PCR product. The primers LR0R (5’-ACCCGCTGAACTTAAGC-3’) and LR7 (5’TACTACCACCAAGATCT-3’) were utilized to obtain the D1/D2 PCR product.
Genomic DNA was also extracted from the bacterial isolates using a
phenol/chloroform/isoamyl alcohol extraction. The full-length 16S sequence was
amplified using PCR and the 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1525R
(5’-AAGGAGGTGATCCAGCC-3’) primers.
The PCR mixtures consisted of 25 μL of 2x EconoTaq PLUS GREEN, 2.5 μL of
each 10 μM primer (depending on the region being amplified), 17.5 μL of sterile MilliQ
water, and 2.5 μL of extracted DNA. The DNA was amplified using a Mastercycler
nexus gradient using the following parameters: for the ITS samples, PCR cycling
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conditions were as follows: a denaturing step at 95 °C for three minutes, followed by 35
cycles of 95 °C for one minute, 57 °C for one min, and 72 °C for two min then an
extended 10 minutes at 72 °C after the final cycle. The PCR cycling conditions for the
D1/D2 samples were: a three minute denaturing step at 95 °C followed by 35 cycles of
95 °C for 30 seconds, 52.5 °C for 45 seconds, and 72 °C for one min followed by an
extended 10 minutes at 72 °C after the final cycle. For 16S region the PCR cycling
conditions were: a three minute denaturing step at 95 ° C then 35 cycles of 95 °C for 45
seconds, 54 °C for one minute and 72 °C for 90 seconds then an extended 10 minutes at
72 °C at after the final cycle.
Sequencing was performed by Eurofins MWG Operon (Huntsville AL, USA).
Sequences were trimmed and assembled using Contig Express (Vector NTI Advance
10.3.0). The assembled sequences were then compared with available sequences on the
Genbank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequence alignment and
phylogenetic analysis were performed using Mega 6.0 software (Tamura et al, 2013).
Phylogenetic analyses were performed using the maximum-likelihood and neighborjoining methods with bootstrap analyses based on 1000 replicates.
2.4 Physiological and biochemical characterization for species descriptions
Physiological and morphological properties were determined according to
Yarrow (1998) and Kurtzman et al. (2011). Candida albicans ATC 14057 was used as a
control in all experiments. Experiments were performed in triplicate at 15 °C when
testing RKAT091 (Frigidiomyces aurantiacum) and 4 °C when testing RKAT105
(Polaromyces triangulaformis).
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2.4.1 Media and temperature studies
The physiological growth properties were conducted in broth and on agar at 4,
15, 22 and 30°C using YM, 1%YM, glucose yeast-extract peptone (GYP: 10 g peptone,
5 g yeast extract, 20 g dextrose and 15 g agar per 1000 mL distilled water), malt extract
(ME: 30 g malt extract, 5 g mycological peptone, 15 g agar per 1000 mL distilled water),
5% ME and MA (morphology agar) (Recipe in Appendix A) (Yarrow, 1998). This was
completed to determine the optimal growth temperature, maximum growth temperature,
cell shape and size, as well as the morphological characteristics.
2.4.2 Assimilation studies
Nitrogen assimilation:
Assimilation of nitrogen compounds was conducted in liquid yeast carbon base
(recipe in Appendix A). Isolates were grown in yeast carbon base lacking all nitrogen
sources to remove any possible nitrogen stores. From this inoculum, the isolates were
inoculated in yeast carbon base with a single nitrogen source to determine which
nitrogen sources the organism assimilates.
Vitamin requirements:
Vitamin requirement analysis was conducted in liquid medium lacking all
vitamins to remove any possible vitamin stores (Recipe in Appendix A). The isolates
were then inoculated in medium lacking only a single vitamin to determine which
vitamins were required for the organism to grow.
Carbon Assimilation:
Assimilation of carbon compounds was conducted using YT Biolog plates
(Biolog). The isolates were first grown on yeast nitrogen base before inoculation into the
Biolog test (Recipe in Appendix A). This system allows for the analysis of 94 carbon
36

sources based on the oxidation and assimilation. The plates were analyzed for growth
using a plate reading spectrophotometer (Thermo Scientific, Varioskan Flash)
monitoring at 590 nm.
Biochemical analysis:
The isolates were also tested for their ability to grow under osmotic stress (50%
glucose, 60% glucose, 10% NaCl with 5% glucose) their ability to grow in the presence
of 1% acetic acid and their ability to hydrolyze urea (Christiansen’s urea broth (1 g
peptic digest of animal tissue, 1 g dextrose, 5 g sodium chloride, 1.2 g disodium
phosphate, 0.8 g monopotassium phosphate, 0.012 g phenol red per 1 L)).
2.4.3 Fatty acid methyl-ester (FAME) analysis
Whole-cell fatty acids were extracted from freeze-dried cells using the MIDI
incorporated method and were analysed using gas chromatography- mass spectrometry
(GCMS) (Sasser, 1990) (Thermo Electron Corporation, Focus, equipped with a MS
detector, Polaris Q). With each injection a 3.5-minute delay was applied and a 30 x 0.25
mm Rxi-5mm capillary column with a film thickness of 0.25 μm (Restek) was used.
Helium was the carrier gas with a constant pressure of 8.1 psi. The inlet temperature and
MS transfer line were maintained at 200 and 300 °C respectively. The oven temperature
was maintained at 50 °C for one minute, then increased to 200 °C at a rate of 25
°C/minute; then was increased from 200 °C to 230 °C at a rate of 3 °C/minute. The
temperature was held at 230 °C for 18 minutes, then increased to 250 °C at a rate of 5
°C/minute, with a final hold at this temperature for 5 minutes. Fatty acids were identified
by comparison with FAME mix standards (Superclo 37, BAME, and NHI-D).
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2.4.4 Protein identification
Matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry was used to generate the protein fingerprint of isolate RKAT091
(Frigidiomyces aurantiacum), and isolate RKAT105 (Polaromyces triangulaformis).
This procedure was used as an aid to potentially identify the yeast isolates in addition to
DNA sequencing analysis. The samples were grown until isolated colonies began to
form. The colony was then stamped onto a stainless steel target and analyzed in the mass
spectrometer. The samples were also extracted using equal volumes of 70% formic acid
and 100% acetonitrile prior to placement on the target for analysis. The matrix used for
the experiments was α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) at a
concentration of 10 mg/ml. The solvent used was a ready to use solvent of 50%
acetonitrile, 47.5% water with 2.5% trifluoroacetic acid (Sigma-Aldrich).
2.5 Growth analysis and UV intensity selection
2.5.1 UV intensity selection
Three species of control bacteria were used for this portion of the experiment:
Escherichia coli strain NEB 5-alpha, Bacillus subtillis strain NRRL B558, and
Micrococcus luteus RKBH-B155. This experiment was conducted to determine an
intensity of UVB radiation that would kill the non-resistant organisms (B. subtilis, and
E. coli) and where the UV-resistant M. luteus would remain viable. Each organism was
grown at 37 °C for 24 hours on Luria Bertani agar (LB: 10 g tryptone, 5 g yeast extract,
5 g sodium chloride and 10 g agar per 1 L). The samples were then inoculated into 10
mL of LB broth to an optical density at 600 nm (OD600nm) of 0.1. Each sample was
diluted to extinction and plated on LB agar. The inoculated samples were then poured
into sterile petri dishes and exposed to UVB irradiation (Spectroline, UV-crosslinker)
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for a total of 4 hours. At 30 minutes, one hour, two hours and four hours, 100 μL
samples were collected, diluted to extinction, and plated on LB agar. The plates were
then left to grow at 37 °C for 24 hours and the colonies were counted. Various intensities
of UV radiation were tested (70 -1500 μW/m2) to determine the optimal intensity for the
resistance experiments.
2.5.2 Growth analysis
Each species described in the microbial library (Table 1 & 2 in results) was
cultured to create a growth curve. Bacteria were grown in 20% TSB and fungi were
grown in YM at 15 °C. On day one (time of inoculation) each organism was sampled on
the nanodrop spectrophotometer (Nano Drop spec ND-1000), and the OD600nm was
recorded. Each day thereafter samples were taken from each fermentation at 9 A.M., 12
P.M., and 5 P.M. to obtain an OD reading until the absorbance began to decrease. From
this, graphs were constructed to roughly determine when each organism reached midlog, stationary, and death phase.
2.5.3 Treatment with UV radiation
Each species in the microbial library was grown to mid-log phase at 15 °C on
YM agar. They were then inoculated into 1 mL of YM broth to an OD600nm of 0.1. A
total of 100 μL of each isolate was plated onto two plates of yeast nitrogen base agar
(YNB: 6.7 g YNB (Sigma-Aldrich), 10 g dextrose, and 15 g agar per 1000 mL) at 15 °C
until the organism reached mid log phase of growth. At this point one plate was covered
with aluminum foil to serve as the dark control, and the other plate was covered in saran
wrap to be treated with UV radiation. The plates were then subjected to UVB radiation
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for 16 hours each day for a total of 5-7 days, depending on their growth rates, at an
average intensity of 42 μW/m2.
2.5.4 Viability analysis
Post UVB exposure, each plate (both light and dark treatments) was plated on
YM or 20% TSA agar, for fungi and bacteria respectively, and were left to grow at 15
°C to determine whether the organisms were still viable. Organisms that were exposed to
UVB radiation that would grow were labeled as resistant to UVB radiation, and those
that did not grow post exposure to UVB radiation were labeled as not resistant. The
remaining biomass from the samples was divided into three equal parts for subsequent
analyses.
2.6 Osmotic stress induction
A representative isolate from each operational taxonomic unit described in the
microbial library was cultured in 10 mL seed tubes at 15 °C with shaking (200 rpm)
(Innova 44R incubator). Bacterial isolates were grown in 20% TSB, and fungal isolates
were grown in YM broth. Once the isolates reached mid-log phase, 300 μL of the seed
was inoculated into 9.7 ml of broth in duplicate. Each sample was inoculated into broth
that contained no salt, 250 mM of NaCl, and 500 mM NaCl. Blanks of each broth were
also present for the experiment. Post inoculation of the second seed, the samples grew
until they reached stationary phase plus one day. Each sample was then divided into
equal volumes and the cells were centrifuged for 10 minutes at 4 °C at 10,000 RPM. The
supernatant from each sample was pooled into a 10 mL glass tube, and the cells were
washed with 0.8% NaCl, centrifuged for 10 minutes at 4 °C at 10,000 RPM, then NaCl
supernatant was collected and discarded. The cell pellets were frozen at -20 °C.
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2.7 Sample processing and extraction
Ethyl acetate extraction of osmotic stress experiments
To the cell-free broth, 10 mL of ethyl acetate was added and shaken at 200 RPM
at room temperature for 1.5 hours. The aqueous layer was collected and another 10 mL
of ethyl acetate was added to the broth and shaken at 200 RPM for 1.5 hours. The
aqueous layer was removed and pooled with the previous collection. The crude extract
was dried under a stream of air, and weighed. The dry extract was then suspended in
MeOH to a concentration of 0.5 mg/mL and was analyzed using high performance liquid
chromatography- high-resolution mass spectrometry (HPLC-HRMS).
Ethyl acetate extraction of UV stress experiments
The agar with one third of the biomass was cut into small squares and was
transferred to a flask. To the flask, 20 mL of ethyl acetate was added and was shaken at
200 RPM overnight at room temperature. The ethyl acetate was then carefully removed
to ensure no agar was removed, then another portion of 20 mL of ethyl acetate was
added and the flask was shaken for two hours. The ethyl acetate was then pooled with
the previous extraction. The samples were dried under air and then suspended in MeOH
to a concentration of 0.5 mg/mL. The crude extracts were analyzed using HPLC-HRMS.
Mycosporine extraction
Once the biomass was collected, vials were freeze-dried to determine the mass of
cells present prior to extraction. Post drying, the cells were extracted in 75:25
H2O:MeOH for 48 hours at 15 °C under static conditions. After 48 hours the vials were
centrifuged and the supernatant was collected and dried. The dried extract was then
suspended in water with 6% methanol and 0.2% acetic acid to a concentration of 0.5
mg/mL. The extract was analyzed using HPLC-HRMS.

41

Pigment extraction
The remaining biomass was extracted with the aim to extract pigments from the
cells. To do this, cells were suspended in 10 mL of acetone and were vigorously shaken
for 90 minutes. The samples were then centrifuged for 15 minutes, and the supernatant
was collected. This extraction was then repeated with acetone. Following the second
acetone extraction, this procedure was repeated with two rounds of MeOH keeping the
two solvent extractions separate. Each extract was then dried and suspended in MeOH to
a concentration of 0.5 mg/mL and analyzed using HPLC-HRMS.
2.8 HRMS processing
HRMS conditions for ethyl acetate, methanol, and acetone extractions
Samples were analyzed by LC-HRMS using a Core Shell Kinetex 100 Å column
(Thermo, 1.7 μm C18 50 x 2.1 mm) and a flow rate of 500 μL/min. The samples were
processed through the following method: 0-0.2 min 95% H2O with 0.1% formic acid
(solvent A), 5% acetonitrile with 0.1% formic acid (solvent B) to 100% solvent B at
4.80 minutes. 4.80-8.00 minutes 100% solvent B, at 8.50 minutes back to 95% solvent
A, 5 % solvent B, for 8.50-10 minutes.
HRMS conditions for mycosporine extraction
Samples were analyzed by LC-HRMS using a Synergi Polar-RP 80 Å column
(Thermo, 4 μm C18 150 x 4.60mm) and a flow rate of 500 μL/min. The samples were
processed through the following method: 0-3 min 95% H2O with 0.1% acetic acid
(solvent A), 5% MeOH with 0.1% acetic acid (solvent B) to 100% solvent B at 5
minutes. 5-7 minutes 100% solvent B at nine minutes back to 95% solvent A, 5 %
solvent B, for 9-15 minutes.
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2.9 HPLC purification techniques
The samples were partially purified by passing them through a SPE-C18
hypersep column (Thermo Scientific) and washing with water to remove the more polar
compounds. The water washed sample was dried and suspended in water with 6%
methanol and 0.2% acetic acid to a concentration of 50 mg/mL. Samples were then
partially purified on the Perkin Elmer HPLC with 99.9% water and 0.1% acetic acid
over 15 minutes with a flow rate of 3 mL/min using a Synergi Polar-RP 80 Å column
(Thermo, 10 μm C18 250 x 10.00 mm). The eluent was monitored for UV absorbance at
310 nm. Once partially purified, the UV absorbing fractions were dried and suspended in
water with 6% methanol and 0.2% acetic acid to a concentration of 0.5 mg/mL. The
fractions were then analyzed using HPLC-HRMS to determine the purity of the samples.
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CHAPTER 3: RESULTS
3.1 Phylogenetic analysis
A total of 204 bacterial isolates and 32 fungal isolates were obtained from the sea
ice, melt water samples. For the bacterial isolates, sequencing the full-length 16S region
followed by Blastn search query on GenBank and phylogenetic analysis (Figures 3.13.6) showed the isolates represented 13 species from 9 different genera (Table 1):
Rhodoferax ferrireducens, Rhodococcus sp. RKAT245, Shewanella arctica, Duganella
zoogloeoides, Massilia brevitalea, Chryseobacterium treverense, Pseudomonas sp.
RKAT052, Polaromonas hydrogenivorans, P. cyroconiti, Flavobacterium degerlachei,
F. frigidarium, Flavobacterium sp. RKAT206 and Flavobacterium sp. RKAT244
For the fungal isolates, a Blastn search combined with phylogenetic analysis
using types strains (Figures 3.7-3.10) of the ITS and nLSU rDNA genes, identified 13
species representing 11 different genera (Table 2): Mrakia frigida, M. blollopis,
Cystofilobasidium infirmo-miniatum, Sporobolomyces ruberrimus, Leucosporidiella
yakutica, Bulleromyces albus, Dioszegia sp. RKAT238, Bullera crocea, Kreigeria
eriophori, Glaciozyma antarcticum, Tilletiopsis washingtonensis, Frigidiomyces
aurantiacum gen. nov. sp. nov, and Polaromyces triangulaformis gen. nov. sp. nov..
Frigidiomyces aurantiacum sp. nov. and Polaromyces triangulaformis sp. nov. represent
two new genera which are described in this study.
3.2 Diversity characteristics
All of the isolates were able to grow at 4 °C, however, only seven of the 27
species were psychrophilic (would not grow at 22 °C). These organisms included:
Flavobacterium sp. RKAT244 from the bacterial isolates, and Mrakia frigida,
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Figure 3.1. Phylogenetic analysis supporting the naming of RKAT059 as Shewanella
arctica and RKAT250 and RKAT120 as Rhodoferax ferrireducens. Phylogenetic
analysis was conducted using the maximum likelihood method based on the Tamura 3parameter (Tamura, 1992). T corresponds to the type strain of the species.
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Figure 3.2. Phylogenetic analysis supporting the naming of RKAT245 as Rhodococcus
sp. RKAT245. Phylogenetic analysis was conducted using the maximum likelihood
method based on the Kimura 2-parameter model (Kimura, 1980). T corresponds to the
type strain of the species.
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AM982786.1| Chryseobacterium anthropi NF 1366T T
98

EF204450.1| Chryseobacterium haifense H38 T

AY315443.2| Chryseobacterium formosense CC-H3-2 T
EF554366.1| Chryseobacterium marinum IMCC3228 T
EU360966.1| Chryseobacterium humi ECP37 T

97

JN390676.1| Chryseobacterium frigidisoli PB4 T
FN297836.1| Chryseobacterium treverense IMMIB L-1519T
99

RKAT226

GU345045.1| Chryseobacterium chaponense Sa 1147-06 T
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AY553293.2| Chryseobacterium antarcticum AT1013 T
91

EU360967.1| Chryseobacterium palustre 3A10 T

0.01

Figure 3.3. Phylogenetic analysis supporting the naming of RKAT226 as
Chryseobacterium treverense . Phylogenetic analysis was conducted using the maximum
likelihood method based on the Kimura 2-parameter model (Kimura, 1980). T
corresponds to the type strain of the species.
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Figure 3.4. Phylogenetic analysis supporting the naming of RKAT052 and RKAT063 as
Pseudomonas sp. RKAT 052, of RKAT094 as Polaromonas cryoconiti and RKAT275,
RKAT288 and RKAT295 as Polaromonas hydrogenivorans. Phylogenetic analysis was
conducted using the maximum likelihood method based on the Kimura 2-parameter
model (Kimura, 1980). T corresponds to the type strain of the species.
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Figure 3.5. Phylogenetic analysis supporting the naming of RKAT206, RKAT121,
RKAT092 and RKAT243 as Flavobacterium sp. RKAT206, of RKAT124 and
RKAT264 as Flavobacterium degerlachei, of RKAT244 and RKAT089 as
Flavobacterium sp. RKAT244 and RKAT231 as Flavobacterium frigidarium.
Phylogenetic analysis was conducted using the maximum likelihood method based on
the Kimura 2-parameter model (Kimura, 1980). T corresponds to the type strain of the
species.
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Figure 3.6. Phylogenetic analysis supporting the naming of RKAT180 as Massilia
brevitalea and of RKAT146 and RKAT270 as Duganella zoogloeoides. Phylogenetic
analysis was conducted using the maximum likelihood method based on the Kimura 2parameter model (Kimura, 1980). T corresponds to the type strain of the species.
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Table 1. The bacterial diversity present in Canadian arctic sea ice melt pools with each organism’s characteristics including
the accession number, total number of isolates, cold tolerance and temperature growth range, whether the organism is
pigmented, resistance to UV radiation, will grow on minimal medium and can survive a freeze-thaw cycle.
Viable
post
freezethaw
Yes

Organism

Accession
Number

Isolates

Cold Tolerance

Temperature
Range

Pigmented

UVresistant

Growth
on
minimal
media

Rhodoferax ferrireducens

KU179848

3

Psychrotolerant

4 – 22.5 °C

White

Yes

No

Rhodococcus sp. RKAT 245

KU179856

1

Psychrotolerant

4 – 22.5 °C

Pink

Yes

No

Yes

Shewanella arctica

KU179857

1

Psychrotolerant

4 – 22.5 °C

White

Yes

Yes

-

Duganella zoogloeoides

KU179845

16

Psychrotolerant

4 – 22.5 °C

Yellow

Yes

Yes

-

Massilia sp. brevitalea

KU179846

2

Psychrotolerant

4 – 22.5 °C

Yellow

Yes

Yes

Yes

Pseudomonas sp. RKAT 052

KU179858

11

Psychrotolerant

4 – 22.5 °C

Clear

No

Yes

Yes

Polaromonas cryoconiti

KU179859

1

Psychrotolerant

4 – 22.5 °C

White

No

Yes

Yes

Polaromonas hydrogenivorans

KU179860

24

Psychrotolerant

4 – 22.5 °C

White

No

Yes

Yes

Chryseobacterium treverense

KU179855

1

Psychrotolerant

4 – 22.5 °C

Yellow

Yes

Yes

Yes

Flavobacterium sp. RKAT 244

KU179852

22

Psychrophilic

4 – 15 °C

Yellow/Orange

Yes

Yes

-

Flavobacterium frigidarium

KU179850

1

Psychrotolerant

4 – 22.5 °C

Yellow/Orange

Yes

Yes

Yes

Flavobacterium sp. RKAT 206

KU179849

119

Psychrotolerant

4 – 22.5 °C

Yellow/Orange

Yes

Yes

-

Flavobacterium degerlachei

KU179853

2

Psychrotolerant

4 – 22.5 °C

Yellow

Yes

Yes

Yes
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Figure 3.7. Phylogenetic analysis supporting the naming of RKAT306 as Bullera
crocea, of RKAT238 as Dioszegia sp. RKAT238, of RKAT232 as Bulleromyces albus
and RKAT265 and RKAT255 as Tilletiopsis washingtonensis. Phylogenetic analysis
was conducted using the maximum likelihood method based on the Kimura 2-parameter
model (Kimura, 1980). T corresponds to the type strain of the species.
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Figure 3.8. Phylogenetic analysis supporting the naming of RKAT253 as
Sporobolomyces ruberrimus. Phylogenetic analysis was conducted using the maximum
likelihood method based on the Kimura 2-parameter model (Kimura, 1980). T
corresponds to the type strain of the species.
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Figure 3.9. Phylogenetic analysis supporting the naming of RKAT142 as
Leucosporidiella yakutica of RKAT144 as Kriegeria eriophori and RKAT105 as its own
new genus and RKAT155 as Glaciozyma antarctica. Phylogenetic analysis was
conducted using the maximum likelihood method based on the Kimura 2-parameter
model (Kimura, 1980). T corresponds to the type strain of the species.

54

Figure 3.10. Phylogenetic analysis supporting the naming of RKAT109 and similar
species as Mrakia frigida, of RKAT102, RKAT102F and RKAT103 as Mrakia
blollopsis and RKAT091 as a new organism and RKAT139 as Cystofilobasidium
infirmo-miniatum. Phylogenetic analysis was conducted using the maximum likelihood
method based on the Kimura 2-parameter model (Kimura, 1980). T corresponds to the
type strain of the species.
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Table 2. The fungal diversity present in Canadian arctic sea ice melt pools with each organism’s characteristics including the
accession number, total number of isolates, cold tolerance and temperature growth range, whether the organism is pigmented,
resistance to UV radiation, will grow on minimal medium and can survive a freeze-thaw cycle.
Organism

Accession
Number

Isolates

Cold Tolerance

Temperature
Range

Pigmented

UVresistant

Growth on
minimal
media

Viable post
freeze thaw

Mrakia frigida

KU179835

12

Psychrophilic

4 – 15 °C

White

No

Yes

Yes

Mrakia blollopis

KU179834

6

Psychrophilic

4 – 15 °C

White

No

Yes

Yes

KU179836
Cystofilobasidium
infirmominiatum
Sporobolomyces ruberrimus KU179842

1

Psychrotolerant

4 – 22.5 °C

Pink

Yes

No

Yes

1

Psychrotolerant

4 – 22.5 °C

Pink

Yes

No

Yes

Leucosporidiella yakutica

KU179837

1

Psychrotolerant

4 – 22.5 °C

White

Yes

Yes

Yes

Tilletiopsis washingtonensis

KU179843

2

Psychrotolerant

4 – 22.5 °C

Cream

No

No

Yes

Dioszegia sp. RKAT238

KU179841

1

Psychrotolerant

4 – 22.5 °C

Orange

Yes

No

Yes

Bullera crocea

KU179844

2

Psychrotolerant

4 – 22.5 °C

Orange

Yes

No

Yes

Bulleromyces albus

KU179840

1

Psychrotolerant

4 – 22.5 °C

White

Yes

No

Yes

Frigidiomyces aurantiacum

KU179832

1

Psychrophilic

4 – 15 °C

Orange

Yes

Yes

Yes

Polaromyces trianglaformis

KU17983

1

Psychrophilic

4 – 15 °C

Creamy

Yes

Yes

Yes

Kriegeria
eriophori
triangulaformis

KU179838
3

2

Psychrophilic

4 – 15 °C

White
Pink

Yes

Yes

Yes

Glaciozyma antarcticum

KU179839

1

Psychrophilic

4 – 15 °C

White

Yes

No

Yes
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M. blollopis, Kriegeria eriophori, Glaciozyma antarcticum, Frigidiomyces aurantiacum
and Polaromyces triangulaformis from the fungal isolates (Tables 1 & 2).
Representative strains from each of the bacterial and fungal species were also
evaluated for their ability to grow in the presence of minimal nutrients. For the bacterial
isolates, each species with the exception of Rhodoferax ferrireducens, and Rhodococcus
sp. RKAT 245 could grow on the minimal medium 1% R2A (Table 1). Of the 13 fungal
species tested, Mrakia frigida, M. blollopis, Leucosporidiella yakutica, Kriegeria
eriophori, Frigidiomyces aurantiacum and Polaromyces triangulaformis, were able to
grow on the minimal medium, 1% YM (Table 2). Representatives from each species
were also tested for their ability to survive a freeze-thaw cycle. Four of the isolates,
Shewanella arctica, Duganella zoogloeoides, Flavobacterium sp. RKAT206 and
Flavobacterium sp. RKAT244, did not grow in the seed culture, so they were not tested;
however, all remaining isolates that did grow could survive the cycle (Tables 1 & 2).
The largest decrease in cell viability was only a one-fold decrease except for
Frigidiomyces aurantiacum, which had a 3-fold decrease.
3.3 Species Description
3.3.1 Phylogenetic analysis
From this study, two of the psychrophilic, UV-resistant yeasts (RKAT091 and
RKAT105), were classified as novel taxa; herein referred to as Frigidiomyces
aurantiacum gen. nov. sp. nov. and Polaromyces triangulaformis gen. nov. sp. nov.
Blastn search query against GenBank using the D1D2 region of the nLSU rDNA gene
sequence from each isolate was performed and the closest matching sequences
representing species type strains were acquired and assembled into a single data matrix
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and aligned. Phylogenetic analysis clearly separated the species into two clades
representing the Ascomycetes and the Basidiomycetes. Within the Basidiomycete clade,
isolate RKAT091 (Frigidiomyces aurantiacum) formed a unique clade with 98%
bootstrap support consisting of species representing the Order Cystofilobasidiales (subphylum Agaricomycotina). Within the Ascomycete clade, isolate RKAT105
(Polaromyces triangularformis) clustered together in a clade with various species from
the Order Kreigeriales (sub-phylum Pucciniomycotina) with rather low bootstrap
support of 31% (Figure 3.11).
Figure 3.12 demonstrates the placement of Frigidiomyces aurantiacum as a new
genus based on the ITS and nLSU sequences, as it forms a unique clade in both trees.
Figure 3.12a demonstrates the ITS phylogenetic analysis for Frigidiomyces aurantiacum
and Figure 3.12b demonstrates the nLSU phylogenetic analysis for Frigidiomyces
aurantiacum. Figure 3.13 supports the placement of Polaromyces triangulaformis as a
unique genus by analyzing both the ITS and nLSU regions. Figure 3.13a demonstrates
the ITS phylogenetic analysis using the maximum likelihood method, and Figure 3.13b
presents the phylogenetic analysis of the nLSU region.
3.3.2 Taxonomy
Two new organisms were isolated during this study, Frigidiomyces aurantiacum
and Polaromyces triangulaformis. Both of the isolates are true psychophiles;
Frigidiomyces aurantiacum had an optimal growth temperature of 15 °C while
Polaromyces triangulaformis had an optimal growth temperature of 4 °C, and although
it could grow at 15 °C, it did not thrive at this temperature. Both isolates had the
capability to grow on both high and low nutrient media (Table 2); however,
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AY212991.1 Camptobasidium hydrophilum CCM8060

61

KU179833.1 Polaromyces triangulaformis RKAT105

56
52

Kreigeriales

AF189906.1 Glaciozyma antarctica CBS5942 T
AF189971.1 Rhodotorula yarrowii CBS7417 T
AF189905.1 Kriegeria eriophori CBS8387 T
AF189908.1 Leucosporidium scottii CBS5932 T

99

AF189925.1 Leucosporidiella creatinivora CBS8620 T

82
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Leucosporidiales

AF189933.1 Rhodotorula hordea CBS6403 T

88

Microbotryales

AF189974.1 Sphacelotheca polygoni-persicariae PYCC4293 T

96

AY213002.1 Microbotryum cordae PYCC 4294 T
50

AF189963.1 Rhodotorula pilatii CBS7039 T

92

Microbotryomycetes incertae sedis

AF189998.1 Sporobolomyces tsugae CBS5038 T

AF070441.2 Sporobolomyces roseus CBS486 T

100

99

Sporidiobolales

AF070437.1 Sporidiobolus pararoseus CBS497 T

76

AF070442.1 Sporobolomyces ruberrimus CBS7500 T
AF075471.1 Rhodotorula philyla CBS6272 T

99

AF189898.1 Colacogloea peniophorae PYCC4285 T

AF189942.1 Cystobasidium laryngis CBS5695 T

92

Cystobasidiales

AF189962.1 Cystobasidium pallidum CBS320 T

99

93

Pucciniomycotina

Microbotryomycetes incertae sedis

AF189984.1 Sporobolomyces foliicola CBS8075 T
AF189980.1 Sporobolomyces coprosmae CBS7899 T

93

Cystobasidiomycetes incertae sedis

AF189990.1 Sporobolomyces oryzicola CBS7228 T
AF014825 Eocronartium muscicola FO42767 T

97

AF426193.1 Herpobasidium filicinum RB797 T
99
92

Platygloeales

AF426199.1 Uromyces viciae-fabae WM1365 T
AF426204.1 Uromyces ficariae WM1398 T

100
91

AF426206.1 Cumminsiella mirabilissima WM1351

Pucciniales

AF426207.1 Puccinia coronata WM1280 T
AF189894.1 Bensingtonia phyllada strain CBS7169 T

100
99

Agaricostilbales

AF189901.1 Kondoa aeria CBS8352 T
AF189903.1 Kondoa malvinella CBS6082 T

AF075507.1 Udeniomyces pyricola CBS6754 T

67
99

AF075510.1 Udeniomyces megalosporus CBS7236 T
AF075519.1 Udeniomyces puniceus CBS5689 T

72

AF105394.1 Guehomyces pullulans CBS2532 T

99

Cystofilobasidiales

AF189861.1 Guehomyces pullulans CBS 2541
98

AF189844.1 Cryptococcus huempii CBS 8186 T
KU179832.1 Frigidiomyces aurantiacum RKAT091
AF291309.1 Dacrymyces stillatus FO 28136 T

91
99

AF291332.1 Guepiniopsis buccina FO 31571 T

100

AF291310.1 Dacrymyces variisporus FO 24617 T

60

Dacrymycetales

AF291312.1 Dacryopinax spathularia FO 42687 T

Agaricomycotina

AF075498.1 Filobasidium floriforme CBS56241 T
74

AF075501.1 Filobasidium capsuligenum CBS1906 T

87
87

AF075468.1 Filobasidium uniguttulatum CBS1730 T

Filobasidiales

AF075478.1 Cryptococcus friedmannii CBS7160 T
73

99

AF189843.1 Holtermannia corniformis CBS6979 T
AY006490.1 Cryptococcus nyarrowii CBS 8804 T

92
66

Holtermanniales

AF444715.1 Bandoniozyma tunnelae CBS8024 T
AF444700.1 Bandoniozyma noutii CBS 8364 T

100

AF075492.1 Sirobasidium intermedium CBS7805 T

75
99

Tremellales

AF075524.1 Bullera unica CBS8290 T
AF075500.1 Bulleromyces albus strain CBS 501 T

0.05

Figure 3.11. Phylogenetic analysis of the nLSU region to demonstrate the order
placement of the two new organisms Frigidiomyces auranticaum (RKAT091) into the
order Cystofilobasidiales and Polaromyces triangulaformis (RKAT105) into the order
Kriegeriales. This is completed using the maximum likelihood method based on the
Tamura 3-parameter (Tamura, 1992) was performed to establish a taxonomic
relationship. T corresponds to the type strain of the species.
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AB072229.1| Udeniomyces pannonicus T

A)

99

AB072233.1| Itersonilia perplexans T

B)

KU179832| Frigidiomyces aurantiacum RKAT091

KM408125.1| Cryptococcus tahquamenonensis yHAB242

AF444322.1| Cryptococcus huempii CBS 8186 T

52

AF189844.1| Cryptococcus huempii CBS 8186 T

98

HQ256876.1| Environmental Sample PDD-25b-2

AF444417.1| Guehomyces pullulans CBS 2532 T
AF410469.1| Mrakia aquaticus T

66

96

AF144483.1| Mrakia frigida CBS 5270 T

96
98
72

60

100

AJ866976.1| Mrakia cyroconti T

AB077382.1| Udeniomyces pannonicus
HQ256880.1| Environmental Sample. PDD-25b-9
AJ235274.1| Itersonilia perplexans CBS 363.85 T
KU179832| Frigidiomyces aurantiacum RKAT091

gb|AF144485.1| Mrakia gelida CBS 5272 T

JF706558.1| Environmental Sample PDD-24b-25

99

EF551318.1| Guehomyces pullulans (AFTOL-ID 1958)

AY038829.1| Mrakia robertii CBS 8912 T
53
67
99

AF075470.2| Mrakiella aquatica strain CBS 5443 T

AF444435.1| Udeniomyces puniceus CBS 5689 T

AJ866978.1| Mrakia cryoconti A15 T

54

AF444402.1| Udeniomyces pyricola CBS 6754 T

AF189830.1| Mrakia gelida CBS 5917

AF444408.1| Udeniomyces megalosporus CBS 7236 T

AY038814.1| Mrakia blollopis CBS 8921 T

99

AF444328.1| Cystofilobasidium ferigula CBS 7201 T

52

75

AF189831.1| Mrakia gelida strain CBS 5272 T

AF444400.1| Cystofilobasidium infirmominiatum CBS 323 T

AY038806.1| Mrakia robertii CBS 8907 T

AF444299.1| Cystofilobasidium bisporidii CBS 6347 T

AF075507.1| Udeniomyces pyricola T

AF139629.1| Phaffia rhodozyma CBS 5905 T
100
87

EU224266.1| Mrakia psychrophilia strain AS 2.1971 T
AF075463.1| Mrakia frigida CBS 5270 T

75

AF139627.1| Cystofilobasidium capitatum T
100

AF105394.1| Guehomyces pullulans T

100

JQ002681.1| Udeniomyces kanasensis T

100

AF139628.1| Xanthophyllomyces dendrorhous CBS 7918 T

100

AY841862.1| Udeniomyces pseudopyricola

AF075510.1| Udeniomyces megalosporus T
JQ002681.1| Udeniomyces kanasensis T

AF444302.1| Filobasidium uniguttulatum CBS 1730 T

AF075519.1| Udeniomyces puniceus T
86

0.05

DQ836005.1| Udeniomyces puniceus (AFTOL-ID 1822)
AF075496.1| Xanthophyllomyces dendrorhous T

100

AF189871.2| Phaffia rhodozyma CBS 5905 T
AF075465.1| Cystofilobasidium capitatum T
100
92

AF075466.1| Cystofilobasidium lari-marini T
AF075487.1| Cryptococcus feraegula CBS 7201

AF075464.1| Cystofilobasidium bisporidii CBS 6347

100

F075505.2| Cystofilobasidium infirmominiatum T
AF189848.2| Cystofilobasidium macerans strain CBS 2206 T

56
91

AY158642.1| Cryptococcus sp. CRUB 1046
AF459698.1| Hyalodendron lignicola KCTC 17082

99

AF075468.1| Filobasidium uniguttulatum CBS 1730 T

0.05

Figure 3.12. Phylogenetic analysis of Frigidiomyces aurantiacum (RKAT091) demonstrating its placement as a new genus
A) Phylogenetic analysisof the ITS region for Frigidiomyces aurantiacum (RKAT091) using the maximum likelihood method
based on Tamura-3 parameter (Tamura 1992). B) Phylogenetic analysis of the nLSU region using the maximum likelihood
method based on the Kimura 2-paremeter is presented (Kimura 1980). T corresponds to the type strain of the species.

60

AY040665.1| Antarctic yeast CBS 8941

A)

KU179833| Polaromyces triangulaformis RKAT105
HQ432818.1| Glaciozyma watsonii DBVPG:4726 T

82

EU149807.1| Glaciozyma martinii CBS 10620 T

98
54

AF444529.1| Glaciozyma antarctica CBS 5942 T

B)

HF934009.1| Glaciozyma litoralis K94b T

FJ841889.1| Basidiomycota CRUB 1742
96

FJ841888.1| Basidiomycota CRUB 1733

AF444598.1| Rhodotorula pilatii CBS 7039 T

AY040647.1| Antarctic yeast CBS 8941

69

AF444602.1| Kriegeria eriophori CBS 8387

AY212991.1| Camptobasidium hydrophilum CCM 8060

EF151249.1| Rhodotorula glacialis A19 T

60

EF151243.1| Rhodotorula psychrophila PB19 T
54

FJ841890.1| Basidiomycota CRUB 1737

80

JQ906777.1| Meredithblackwellia eburnea

KU179833| Polaromyces triangulaformis RKAT105
HQ432817.1| Glaciozyma watsonii DBVPG:4726 T

EU872492.1| Rhodotorula rosulata CBS 10977 T
EF151246.1| Rhodotorula psychrophenolica AG21 T

AF189906.1| Glaciozyma antarctica CBS5942 T

97

AB026016.2| Cystobasidium minutum T

72
86
50

0.2

HF934009.1| Glaciozyma litoralis K94b T
HQ676604.2| Glaciozyma martinii ANT03-061 T

EF151255.1| Rhodotorula psychrophenolica AG21 T
50

AF189905.1| Kriegeria eriophori CBS8387
AF189963.1| Rhodotorula pilatii CBS7039 T

80

EF151252.1| Rhodotorula psychrophila PB19 T
98

EF151258.1| Rhodotorula glacialis A19 T

EU872490.1| Rhodotorula rosulata CBS 10977 T
JQ906775.1| Meredithblackwellia eburnea
AF189945.1| Cystobasidium minutum CBS319 T
0.1

Figure 3.13. Phylogenetic analysis of Polaromyces triangulaformis (RKAT105) demonstrating its placement as a new genus
A) The ITS phylogenetic analysis using the maximum likelihood method based on the Tamura 3-parameter (Tamura, 1992).
B) The evolutionary history of the nLSU region. For this analysis the maximum likelihood method based on the Tamura 3paramter (Tamura, 1992). T corresponds to the type strain of the species.
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P. triangulaformis would not grow in broth at 15 °C, this new species will only grow in
broth at 4 °C. Both organisms did not sporulate under any condition tested.
Frigidiomyces aurantiacum produced smooth, glistening, pulvinate, orange, circular
colonies with an entire margin at both 4 and 15 °C. Cells are elongated, oblong to
bacilliform that reproduce by unipolar polar budding, mostly on a constricted base, often
associated with a visible collarette. The average cell size at 4 °C was 8.1 ± 0.4 μm by 3.1
± 0.2 μm with similar cell sizes observed at 15 ° C (7.6 ± 0.7 μm by 3.6 ± 0.3 μm)
(Figure 3.14). Cells from Polaromyces triangulaformis had different morphologies
based on the growth temperature. On morphology agar Polaromyces triangulaformis
forms dull, smooth, butyrous, pulvinate, creamy light pink, circular colonies with an
entire margin at both 4 and 15 °C. Cell morphology at 4 °C is turbinate to triangular,
with an average cell length of 4.1 ± 0.1 μm and basal width of 3.8 ± 0.1 μm (distil to the
apex); reproduction is blastic by apical budding. At 15 °C cells are elongate, oblong to
obovoid, 14.2 ± 1.6 μm by 2.8 ± 0.2 μm in average size, and reproduce by unipolar
budding (Figure 3.14).
Carbon and nitrogen assimilation tests were conducted and the results are
summarized in Table 3. Both species were able to hydrolyze urea, and did not grow on
agar supplemented with 50% glucose, 60% glucose, 1% acetic acid or 10% NaCl with
5% glucose. F. aurantiacum required biotin and thiamine for growth, while P.
triangulaformis was able to grow in vitamin free medium (Table 3). The cells remained
viable when exposed to freeze thaw cycles. F. auantiacum went from 1.1x108 to 2x105
CFU/mL while P. triangulaformis went from 1.3x109 to 2x108 CFU/mL. There were no
matches for either organism’s protein fingerprint when tested using MALDI-TOF (gel
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A)

C)

B)

D)

E)

Figure 3.14. Microscopic photos of Frigidiomyces aurantiacum (RKAT 091) and
Polaromyces triangulaformis (RKAT 105) A) F. aurantiacum grown on YM agar at 15
°C. B) Isolated colonies of F. aurantiacum morphology agar at 15 °C. C) P.
triangulaformis cells grown on 1% YM agar at 4 °C.D) P. triangulaformis cells grown
on 1% YM agar at 15 °C. E) Isolated colonies of P. triangulaformis on morphology
agar.
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Table 3. Comparison of assimilation characteristics of Frigidiomyces aurantiacum and
Polaromyces triangulaformis with their closest genetic matches 1) Frigidiomyces
aurantiacum 2) Udeniomyces pannonicus1 3) Guehomyces pullulans2 4) Itersonilia
perplexans3 5) Cryptococcus huempii4 6) Polaromyces triangulaformis 7) Glaciozyma
watsonii5 8) Glaciozyma martinii5 9) Glaciozyma antarctica5 variable (v), weak (w), not
determined (nd), positive (+), negative (-), weak/negative (w/-)
Phenotypic properties
Growth temperature (°C )
Assimilation of Carbon Sources
Fumaric acid
L-Malic Acid
Succinic Acid Mono-methyl Ester
Bromo-Succinic Acid
L-Glutamic Acid
γ -Amino-Butyric Acid
α -Keto-Glutaric Acid
D-Celloboise
2-Keto-D-Gluconic acid
D-Gluconic Acid
Dextrin
Inulin
Palatinose
Turanose
Gentiobiose
Maltose
Maltotriose
D-Melezitose
D-Melibiose
Glycerol
D-Raffinose
Stachyose
Sucrose,
D-Trehalose
D-Xylose
N-Acetyl-D Glucosamine
L-Arabinose
D-Arabinose
D-Glucosamine
D-Psicose
L-Rhamnose
L-Sorbose
Adonitol
α-D-Glucose
D-Galactose
D-Mannitol
Amygdalin
D-Sorbitol
D-arabitol
α -methyl-D-Glucoside
β-methyl-D-Glucoside
Arbutin
Salicin
Malitol
Xylitol
i-Erythitol
Tween 80
D-Ribose

1

2

3

4

5

6

4-15

4-20

4-25

4-25

4-25

4-15

+
+
+
+
+
v
+
+
v
+
+
+
+
+
v
+
+
+
v
v
v
v
v

nd
nd
nd
nd
nd
nd
nd
+
+
nd
nd
nd
nd
nd
+
nd
+
+
+
+
nd
+
+
+
+
nd
nd
+
+
nd
nd
nd
w
nd
nd
+
nd
+
nd
w

nd
nd
nd
nd
nd
nd
nd
+
+
nd
nd
nd
nd
nd
+
nd
v
+
v
+
nd
+
+
+
+
v
nd
v
v
nd
+
+
+
nd
nd
nd
+
nd
nd
+
nd
+
+
nd
v

nd
nd
nd
nd
nd
nd
nd
+
+
nd
nd
v
nd
nd
nd
v
nd
+
v
v
+
nd
+
+
+
nd
v
v
+
nd
v
nd
+
+
+
nd
nd
nd
nd
nd
v
nd
nd
nd
v

nd
nd
nd
nd
nd
nd
nd
+
+
nd
nd
nd
nd
nd
+
nd
+
+
+
+
+
-/s
+
nd
+
+
nd
+
+
+
nd
nd
nd
nd
nd
+
nd
nd
nd
+

+
+
+
+
+
v
+
+
v
+
+
+
+
+
-
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7

8

9

4-20

4-20

4-17

nd
nd
nd
nd
nd
nd
nd
+
v
nd
nd
nd
nd
v
nd
w/v
nd
nd
w/w/v
nd
v
nd
+
+
v
nd
w/nd
nd
nd
v
nd
-

nd
nd
nd
nd
nd
nd
nd
+
nd
nd
nd
nd
v
nd
w/+
v
nd
nd
v
nd
nd
+
+
v
nd
v
nd
nd
nd
nd
v
nd
-

nd
nd
nd
nd
nd
nd
nd
v
v
nd
nd
nd
nd
v
nd
w/nd
nd
v
+
v
w/nd
w/nd
+
+
v
nd
+
nd
nd
+
nd
v
nd
v

Table 3 Continued. Comparison of assimilation characteristics of Frigidiomyces
aurantiacum and Polaromyces triangulaformis with their closest genetic matches 1)
Frigidiomyces aurantiacum 2) Udeniomyces pannonicus1 3) Guehomyces pullulans2 4)
Itersonilia perplexans3 5) Cryptococcus huempii4 6) Polaromyces triangulaformis 7)
Glaciozyma watsonii5 8) Glaciozyma martinii5 9) Glaciozyma antarctica5
Phenotypic properties

1

2

3

4

5

6

7

+,
-,
w
w
-*
+

nd
+
nd
nd
nd
nd
nd
nd
nd
-*
+

+
v
v
+
v
nd
nd
nd
nd
+
+
nd
v
+

v
nd
nd
v
nd
nd
nd
nd
+
nd
nd
nd
+

+
nd
nd
nd
nd
nd
nd
nd
+
nd
+
nd
nd
+

+
w
+
+
+

w/v
v
nd
nd
nd
nd
v
v
+
+

8

9

+
w/w
d/nd
nd
nd
nd
+
+

+
nd
nd
+
nd
nd
nd
nd
nd
nd
nd
+
+

Assimilation of nitrogen
sources and other tests
Nitrate
Ethylamine
Cadaverine
Nitrite
Lysine
Imidazole
Creatinine
Creatine
Glucosamine
Growth in 1% acetic acid
10% NaCl 5% glucose
50% Glucose,
60% glucose
Vitamin free medium
Urea hydrolysis

*Requires Biotin and Thiamine for growth.
1
(Takashima & Nakase, 2011), 2(Fell & Kellermann, 2011), 3(Boekhout, 2011), 4(Fonseca et al.,
2011), 5(Turchetti et al., 2011)
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view for both organisms in Appendix B). The major fatty acids found in F. aurantiacum
include: linoleic acid, oleic acid, and palmitic acid, with linoleic acid being the most
abundant. The three major fatty acids found in P. triangulaformis were: oleic acid,
palmitic acid, and myristic acid. As well, linoleic acid and arachidic acid were also
found, but in much lower abundance.
3.3.3 Diagnosis
Frigidiomyces Thomas & Overy, gen. nov.
Mycobank: MBxxxxx
Type: Frigidiomyces aurantiacum Thomas & Overy
Etymology: Frigidiomyces, from Latin Frigidus, meaning “cold” referring to the low
temperature environment from where this genus was found, and –myces referring to
fungus.
Diagnosis: Members of Agaricomycotina, Tremellomycete, Cystofilobasidiales,
Cystfilobasidiaceae; anamorphic yeasts grow as orange colored colonies on YMA, malt
agar, morphology agar, and GYP. Cells are elongated oblong to bacilliform; reproduce
by polar budding, mostly on a constricted base, often associated with a visible collarette.
Q10 is the major coenzyme produced. The teleomorph is unknown.

Frigidiomyces aurantiacum Thomas & Overy, sp. nov.
Etymology: aurantiacum, from Latin, aurantiaco, meaning orange, referring to the
colony color of this species in culture.
Diagnosis: Frigidiomyces aurantiacum is phenotypically unique within the
Cystofilobasidiaceae, having a tolerance to low temperatures (4 C), a growth maximum
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at 15 C (no growth at 22 C); producing an anamorphic state characterized by orange,
discrete colonies, consisting of elongated, oblong to bacilliform cells that reproduce by
unipolar budding often associated with a visible collarette. Production of hyphae,
pseudohyphae, and ballistoconidia are absent. Q10 is the major coenzyme and linoleic
acid, oleic acid, and palmitic acid are the major fatty acids produced. F. aurantiacum
can assimilate fumaric acid, L-malic acid, succinic acid, bromo-succinic acid, L-glutamic
acid, D-cellobiose, 2-keto-D-glutaric acid, D-raffinose, stachyose, sucrose, D-trehalose,
D-xylose,

α-D-glucose, D-galactose, D-mannitol, nitrate, cadaverine, imidazole, can

hydrolyze urea, and requires biotin and thiamine for growth. The teleomorph is
unknown.
Type: Canada: Nunavut: Iqaluit Harbour from melted sea ice melt pools, June 2013,
Jamal Shirley (culture collection# – holotype; culture ex-type RKAT091).
Description: On morphology agar F. aurantiacum produces smooth, glistening,
pulvinate, orange, circular colonies with the margin entire at both 4 and 15°C. Optimal
growth was observed at 15°C, growth occurred at low temperatures (4°C), while no
growth was observed at 22 and 30°C. Cells are elongated, oblong to bacilliform that
reproduce by unipolar polar budding, mostly on a constricted base, often associated with
a visible collarette. The average cell size at 4 °C was 8.1 ± 0.4 μm by 3.1 ± 0.2 μm with
similar cell sizes observed at 15 ° C (7.6 ± 0.7 μm by 3.6 ± 0.3 μm). Formation of
ballistospores, hyphae, and pseudohyphae were absent on YM, 1%YM, GYP, ME,
5%ME, or morphology agar at 4 and 15°C after 3 months. This species can assimilate
fumaric acid, L-malic acid, succinic acid, bromo-succinic acid, L-glutamic acid, Dcellobiose, 2-keto-D-glutaric acid, D-raffinose, stachyose, sucrose, D-trehalose, D-xylose,

67

α-D-glucose, D-galactose, D-mannitol, nitrate, cadaverine, imidazole, and can hydrolyze
urea. It also requires biotin and thiamine for growth. Q10 is the major coenzyme and
linoleic acid, oleic acid, and palmitic acid are the major fatty acids produced on YM
agar. The teleomorphic state was not observed in culture.

Polaromyces Thomas & Overy, gen. nov.
Mycobank: MBxxxxx
Type: Polaromyces triangulaformis Thomas & Overy
Etymology: polaromyces, derived from Latin polus, meaning existing at or near a
geographical pole, or within the Arctic or Antarctica referring to the geographical region
where this genus was discovered, and –myces referring to fungus.
Diagnosis: Members of Pucciniomycotina, Microtryomycetes, Kriegeriales,
Camptobasidiaceae that are anamorphic yeasts. The yeasts grow as creamy coloured
colonies on YMA, malt agar, morphology agar, and GYP. Members reproduce by apical
budding, and do not sporulate. The teleomorph is not known.

Polaromyces triangulaformis Thomas & Overy, sp. nov.
Etymology: triangularformis, from Latin, triangulum, meaning triangle, and formis
meaning to take the shape of, referring to the cell shape of this species at 4 °C
Diagnosis: Polaromyces triangularformis is phenotypically unique within the
Camptobasidiaceae having a growth maximum at 4 C, producing an anamorphic state
characterized by butyrous, discrete, creamy pink colonies of turbinate to triangular cells,
that reproduce by apical budding; minimal growth at 15 C is associated with elongate,
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oblong to obovoid cells and the production of pseudohyphae. P. triangularformis can
assimilate bromo-succinic acid, L-glutamic acid, dextrin, D-melezitose, glycerol,
sucrose, N-acetyl-D-glucosamine, α-D-glucose, D-mannitol, D-sorbitol, D-arabitol, tween
80, nitrate, cadaverine, creatinine, can hydrolyze urea, and grow in vitamin free medium.
Oleic, palmitic, and myristic acid are the major fatty acids produced. The teleomorph is
unknown.
Type: Canada: Nunavut: Iqaluit Harbour , from melted sea ice melt pools, June
2013, Jamal Shirley (culture collection# – holotype; culture ex-type RKAT105).
Description: On morphology agar Polaromyces triangulaformis forms dull, smooth,
butyrous, pulvinate, creamy pink, circular colonies with the margin entire at both 4 and
15°C. P. triangulaformis is a true psychrophile with a growth optimum at 4 °C and
minimal growth at 15°C (no growth was observed at 22 and 30°C). Cell morphology at
4 °C is turbinate to triangular, with an average cell length of 4.1 ± 0.1 μm and basal
width of 3.8 ± 0.1 μm (distil to the apex); reproduction is blastic by apical budding. At
15 °C cells are elongate, oblong to obovoid, 14.2 ± 1.6 μm by 2.8 ± 0.2 μm in average
size, and reproduce by unipolar budding. Pseudohyphae are often formed, extending
from the poles, while true hyphae are absent. This species can assimilate bromo-succinic
acid, L-glutamic acid, dextrin, D-melezitose, glycerol, sucrose, N-acetyl-D-glucosamine,
α-D-glucose, D-mannitol, D-sorbitol, D-arabitol, tween 80, nitrate, cadaverine, creatinine,
can hydrolyze urea, and grow in vitamin free medium. Oleic, palmitic, and myristic acid
were the major fatty acids observed on YM agar (linoleic and arachidic acid were also
observed at a lower abundance). The teleomorphic state was not observed in culture.
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3.4 UV intensity selection and growth analysis
3.4.1 UV intensity selection
In total five UV intensity experiments were conducted. The three control
organisms, Escherichia coli, Bacillus subtilis and Micrococcus luteus were only used for
two experiments. For the remaining two experiments, only M. luteus was used, as it was
proving to be difficult to determine an intensity that the UV-resistant organism,
Micrococcus luteus, could survive. After finding the optimal intensity, all three
organisms were tested together. For the initial UVB trial, the samples were irradiated for
a total of eight hours at an average intensity of 1407 μW/m2. When experiments were
conducted at this intensity no organisms survived even 30 minutes of exposure (Figure
3.15a); the same results were observed in experiment two where the intensity was much
lower at 449 μW/m2 over a four-hour period (data not shown). For the remainder of the
experiments only M. luteus was used, as it was the most resistant of the three control
organisms. For the third experiment an average intensity of 194 μW/m2 was used over
the course of four hours. Micrococcus luteus survived one hour of irradiation, but the
number of organisms decreased three-fold, and no organisms survived the full four hours
of UVB irradiation (Figure 3.15b). The final intensity tested was an average 77.7 μW/m2
over a four- hour period. The results were similar to when M. luteus was exposed to an
intensity of 194 μW/m2. Micrococcus luteus survived one hour of UVB radiation with a
two-fold decrease in viability; however, there were no surviving organisms after four
hours of treatment (Figure 3.15c). At this point all three organisms: E.coli, B. subtillus,
and M. luteus were treated for four hours at an average UVB intensity of 85 μW/m2 to
compare the results of all three organisms. During this experiment a very different result
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Figure 3.15. Kill curves from the UVB irradiation parameter treatments using E. coli, B. subtilis and M. luteus as the
treatment organisms with various intensities. A) Experiment 1treating all three control organisms with an average intensity of
1407 μW/m2. B) Experiment 3 treating only M. luteus with an average intensity of 194 μW/m2 C) Experiment 4 treating only
M. luteus with an average intensity of 77.7 μW/m2. D) Experiment 5 treating all three control organisms with an average
intensity of 85 μW/m2 (n=1)
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was observed. After 30 minutes of treatment all three organisms remained viable. After
one hour of treatment B. subtilis was no longer viable, however, M. luteus (less than a
one-fold decrease) and E. coli (three-fold decrease) remained viable. Finally, after four
hours of treatment, both M. luteus and E. coli were still viable. E. coli experienced a
five-fold decrease in viable cells, however, M. luteus only encountered a one fold
decrease in viability (Figure 3.15d). With this data it was decided an intensity between
78 and 85 μW/m2 would be used for shorter experiments. Because the experiments being
conducted would consist of a week long fermentation under UVB radiation for 16 hours
a day, it was decided to use an average intensity of approximately 40-45 μW/m2 to
ensure the UVB resistant organisms could survive the treatments.
3.4.2 Growth Analysis
It was determined that all organisms investigated took an average of 5-7 days to
reach one-day post stationary phase. All of the organisms that reached stationary phase
at five days were grouped together for fermentations, and all of the organisms that
reached stationary phase after seven days were fermented together. Figure 3.16
represents some examples of the graphs from this experiment. Figures 3.16a, and 3.16b
demonstrate organisms which reached stationary phase plus one day on day five, and
Figures 3.16c and 3.16d represent organisms that reached stationary phase plus one day
on day seven.
3.5 UV resistance analysis
A representative from each species was exposed to UVB irradiation 16 hours
each day at an average intensity of 40-45 μW/m2 for a total of 5-7 days depending on the
organism’s growth rate. Of the bacteria, Rhodoferax ferrireducens, Rhodococcus sp.
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Figure 3.16. Growth curves to determine when each organism would reach mid-log and stationary phase. A) Flavobacterium
B) Chryseobacterium C) Dioszegia D) Bulleromyces

RKAT245, Shewanella arctica, Duganella zoogloeoides, Massilia brevitalea,
Chryseobacterium treverense, and all four Flavobacterium spp. were still viable post
exposure to UVB radiation for 16 hours each day for 5-7 days. Of the fungi,
Cystofilobasidium infirmo-miniatum, Sporobolomyces ruberrimus, Leucosporidiella
yakutica, Bulleromyces albus, Dioszegia sp. RKAT238, Bullera crocea, Kreigeria
eriophori, Glaciozyma antarcticum, Frigidiomyces aurantiacum, and Polaromyces
triangulaformis remained viable, post exposure to 5-7 days of UVB radiation (Table 1 &
2).
3.6 Metabolome analysis following osmotic stress
From the osmotic stress experiments, UV-absorbing metabolites were only discovered in
the control sample of Dioszegia sp. RKAT238. This organism was found to be
producing mycosporine-glutamicol-glucoside (1) (466.1923 [M+H]+) (Figure 3.17).
When the actual mass was compared with the theoretical mass of mycosporineglutamicol-glucoside there was only a 0.2 ppm difference. The λmax is also consistent
with the literature (310 nm) (Volkmann & Gorbushina, 2006). This compound was also
discovered in the UVB exposure experiments (discussed in the next section). When (1)
was isolated in the UVB experiment the MS/MS fragments, 448, 430, 304, 286, and 236
reported by Volkmann & Gorbushina (2006) were similar to those observed from this
compound (Volkmann & Gorbushina, 2006). The acetone and ethyl acetate extracts
were also analyzed using HPLC-HRMS, but no UVB-absorbing metabolites or pigments
were discovered from those extracts.
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A) PDA

B) PDA 310 nm
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D) TIC

E) SIM (1)
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Figure 3.17. Mycosporine-glutamicol-glucoside LC/MS analysis from Dioszgeia sp.
RKAT238 grown in YM broth. A) The photodiode array detector monitoring for all UV
wavelengths. B) Photodiode array detector monitoring for absorbance at 310 nm. C)
Evaporative light scattering detector (ELSD) D) Total ion chromatogram (TIC)
monitoring for all masses. E) Single ion monitoring (SIM) for 466.1923 (1) F) The mass
spectrum corresponding to mycosporine-glutamicol-glucoside.
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3.7 Metabolome analysis following UV exposure
From the UVB exposure experiments, the presence of UVB absorbing
metabolites was not observed from the ethyl acetate, and acetone extractions, and
pigments were not extracted from the cells. However, from this experiment, when the
biomass was extracted using the 75:25 H2O:MeOH (the mycosporine extraction), four
microbes were found to be producing UVB-absorbing metabolites. It was determined
that Bulleromyces albus, Rhodococcus sp. RKAT245, Dioszegia sp. RKAT238, and the
newly discovered organism, Frigidiomyces aurantiacum, all produced UVB-absorbing
metabolites. At this point it was speculated that the compounds being produced by these
organisms are within the mycosporine and the mycosporine-like amino acid family
(Figure 3.18).
Rhodococus sp. RKAT 245
This organism was producing the mycosporine-like amino acid shinorine (2).
The UVB experiment was conducted in duplicate on two media types, ISP2 and 20%
TSA. One problem that arose with this organism was that it did not thrive on 20% TSA;
therefore, a UVB treated sample on this medium could not be obtained. With this
knowledge comparisons were made between the two agar types when grown in the dark,
and between the UVB treated and dark samples grown on ISP2 medium. It was found
that the production of compound (2) increased when the organism was fermented on
ISP2 medium; however, the production was not affected when the organism was grown
in the presence of UVB radiation.
From this organism one UV-absorbing compound was detected. The compound
exhibited a λmax of 334 nm and had a pseudo-molecular ion of 333.1292 [M+H]+
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Figure 3.18. The chemical structure of the mycosporines and mycosporine-like amino
acid produced by microbes present in the water of sea ice melt pools. A) Mycosporineglutamicol-glucoside (1), B) Shinorine (2), C) Mycosporine-glutaminol-glucoside (3),
D) Mycosporine-glutaminol (4)
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(Figure 3.19). The compound is believed to be shinorine (2) as the difference between
the theoretical and actual mass is 0, the λmax is the same, and the MS/MS is the same as
the control organism Porphyra umbilicalis (Figure 3.20) (Volkmann & Gorbushina,
2006).
Dioszegia sp. RKAT238
When the mycosporine extract for this compound was analyzed, it was believed
that three UVB absorbing compounds were being produced. One compound is believed
to be mycosporine-glutaminol-glucoside (3) (Figure 3.21). When the mass of this
compound was compared with the theoretical mass for mycosporine-glutaminolglucoside, it was determined there was only a 0.02 ppm difference. The λmax is also the
same at 310 nm, and the MS/MS fragments, 447, 429, 303, 285, and 235, reported by
Volkmann & Gorbushina (2006) are consistent with the experimental data (Volkmann &
Gorbushina, 2006). The fragmentation pattern is presented in Figure 3.22. There is also a
pseudo-molecular ion of 466.1920 [M+H]+ (Figure 3.23). This compound is believed to
correspond to mycosporine-glutamicol-glucoside (1). There was only a difference of 0.2
ppm when comparing the actual mass with the theoretical mass, the λmax is also 310 nm,
and the MS/MS fragments, 448, 430, 304, 286, 236, reported by Volkmann &
Gorbushina (2006) are similar to that observed for this compound (Figure 3.22)
(Volkmann & Gorbushina, 2006). The final compound being produced by Dioszegia sp.
RKAT238 had pseudo-molecular ion of 303.1552 [M+H]+. It is believed that this
compound corresponds to mycosporine-glutaminol (4) (Figure 3.24). When compared to
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Figure 3.19. Shinorine LC/MS analysis from Rhodococcus sp. RKAT245. A) The
photodiode array detector monitoring for all UV wavelengths. B) Photodiode array
detector monitoring for absorbance at 310 nm. C) Evaporative light scattering detector
(ELSD) D) Total ion chromatogram (TIC) monitoring for all masses. E) Single ion
monitoring (SIM) for 333.1292 (2). F) The mass spectrum corresponding to shinorine
(2).
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A)

B)

Figure 3.20. High resolution mass sprectra depicting the MS/MS fragmentation patterns
of shinorine. A) Rhodococcus sp. RKAT245 B) Porphyra umbilicalis the control
organism.
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Figure 3.21. Mycosporine-glutaminol-glucoside LC/MS analysis from Dioszegia sp.
RKAT238. A) The photodiode array detector monitoring for all UV wavelengths. B)
Photodiode array detector monitoring for absorbance at 310 nm. C) Evaporative light
scattering detector (ELSD) D) Total ion chromatogram (TIC) monitoring for all masses.
E) Single ion monitoring (SIM) for 465.2081 (3). F) The mass spectrum corresponding
to mycosporine-glutaminol-glucoside (3).
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Figure 3.22. High resolution mass spectra depicting the MS/MS fragmentation patterns
of mycosporine-glutaminol-glucoside and mycosporine-glutamicol-glucoside.
Highlighted are the fragments matching the literature values presented by Volkmann &
Gorbushina (2006). A) mycosporine-glutaminol-glucoside produced by Dioszegia sp.
RKAT238 B) mycosporine-glutaminol-glucoside produced by Frigidiomyces
aurantiacum. C) The fragmentation pattern of mycosporine-glutamicol-glucoside
produced by Dioszegia sp. RKAT238.
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Figure 3.23. Mycosporine-glutamicol-glucoside LC/MS analysis from Dioszegia sp.
RKAT238. A) The photodiode array detector monitoring for all UV wavelengths. B)
Photodiode array detector monitoring for absorbance at 310 nm. C) Evaporative light
scattering detector (ELSD) D) Total ion chromatogram (TIC) monitoring for all masses.
E) Single ion monitoring (SIM) for 466.1921 (1). F) The mass spectrum corresponding
to mycosporine-glutamicol-glucoside (1).
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Figure 3.24. Mycosporine-glutaminol LC/MS analysis from Dioszegia sp. RKAT238.
A) The photodiode array detector monitoring for all UV wavelengths. B) Photodiode
array detector monitoring for absorbance at 310 nm. C) Evaporative light scattering
detector (ELSD) D) Total ion chromatogram (TIC) monitoring for all masses. E) Single
ion monitoring (SIM) for 303.1552 (4). F) The mass spectrum corresponding to
mycosporine-glutaminol (4).
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the literature the λmax is the same (310 nm). There is only a 2.86 ppm difference
between the actual mass and the theoretical mass, which is within the 5 ppm cutoff, and
the MS/MS fragments, 235, 267 and 285, are also consistent with literature values
reported by Volkmann & Gorbushina (2006) (Figure 3.25) (Volkmann & Gorbushina,
2006).
Bulleromyces albus
When the crude extract from the mycosporine extraction of B. albus was
analyzed, there appeared to be the production of a single UV-absorbing metabolite. This
compound had a λmax of 310 nm, and a pseudomolecular ion of 303.1548 [M+H]+
(Figure 3.26). When these values were compared with the literature it appears that this
compound is likely mycosporine-glutaminol (4) as the λmax is the same and there is only
a 2.86 ppm difference between the actual mass and the theoretical mass. When this was
studied further, all of MS/MS fragments reported by Volkmann & Gorbushina (2006)
were found to be present (Figure 3.25) (Volkmann & Gorbushina, 2006). Also, when
this particular compound is compared with one of the compounds of Dioszegia sp.
RKAT238 the mass, MS/MS fragmentation pattern, retention time and λmax were found
to be the same (Figure 3.25).
An attempt was made to purify this compound to elucidate the structure. A largescale fermentation was conducted with this organism and 800 mg of extract was
obtained. Post purification, 22 mg of the UV absorbing fraction was collected, but was
quite impure and the compound of interest (4) was the minor product of the fraction
(Figure 3.27). With this, the purification and structure elucidation did not go any further.
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A)

B)

Figure 3.25. High resolution mass sprectra depicting the MS/MS fragmentation patterns
of mycosporine-glutaminol. Highlighted are the fragments matching the literature values
presented by Volkmann & Gorbushina (2006). A) Dioszegia sp. RKAT238 B)
Bulleromyces albus.
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Figure 3.26. Mycosporine-glutaminol LC/MS analysis from Bulleromyce albus. A) The
photodiode array detector monitoring for all UV wavelengths. B) Photodiode array
detector monitoring for absorbance at 310 nm. C) Evaporative light scattering detector
(ELSD) D) Total ion chromatogram monitoring for all masses. E) Single ion monitoring
(SIM) for 303.1548 (4). F) The mass spectrum corresponding to mycosporineglutaminol (4).
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A) PDA 310 nm

B) ELSD
C) TIC

D) SIM 294.15

E) SIM (4)
F) SIM 423.19

Figure 3.27. Partially purified mycosporine-glutaminol produced by Bulleromyces
albus. A) The photodiode array detector monitoring for UV absorbance at 310 nm. B)
Evaporative light scattering detector (ELSD) C) Total ion chromatogram monitoring for
all masses. D) Single ion monitoring (SIM) for 294.1549 an overlapping compound E)
Single ion monitoring (SIM) for 303.1548 (4) F) Single ion monitoring (SIM) for
423.1972 the major product and overlapping compound.
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Frigidiomyces aurantiacum
When analyzing the HPLC-HRMS data, this organism was producing one UVabsorbing metabolite with a pseudo-molecular ion of 465.2081 [M+H]+ and a λmax of
310 nm (Figure 3.28). This information corresponded to mycosporine-glutaminolglucoside (3) as there was only a 0.2 ppm difference between the theoretical and actual
mass, the retention time is the same as that of the compound being produced by
Dioszgeia sp. RKAT238, and once again the MS/MS fragmentation pattern is the same
as the one from the Dioszegia sp. RKAT238 compound (Figure 3.22).
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Figure 3.28. Mycosporine-glutaminol-glucoside LC/MS analysis from Frigidiomyces
aurantiacum. A) The photodiode array detector monitoring for all UV wavelengths. B)
Photodiode array detector monitoring for absorbance at 310 nm. C) Evaporative light
scattering detector (ELSD) D) Total ion chromatogram monitoring for all masses. E)
Single ion monitoring (SIM) for 465.2081 (3). F) The mass spectrum corresponding to
mycosporine-glutaminol-glucoside (3).
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CHAPTER 4: GENERAL DISCUSSION
Given the need for new UV-protectants, investigating underexplored, high
intensity UV environments for producers of UV-absorbing metabolites was ideal. For
this research project it was hypothesized that microbes living in sea ice melt pools in
Frobisher Bay, Nunavut would be resistant to UV radiation via the production of UVabsorbing metabolites. For this, three research goals were addressed. We first wanted to
describe the cultivable microbial community present in sea ice melt pool as well as the
growth characteristics of each organism including nutrient requirements, ability to
survive a freeze thaw-cycle and their temperature growth maxima. Because this is an
underexplored habitat, we also wanted to describe any new organisms that were isolated
from the sea ice melt water. Finally we determined which of the microbes isolated from
the sea ice melt water were resistant to UV radiation, and characterized UV-absorbing
metabolites that were being produced.
4.1 Microbial library
There have been numerous studies conducted describing fungal and microbial
diversity in various cold habitats such as glaciers, packed snow, soil and sea water both
in Antarctica, and the Arctic (Chu et al., 2010; Junge et al., 2014; Schüttes et al., 2010;
Thomas-Hall et al., 2009; Wilhelm et al., 2011; Zalar & Gunde-Cimerman, 2014).
However, this is the first study to our knowledge that examined the culture-dependent
fungal diversity in sea ice melt pools from Canada’s Arctic. Isolated bacteria and fungi
were evaluated for their inherent resistance to UV-radiation, nutrient requirements,
temperature tolerance, and their ability to survive a freeze-thaw cycle.
Upon analysis of the bacterial diversity in our library we discovered bacteria from

91

nine genera and a total of 13 species. These nine genera were from three different phyla:
Actinobacteria, Proteobacteria, and Bacteroidetes. These phyla are commonly found in
cold habitats (Brinkmeyer et al., 2004). The most common type of bacterium isolated in
this study was β-proteobacteria which was consistent with the results reported by
Brinkmeyer and colleagues (2004), who also reported that β-proteobacteria was the
predominant type of bacteria present in perennial pack ice melt pools in the Arctic
(Brinkmeyer et al., 2004). The genera present in the Iqaluit sea ice melt pools from this
study included: Rhodoferax, Rhodococcus, Shewanella, Duganella, Massilia,
Pseudomonas, Polaromonas, Chryseobacterium, and Flavobacterium. There are some
cases where the same genus has been discovered in cold habitats, but not the same
species as were found in this study. This appears to be the first instance where
Chryseobacterium treverense was isolated from an Arctic habitat ( Bowman et al.,
1997a; Junge et al., 2011). Chryseobacterium treverense was first isolated from healthy
human blood in Germany, and has not been found to be associated with permanently
cold environments (Yassin et al., 2010). This does not mean organisms that have not
been previously reported are not associated with the melt pool. Previous studies
conducted in these cold habitats only used culture-independent methods and did not
describe the organisms to the species level (Brinkmeyer et al., 2003; Brown & Bowman,
2001; Galand et al., 2008).
With the exception of Duganella, and Massilia, all the genera isolated from this
study have been previously isolated from cold habitats (Bowman et al., 1997a;
Brinkmeyer et al., 2003; 2004; Junge et al., 2011). Massilia brevitalea was first
discovered from soil in gardens at the University of Bayreuth, Germany, and has not
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been associated with permanently cold environments (Zul et al., 2007; Zul et al, 2008).
Also this appears to be the first instance where a Duganella sp. has been associated with
a permanently cold environment. In this study Duganella zoogloeoides was isolated
from the sea ice melt pool water. This organism has been renamed from Zoogloea
ramigera and is was first associated with wastewater environments (Hiraishi et al.,
1997). With this knowledge it seems as though this organism is aquatic; however, its
presence in a sea ice melt pool is surprising. The melt pool samples had a temperature of
0.3 °C, a pH of 6.7 and the salinity was 0.05%, but when other characteristics are
considered this habitat is unlike wastewater environments. Growth substrates in typical
melt pools are very limiting, as they are oligotrophic with very low chlorophyll a (0.08
g/L), dissolved organic carbon (1 mg C/L), and inorganic nutrient concentrations
(Brinkmeyer et al., 2004; Wickham & Carstens, 1998).
There were a total of 13 yeast species belonging to 11 different genera: Mrakia,
Cystofilobasidium, Sporobolomyces, Leucosporidiella, Tilletiopsis, Dioszegia,
Bulleromyces, Kriegeria, Glaciozyma, Frigidiomyces, and Polaromyces. This is
consistent with other studies conducted in cold environments (Branda et al., 2010;
Thomas-Hall et al., 2009; Zalar & Gunde-Cimerman, 2014). To our knowledge, there
haven’t been any previous studies that attempted to determine the cultivable fungal
communities living in sea ice melt pools in the Arctic, only frozen glaciers, pack ice, and
soil (Branda et al., 2010; Zalar & Gunde-Cimerman, 2014). Mrakia spp., Sporobolmyes
spp., Leucosporidiella spp., Dioszegia spp., Bulleromyces albus and Cystofilobasidium
spp. have all been discovered previously in both the Arctic and Antarctica (Branda et al.,
2010; Butinar et al., 2006; Zalar & Gunde-Cimerman, 2014). When analyzing the
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literature, Kriegeria eirophoria was found to not have been previously isolated from a
permanently cold environment. This organism was first isolated from a plant and has
previously been described as a plant parasite (Aime et al., 2006). It was also speculated
by Buzzini & Margesin that Glaciozyma antarcticum was exclusively found in
Antarctica; however, this has been disproven as it was discovered to be present in an
Arctic sea ice melt pool (Pietro et al., 2014). Two new genera were also isolated and
described during this study: Frigidiomyces aurantiacum, and Polaromyces
triangulaformis.
While studying the microbial diversity present in sea ice melt pools we also
described various characteristics displayed by each species. First, we determined
whether the organisms presented in Table 1 and 2 were psychrophilic or psychrotolerant.
A psychrophilic organism is an organism from a cold environment that cannot grow at
or above 20 °C, while a psychrotolerant organism is one that can grow at temperatures
as low as 0 °C, but are capable of growing at 20 °C or higher (Bowman et al., 1997a;
Helmke & Weyland, 1995). One of the largest problems with comparing studies about
the presence of psychrophilic versus psychrotolerant organisms is how different groups
use different definitions of a true psychrophile. Some groups define a psychrophile as an
organism that cannot grow at temperatures above 15 °C while other groups use cutoffs
of 22-25 °C (Anesio & Laybourn-Parry, 2012; Butinar et al., 2006; Pathan et al., 2009).
For our study, a cut off of 20 °C was used; therefore, any comparisons made in our
discussion only included studies that used a 20 °C cutoff as well. From the 26 species in
this study seven were true psychrophiles (were not able to grow above 20 °C). In total
six of these were fungi and one was a bacterium. We found that in our fungal library
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approximately 50% of the isolates cultured were true psychrophiles. The species that
were true psychrophiles included: Mrakia frigida, Mrakia blollopsis, Frigidiomyces
aurantiacum, Polaromyces triangulaformis, Kriegeria eriophori, and Glaciozyma
antarcticum. When we compared this to other studies, this was higher than results from
other cold habitats. Garcia et al. found that 25% of yeast found in Argentinian glacial ice
were psychrophiles, while other studies have determined that 30% of yeasts from Arctic
glaciers were psychrophiles and 17% from Alpine glaciers were psychrophilic (Branda
et al., 2010; de Garcia, Brizzio, & van Broock, 2012; Turchetti et al., 2011).
When we compare the bacterial results we found that only one species was a true
psychrophile (Flavobacterium sp. RKAT244), which accounts for 11% of the cultured
bacterial library. This result is much lower than other studies conducted that looked at
the bacterial diversity of psychrophiles in cold environments, as some groups have found
that approximately half of the bacteria present are true psychrophiles (Bowman et al.,
1997a; Brown & Bowman, 2001). These low results are unsurprising though, as only
approximately 10% of bacteria are known to be true psychrophiles (Bowman et al.,
1997b).
Each organism was also evaluated to determine its ability to survive the stress of a
freeze-thaw cycle. From this portion of the study all of the isolates that were tested
remained viable after the freeze-thaw cycle. This was expected as water in the melt pool
will freeze and thaw throughout the season (Anesio & Laybourn-Parry, 2012). The third
characteristic that was analyzed was the nutrient requirements of each organism. It was
determined if the organisms isolated from the sea ice melt pool samples could survive
with minimal nutrients, or if they required higher nutrient amounts to survive. For
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bacteria 20% trypticase soy agar (TSA) was used as a nutrient-rich medium, and 1%
R2A was the nutrient-poor medium, as it was originally developed to isolate organisms
from drinking water, which is very similar to the habitat of the melt pool water (Miteva
& Brenchley, 2005; Reasoner & Geldreich, 1985). All of the bacteria except for
Rhodococcus sp. RKAT245, and Rhodoferax ferrireducens were capable of growing on
both the high and low nutrient media. These two organisms were only able to grow on
the nutrient-rich agar (TSA). This means 11 out of 13 were able to grow with only
minimal nutrients present. This is to be expected as sea ice melt pools are devoid of
many nutrients (Brinkmeyer et al., 2004). For the fungal nutrient requirements, 100%
YM and 1% YM were used as the high and low nutrient media respectively. In this case
six of the 13 yeasts were able to grow on both high and low nutrient plates, and seven
appeared to grow only on the high nutrient plates. The final growth characteristic of the
organisms that was tested was their resistance to UVB radiation. From Table 1 and
Table 2 we can see that 20 of the 26 microorganisms were resistant to UVB radiation;
this will be further discussed in Section 4.3.
A portion of these results raises the question: how are these organisms that cannot
grow with minimal nutrients, or survive exposure to UVB radiation surviving in sea ice
melt pools? Only one species of yeast, Tilletiopsis washingtonensis, didn’t satisfy both
criteria, however, only 12 of 26 organisms were both resistant to UV radiation and grew
on minimal medium (Table 2). Of these 12 organisms, only four were also true
psychrophiles: Flavobacterium sp. RKAT244, Frigidiomyces aurantiacum,
Polaromyces triangulaformis, and Kriegeria eriophori. With this knowledge it is
possible that some of these organisms were introduced to the melt water pools via an
outside source, including precipitation or debris that was already present in the sea ice
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melt pool. Precautions were taken to ensure contamination did not occur at the time of
sampling. Further research is needed to determine which of the organisms are part of the
core microbiome, and which were introduced.
This preliminary study suggests not all these organisms are part of the sea ice melt
pool microbiome. Because some of the organisms could not grow in conditions similar
to those found in sea ice melt pools, and have not been associated with aquatic, or cold
habitats, we believe some of the organisms may have been introduced into the melt pool
via an outside source. It is possible that some of the organisms were introduced through
precipitation (i.e. rain or snow) (Margesin & Miteva, 2011). Viable microbes have been
found in the atmosphere, up to 80 km in altitude, and studies have shown that microbes,
such as bacteria found in various habitats including water, soil and plants, can travel as
aerosol particles. These particles get picked up and carried upwards by air into the
atmosphere where they can remain for a few hours or days (Burrows et al., 2009;
Margesin & Miteva, 2011). It is believed for bacteria, there may up to 10,000 cells per
m3 in the air at any point in time (Burrows et al., 2009). Once in the air, these
microorganisms can travel varying distances depending on meteorological and seasonal
conditions, causing an organism to land in a different ecosystem via precipitation or
direct placement onto a surface (Burrows et al., 2009; Margesin & Miteva, 2011).
It is also likely some of the microorganisms are associated with debris. In at least
one of the melt pools there was debris present, which could have also introduced
different microbes. At this point it is difficult to determine which of the organisms live
in the sea ice melt pools, and which organisms are introduced from the outside sources
previously discussed. Because the majority of these microbes have been found in
previous microbial diversity studies in different cold habitats, it does lead us to think that
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the majority of these organisms are not part of the sea ice melt pool microbiome, but are
introduced via environmental factors (Brinkmeyer et al., 2004; Zalar & GundeCimerman, 2014).
4.2 Species description
We also described two new genera of Basidiomycetes isolated from the arctic sea
ice melt pools, Frigidiomyces and Polaromyces. The first organism, which we named
Frigidiomyces aurantiacum, is a member of the sub-phylum Agaricomycotina,
belonging to the order Cystofilobasidiales. This order was first described in 1999, and
before now contained 11 genera (Fell et al., 1999). Sequencing results suggested that the
closest relatives to Frigidiomyces aurantiacum are Cryptococcus huempii, Itersonilia
perplexans and Guehomyces pullulans. However, it was concluded that this organism
should be placed in its own genus, as it does not form a clade with these genera when
conducting phylogenetic analysis using the nLSU gene (Figure 3.12). Intersonilia
perplexans is associated with spore formation on YM agar, a characteristic that was not
observed from F. aurantiacum during any of the growth parameters tested. Intersonilia
perplexans also has a Coenzyme Q9 while F. aurantiacums’s Coenzyme is Q10 further
exemplifying that this organism does not belong within this genus (Boekhout, 2011).
When comparing the characteristics of F. aurantiacum with Guehomyces pullulans, G.
pullulans is capable of growing at 25 °C, meaning it is not a true psychrophile while F.
aurantiacum is. Also, the Coenzyme Q of G. pullulans is also Q9, which is not the same
as F. aurantiacum (Fell & Kellermann, 2011). This characteristic along with the
differences in phylogeny and assimilation sources found in Table 3 demonstrates F.
aurantiacum does not belong in this genus either.
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Interestingly, the closest genetic match to F. aurantiacum was 99% similarity
with environmental sample PDD-24b-25 isolated by Vaïtilingom et al. from clouds in
France (Vaïtilingom et al., 2012). This group labeled the organism found to be a
Udeniomyces sp., but like F. aurantiacum it does not form a clade with any
Udeniomyces spp. (Figure 3.12b). With this sequencing information we propose that
environmental sample PDD-24b-25 is another member of the new genus Frigidiomyces.
While F. aurantiacum is a true psychrophile, resistant to UV radiation, and can
grow with minimal nutrients, it had the highest decrease of cell viability after exposure
to a freeze thaw cycle of any organism tested including Candida albicans, the control
organism which is not found in cold habitats. With this knowledge, and the genetic
similarity F. aurantiacum shares with the environmental sample PDD-24b-25, it leads to
the hypothesis that Frigidiomyces aurantiacum is probably not indigenous to sea ice
melt pools, and was possibly introduced to the melt pool via an outside source such as
precipitation as a close relative was previously isolated from clouds (Vaïtilingom et al.,
2012).
Polaromyces triangulaformis is another new yeast that was isolated from the sea
ice melt pools. This organism is a member of the sub-phylum Pucciniomycotina and
belongs to a new order, Kriegeriales, which was established in 2013 (Toome et al.,
2013). This order is quite small with only two known families and five accepted genera,
not including our newly proposed Polaromyces. Polaromyces triangulaformis belongs
within the family Camptobasidiaceae that only contains two known genera,
Camptobasidium and Glaciozyma (Toome et al., 2013). The genus that Polaromyces
triangulaformis appeared to be most closely related to was Camptobasidium, which only
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has one known species Captobasidium hydrophilum. However, C. hydrophilum is a
filamentous fungus with no known yeast form. This has lead to the placement of P.
triangulaformis as new genus of fungus. When the assimilation of carbon and nitrogen
sources was compared with Glaciozyma watsonii, G. martini and G. antarctica, the three
most closely related yeasts, the results differed from those of Polaromyces
tirangulaformis. Also, P. triangulaformis exhibited a change in morphology in response
to temperature that is not displayed by its closest relatives, and it did not form a clade
with the Glaciozyma spp. further supporting the placement of P. triangulaformis as a
new genus.
4.3 Microbial resistance to UV-radiation and protection
4.3.1 Mechanism of UV resistance
In the Arctic spring and summer months there is almost 24 hours of sunlight each
day (Brinkmeyer et al., 2004). When this is combined this with the reflective properties
of the ice surrounding the water in the melt pool, organisms in this environment will be
exposed to constant UV radiation each day (Brinkmeyer et al., 2004). From this body of
work it was determined that 20 species isolated from the melt pool water were resistant
to UVB radiation (Table 1 & 2). This high number was to be expected due to the high
levels of UV radiation organisms are exposed to in this environment (Brinkmeyer et al.,
2004; Langleben, 1969).
There are ways that microbes can protect themselves from the harmful effects of
UV radiation (Hanawalt et al., 1979; Moliné et al., 2014; P. Setlow, 2001; Siezen, 2011;
Witkin, 1976). They can produce UV absorbing metabolites, such as carotenoids or
mycosporines, they can produce spores, and, they can have DNA repair mechanisms
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(Hanawalt et al., 1979; Moliné et al., 2014; P. Setlow, 2001; Siezen, 2011; Witkin,
1976). None of the organisms in this experiment were producing spores; therefore this
was apparently not one of the mechanisms of resistance. Of interest to this study was the
possible production of UV absorbing metabolites. Each organism isolated from the melt
pool water was extracted post-UV exposure to determine if there were any UVabsorbing metabolites being produced. From the crude extracts it was determined that of
the 26 organisms isolated, 4 were producing colorless UV-absorbing metabolites. One
bacterium, Rhodococcus sp. RKAT245, and three fungi, Bulleromyces albus, Doiszegia
sp. RKAT238, and Frigidiomyces aurantiacum produced non-pigmented UV-absorbing
compounds. However, many of the organisms produced pigments. From the 26 species
isolated, 14 were pigmented. Of these, eight were bacteria, (Rhodococcus sp. RKAT245,
Duganella zoogloiedes, Massilia brevitalea, Chryseobacterium treverense,
Flavobacterium sp. RKAT 244, Flavobacterium frigidarium, Flavobacterium sp.
RKAT206, and Flavobacterium degerlachei) and six were fungi (Cystofilobasidium
infirmominiatum, Sporobolomycse ruberrimus, Dioszegia sp. RKAT238, Bullera
crocea, Frigidiomyces aurantiacum, and Polaromyces triangulaformis). This is
consistent with studies in high UV habitats stating most bacteria and yeast isolated are
pigmented (Brown & Bowman, 2001; Libkind et al., 2006).
Studies that have been conducted in high UV habitats have found that 50% or
more of the microorganisms isolated are pigmented (Brown & Bowman, 2001; Jacobs &
Sundin, 2001; Libkind et al., 2006; Yang et al., 2008). Many of the yeast species isolated
in this experiment have been associated with carotenoid production. Sporobolomyces
ruberrimus is known to produce torularhodin, torulene, β-carotene, and γ-carotene
(Moliné et al., 2014). Cystofilobasidium infirmominiatum is known to produce
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torularhodinaldehyde, 16’-hydroxytorulene, β-carotene, and γ-carotene (Moliné et al.,
2014; Herz et al., 2007). Dioszegia spp. have been associated with the production of βcarotene, γ-carotene, and plectaniaxanthin while Bullera spp. have been associated with
the production of plectaniaxanthin -like pigments as well as β-carotene, γ-carotene
(Moliné et al., 2014; Kaiser et al., 2012; Madhour et al., 2005). Bulleromyces albus has
also been reported as a producer of torulene, β-carotene, and γ-carotene; however, in this
study pigments in Bulleromyces albus were not observed (Fiasson, 1972; Moliné et al.,
2014).
Many of the bacteria isolates from this experiment were identified to the species
level; however, the literature does suggest some of the common pigments associated
with the genera isolated (Bernardet et al., 2002; Ichiyama et al., 1989; Reichenbach et
al., 1980). Rhodococcus spp. have been associated with the production of various
carotenoids including β-carotene, and γ-carotene, myxoxanthophyll-like pigments,
zeaxanthin-like pigments, β-citraruin-like pigments as well as a few uncharacterized
pigments (Ichiyama et al., 1989). Chryseobacterium spp. have been associated with
flexirubin-type pigments and Flavobacterium spp. have been listed as producing
flexirubin-type pigments and zeaxanthin (Bernardet et al., 2002; Humphry et al., 2001;
Reichenbach et al., 1980).
The high presence of pigmented microbes is likely caused by the high presence of
UV radiation in this area, as carotenoids are hypothesized to be associated with UV
protection (Borić et al., 2011; Libkind et al. 2009; Moliné et al., 2009). Extensive studies
have been conducted which have determined carotenoids function as antioxidants and
remove reactive oxygen species (Libkind et al., 2009; Moliné et al., 2009). However
there has been debate as to whether or not they function as photo-protective compounds.
102

Some researchers speculate that some carotenoids do function as photo-protective
compounds, while other carotenoids do not (Dimitrova et al., 2009; Moliné et al., 2009).
The majority of studies support the photo-protective role of carotenoids in
microorganisms. One such study was that various pigmented organisms, and their albino
strain were treated with UVB radiation. From this it was found that the pigmented
organism was much more resistant to UVB exposure than it’s counterpart (Moliné et al.,
2009). Another result to support the photo-protective role of pigments was within our
study as all of the pigmented organisms were resistant to UVB radiation.
Although the majority of organisms within our study that were resistant to UVB
radiation were pigmented, not all were. Rhodococcus ferrireducens, Shewanella arctica,
Leucosporidiella yakutica, Kriegeria eriphori and Glaciozyma antarcticum were all
unpigmented, did not produce UV-absorbing metabolites, and did not produce spores.
With this knowledge it hypothesized that these organisms likely have DNA repair
mechanisms present; however, further testing would need to be conducted for
confirmation.
Another question that comes from UV-resistance results pertains to the six nonresistant organisms that were isolated from the water. How are these organisms
surviving in a high UV habitat if they are not resistant to UV radiation? One hypothesis
is that the organisms could be using the debris in the melt pool as a protective
mechanism. Another hypothesis is that these organisms were recently introduced from
an outside source. It is possible that some of these organisms could have been present in
the water samples from the debris in the water or from snow (Burrows et al., 2009;
Margesin & Miteva, 2011).
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4.3.2 UV-Absorbing metabolites
4.3.2.1 Compounds present in osmotic stress experiments
Previous studies have speculated that mycosporines could be induced with the
presence of salt in the medium as it has been suggested that mycosporines and
mycosporine-like amino acids may function as osmolytes (Carreto & Carignan, 2011;
Oren & Gunde-Cimerman, 2007; Portwich & Garcia-Pichel, 1999). Most
microorganisms accumulate uncharged organic molecules with low-molecular weights
in their cytoplasm to provide osmotic balance within the cell (Oren & Gunde-Cimerman,
2007). Mycosporines and mycosporine-like amino acids are possible examples of
uncharged organic molecules that are known to accumulate in the cytoplasm of cells.
With this knowledge it is hypothesized that they contribute to osmotic pressure within
the cell (Oren & Gunde-Cimerman, 2007).
Mycosporines have been found in low abundance in freshwater cyanobacteria;
whereas, cyanobacteria living in saline and hypersaline environments produce high
concentrations of the compounds (Oren & Gunde-Cimerman, 2007). Another study
conducted with black yeasts also determined that mycosporine-glutaminol-glucoside
production was significantly increased in the presence of 10% salt medium when
compared to that from salt-free medium (Oren & Gunde-Cimerman, 2007). However
this result was not found among all yeast, as it was determined that Trimmatostroma
salinum also produced mycosporine-glutaminol-glucoside, but the production of the
compound was not induced in the presence of salt (Kogej et al., 2006; Oren & GundeCimerman, 2007). To investigate this hypothesis in this study, isolates were grown in
duplicate in media with and without salt. However, the production of only one
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myscosporine, mycosporine-glutamicol-glucoside, was observed during the Diosezegia
sp. RKAT238 control fermentation.
There are many factors that could affect the production of a compound during
fermentation. Media selection, temperature, and broth versus solid medium can all affect
whether a compound is produced and in what abundance. For this portion of the study
all of the tests were conducted at 15 °C as it was a temperature that all of the isolates
would grow with agitation. Temperature is a known factor that can affect the production
of compounds in microorganisms (Yilmaztekin et al., 2013). An example of temperature
affecting the production of a compound is with the yeast, Williopsis saturnus. The
production of isoamyl alcohol is significantly higher when the organism is fermented at
15 °C than when fermented at 25 °C (Yilmaztekin et al., 2013). However, this is not
hypothesized to be the reason that UV-absorbing metabolites were not observed in the
osmotic stress experiment. Both the osmotic stress experiment and the UVB exposure
experiment were conducted at 15 °C, and more compounds were observed from the
UVB experiments.
Bacterial isolates were fermented in 20% TSB, and yeast isolates were fermented
in YM broth. It is well known that media composition can help induce or inhibit the
production of certain compounds (Demain, 1957; Tormo et al., 2003). For example the
biosymthesis of penicillin was demonstrated to be inhibited in the presence of lysine
(Demain, 1957; Tormo et al., 2003). Further, the production of pneumocandin by
Zalerion arboricola was found to increase by 10-20 fold by changing the nitrogen
source within the fermentation medium (Masurekar et al., 1992; Tormo et al., 2003).
The production of UV-absorbing metabolites could have been inhibited as a
result of the experiment being conducted in broth, as this can have an affect on the
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production of compounds as well. An example of this can be observed within our
experiments. When isolates in the bacterial library was fermented for the UVB exposure
experiments, the only difference between the controls was whether they were fermented
on broth or agar. When the crude extracts were analyzed from the agar fermentation
Rhodococcus sp. RKAT245 produced shinorine, and in broth this compound was not
present. This exemplifies the affect that broth and agar can have on the production of
natural products. With this knowledge it is believed that more compounds were observed
during the UVB exposure experiments than the osmotic stress fermentations due to the
organisms being fermented on solid medium.
4.3.2.2 UV-absorbing metabolites in response to UV radiation
Within the microbial library there were four organisms producing UV-absorbing
compounds, these organisms included: Rhodococcus sp. RKAT 245, Bulleromyces
albus, Dioszegia sp. RKAT238, and Frigidiomyces aurantiacum. As described in
chapter 3 the bacterium, Rhodococcus sp. RKAT245, was shown to produce the
mycosporine-like amino acid shinorine, Bulleromyces albus was shown to produce
mycosporine-glutaminol, Frigidiomyces aurantiacum was shown to produce
mycosporine-glutaminol-glucoside and that Dioszegia sp. RKAT238 was shown to
produce mycosporine-glutaminol, mycosporine-glutaminol-glucoside as well as
mycosporine-glutamicol-glucoside.
Rhodococcus sp. RKAT245
Rhodococcus sp. RKAT245 was shown to produce shinorine, a commonly
produced mycosporine-like amino acid (Carreto & Carignan, 2011). As mentioned, the
difference between the theoretical and observed exact mass is 0, the λmax was 334nnm
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(the same as the literature values), and the MS/MS fragmentation pattern was identical
to shinorine isolated from the known producer Porphyra umbilicalis (Figure 3.20)
(Volkmann & Gorbushina, 2006). The production of shinorine has been well
characterized in Porphyra umbilicalis, so with matching fragmentation patterns this is
strong evidence to support that this is the compound being produced (Schmid et al.,
2006). Observing the production of a mycosporine-like amino acid in this organism was
slightly surprising though, as the production of mycosporine-like amino acids in
Actinobacteria is rare (Miyamoto et al., 2014). As of 2014 there were only three reports
of these compounds being produced by Actinomycetes (Arai et al., 1992; Miyamoto et
al., 2014).
Recently the main steps of the biosynthesis of shinorine has been determined and
the genes involved in the production have been identified (Miyamoto et al., 2014). When
studying the biosynthetic gene cluster for shinorine in Actinosynnema mirum DSM
43827, and Pseudonocardia sp. strain P1, Miyamoto et al. also looked at the genome of
three Rhodococcus spp. (Miyamoto et al., 2014). They found that all of the Rhodococcus
spp. in their study contained the biosynthetic gene cluster believed to be responsible for
the production of shinorine: DDG synthase, O-methyltransferase, ATP-grasp family
protein, and D-Ala D-Ala ligase-like protein, further supporting the likelihood that
Rhodococcus sp. RKAT245 is producing shinorine (Miyamoto et al., 2014).
During the fermentations, 20% TSA and ISP2 agar were used, and RKAT245
was fermented under light and dark conditions. This was done in duplicate, and it was
discovered during this process that media composition affects the production of
shinorine (2) (Figure 4.1). There was no significant change in the production of (2) when
the culture was exposed to UVB radiation compared to when the microbe was fermented
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in the dark. It is possible that the compound is functioning as a protectant, but because
there was no change in the production of compound in response to light, this is likely not
the main function of shinorine. This was a surprising observation as researchers have
stated that shinorine likely functions as a UV protectant (Singh et al., 2008; Sinha et al.,
2001).
Dioszegia sp. RKAT238
Dioszegia sp. RKAT238 was shown to produce mycosporine-glutamicolglucoside (1), mycosporine-glutaminol-glucoside (3) and mycosporine-glutaminol (4).
The λmax is the same as the literature values at 310 nm and the exact molecular weight is
within 5 ppm of the theoretical masses for all three compounds (Volkmann &
Gorbushina, 2006). Also, the fragmentation pattern in the MS/MS was consistent with
that reported in the literature (Volkmann & Gorbushina, 2006).
Libkind et al. conducted a study on carotenogenic yeast to determine their ability
to produce mycosporines. They looked at 157 pigmented yeast strains from eight genera
and 25 species. One of the organisms of interest tested in Libkind’s study was Dioszegia
hungarica, the closest relative to Dioszegia sp. RKAT238. It was found that Dioszegia
hungarica produced mycosporine-glutaminol-glucoside (Libkind et al., 2005). During
their studies they also demonstrated that production of mycosporines within an order is
consistent, and that all species within an order produce mycosporines, or none of the
species do. From this they concluded that mycosporine production is a taxon-specific
characteristic (Libkind et al., 2005). With this knowledge, it is not surprising that
Dioszegia sp. RKAT238 would be producing mycosporines. However further studies
would need to be conducted to determine the structure of the mycosporines as it is
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Figure 4.1. Comparison of the production of shinorine by Rhodococcus sp. RKAT 245.
(A) Rhodococcus sp. RKAT 24 fermented on ISP2 in the presence of UVB radiation (B)
Rhodococcus sp. RKAT 24 fermented on ISP2 in the absence of UVB radiation (C)
Rhodococcus sp. RKAT 24 fermented on 20% TSA in the absence of UVB radiation.
(n=2)
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possible that it is a different sugar moiety located on mycosporine-glutaminol and
mycosporine-glutamicol. There is precedence for this sugar in the literature though,
stating that members of the order Tremellales, and more specifically Dioszegia spp.
produce mycosporine-glutaminol-glucoside (Libkind et al., 2005).
As for mycosporine-glutaminol, although the literature does not directly discuss
the production this compound by Dioszegia spp.; however it was not surprising to see its
presence. Mycosporine-glutaminol is a precursor in the biosynthesis of mycosporineglutaminol-glucoside (Bernillon et al., 1984). Also when the 303 MS fragment of (3) is
trapped and further fragmented the MS/MS fragmentation pattern is identical to (4). This
further confirms that mycosporine-glutaminol is produced by Dioszegia sp. RKAT238.
We also demonstrated that mycosporine-glutamicol-glucoside (1) was also being
produced. For a long time researchers believed that (1) was not a natural product but was
an artifact. Work conducted by Volkmann et al. demonstrated that this is indeed a
natural product compound (Volkmann et al., 2003). To do this Volkmann and his group
ensured that they had a gentle extraction process to avoid hydrolysis, and determined
that the presence of free carboxylic acids in the extract indicated that mycosporineglutamicol-glucoside was a naturally occurring compound (Volkmann et al., 2003). The
fragmentation pattern of (1) was also consistent with mycosporine-glutamicol-glucoside
being closely related to mycosporine-glutaminol-glucoside (Figure 3.22) (Volkmann et
al., 2003).
The production of the mycosporines was very dependent on culture conditions.
Mycosporine-glutamicol-glucoside was the only compound of the three that was
produced in the broth medium as well as on agar; however, it was not produced when
the organism was exposed to UVB radiation (Figure 4.2). This is similar to what was
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observed with the production of mycosporine-glutaminol-glucoside and mycosporineglutaminol. Compounds (1, 3 & 4) were not observed when Dioszegia sp. RKAT238
was grown under UVB radiation (Figure 4.2). This was surprising because experiments
by Libkind et al. reported that mycosporine-glutaminol-glucoside was induced by the
presence of UV radiation (Libkind et al., 2004). In his research he treated 12 yeasts
isolated from freshwater with visible light and visible light with UV radiation. He found
four organisms that produced mycosporine-glutaminol-glucoside and found that the
production of the compound increased in the presence of UV radiation and visible light
with respect to the dark control (Libkind et al., 2004).
It is possible that the compounds have a different function within Dioszegia sp.
RKAT238, than in the Rhodotorula spp. studied by Libkind et al. (Libkind et al., 2004).
Because the production of all three compounds was absent in the UVB treated samples it
is unlikely that they are acting as photoprotectants. There is the possibility that they
compounds are degrading in the presence of UV radiation; however, because they are
present in other organisms after being treated with UVB radiation, this is unlikely the
case. Also, because these compounds are known to be extremely photo-stable, it would
be surprising that they would degrade in the presence of UV radiation (Nguyen et al.,
2013; Siezen, 2011). Mycosporines are hypothesized to have many different functions
including roles as antioxidant molecules, osmolytes, an intracellular nitrogen reservoir,
defense against thermal and desiccation stress, and in fungal reproduction
(Bandaranayake, 1998; Miyamoto et al., 2014; Oren & Gunde-Cimerman, 2007).
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Figure 4.2. Monitoring for mycosporines in Dioszegia sp. RKAT238 after treatment
with UVB radiation A) The photodiode array detector (PDA) B) Evaporative light
scattering detector (ELSD) C) Total ion chromatogram (TIC) monitoring for all masses.
D) Single ion monitoring for 465.2078 (3) E) Single ion monitoring for 303.1548 (4) F)
Single ion monitoring for 466.1921 (1)
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Since there was no change in the production of mycosporines in response to salt,
and two of the three compounds were not produced in broth, it is likely this is not the
main role of mycosporines in this organism, but further testing would need to be
conducted. One such test would be to grow the samples on agar containing salt, as there
appeared to be better production of the compounds on agar. It is possible that that the
compounds are acting as intracellular nitrogen storage. Two of the compounds were only
produced on YNB agar (yeast nitrogen base), and not in the YM broth. Work done by
Peinado et al. found that when growth medium was supplemented with ammonium salts,
the production of mycosporines increased in Porphyra columbina (Oren & GundeCimerman, 2007; Peinado et al., 2004). More experiments would need to be conducted
to determine if this is the major function, but this would not explain why the production
of the compounds decreased when Dioszegia sp. RKAT238 was exposed to UVB
radiation.
Bulleromyces albus
Bulleromyces albus was shown to produce mycosporine-glutaminol. Moliné et
al. previously suggested that a mycosporine is produced by this organism, but the
structure of this compound was not reported (Moliné et al., 2014). Data presented in this
thesis suggests that the compound is mycosporine-glutaminol due to the λmax being the
same as literature values, the exact molecular weight was within 5ppm of the literature
values, and fragmentation pattern in the MS/MS was consistent with that reported by
Volkmann and Gorbushina (Volkmann & Gorbushina, 2006). Another characteristic that
supported the characterization of compound (4), in Bulleromyces albus, as mycosporineglutaminol was the fragmentation pattern when it was compared to that of mycosporineglutaminol-glucoside. When the 303 MS fragment was trapped and further fragmented
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from mycosporine-glutaminol-glucoside, the fragmentation pattern was identical to that
of compound (4) that is produced by both Bulleromyces albus, and Dioszegia sp.
RKAT238 (Figure 4.3).
The production of this compound by Bulleromyces albus was interesting, as it is
not produced in every condition that was tested. This organism was fermented in YM
broth as well as on YM and YNB agar under the presence and absence of UVB
radiation. There was no presence of the mycosporine-glutaminol in the YM broth
fermentation; however, on YM agar the compound was only present when the organism
was exposed to UVB radiation. It was not produced in high quantities, and was only
detected by single-ion monitoring. The best production of mycosporine-glutaminol was
observed when Bulleromyces albus was fermented on YNB agar; however, there was not
a significant increase in the production of compound (4) in the response to UVB
radiation exposure (Figure 4.4).
These results lead to the conclusion that the production of mycosporine-glutaminol
depends on the media composition, and growth conditions. Because the production of
the compound was only present when fermented in the presence of UVB radiation on
YM agar, it appears that mycosporine-glutaminol does have a photo-protective role in
Bulleromyces albus. This is particularly interesting as the production of this compound
was absent in Dioszgeia sp. RKAT238 when exposed to UVB radiation. This suggests
that mycosporine-glutaminol likely has different functions within different organisms.
The production of mycosporine-glutaminol by Bulleromyces albus may have
increased when fermented on YNB agar due to the increased presence of nitrogen in the
medium compared to YM agar (Oren & Gunde-Cimerman, 2007; Peinado et al., 2004).
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A)

B)

Figure 4.3 Comparison of the MS fragmentation patterns of mycosporine-glutaminaol
and mycosprine-glutaminol-glucoside A) mycosporine-glutaminol produced by
Bulleromyces albus B) The fragments formed by mycosporine-glutaminol-glucoside
when the 303 ion is trapped and fragmented in Dioszegia sp. RKAT238.
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Figure 4.4 Comparison of the production of mycosporine-glutaminol by Bulleromyces
albus. (A) Bulleromyces albus fermented on YNB agar in the absence of of UVB
radiation (B) Bulleromyces albus fermented on YNB agar in the presence of UVB
radiation (n=4)
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This may be a reason why there was no significant difference in the production
of compound when fermented under UVB radiation compared to when it was fermented
in the dark on YNB agar.
Frigidiomyces aurantiacum
Frigidiomyces aurantiacum was found to produce mycosporine-glutaminolglucoside. This was identified by examining the UV and HRMS data. Specifically, the
compound isolated from the F. aurantiacum fermentation had the same λmax as the
literature values for mycosporine-glutaminol-glucoside, and the exact mass was within
5ppm of the calculated value (Volkmann & Gorbushina, 2006). The retention time for
compound (3) was 4.85 minutes when analyzing both the Frigidiomyces aurantiacum
and the Dioszegia sp. RKAT238 extracts. With this knowledge we can be certain that
the compound (3) was being produced by both F. aurantiacum and Dioszegia sp.
RKAT238. Once again the MS fragmentation pattern is consistent with the literature for
this mycosporine-glutaminol-glucoside, and the fragmentation pattern is identical to that
of the isolated compound from Dioszegia sp. RKAT238 (Figure 3.22) (Volkmann &
Gorbushina, 2006).
Due to minimal production of the compound in this organism, not enough
material was obtained to conduct NMR experiments, so once again the precise identity
of the carbohydrate moiety was not confirmed. However it would not be surprising if
this were the compound being produced as species from the closest related genus,
Udeniomyces is known to produce mycosporine-glutaminol-glucoside (Libkind et al.,
2010). From the phylogenetic analysis it is likely that these two genera share a common
ancestor, and it is hypothesized that the ability to produce mycosporines is a trait that is
shared among common ancestors (Libkind et al., 2005).
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Frigidiomyces aurantiacum was only fermented on YNB agar for this study.
There did not appear to be a change in production of the compound in the presence of
UVB radiation compared to when the organism was fermented in the dark. This is quite
different to the production of the compound observed in Dioszegia sp. RKAT238, where
UVB radiation appeared to inhibit the production of the compound. Because there was
no change in the production of compound, in Frigidiomyces aurantiacum mycosporineglutaminol-glucoside probably does play a photo-protective role, but there may be other
functions as well. As with Bulleromyces albus, it is likely that the presence of
ammonium sulfate in the medium increased the production of the compound when
grown on YNB (Oren & Gunde-Cimerman, 2007; Peinado et al., 2004).
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CHAPTER 5: CONCLUDING REMARKS
The focus of this research was based around the hypothesis that microbes living in
sea ice melt pools, in Frobisher Bay, Nunavut, would be UV-resistant via the production
of UV-absorbing metabolites. The hypothesis was tested by addressing the following
three objectives:
1. Describe the culturable microbial community present in sea ice melt pools and
their growth characteristics
2. Describe new organisms discovered from the sea ice melt water
3. Determine which microbes are resistant to UV-radiation, and characterize the
UV protectants being produced
5.1 Describe the culturable microbial community present in sea ice melt pools and
their growth characteristics
To our knowledge this was the first study to examine the cultivable fungal
community present in sea ice melt water. In total, 26 organisms were isolated and their
nutrient requirements, growth range, ability to survive a freeze-thaw cycle and resistance
to UVB radiation were described (Table 1 & 2). Of the 26 organisms identified, 13 were
bacteria and 13 were yeasts. This was the first instance where Duganella zoogloeoides,
Massilia brevitalea, Chyrseobacterium treverense, and Kriegeria eirophia have been
isolated in permanently cold environments.
Describing the cultivable microbial community in this habitat could continue in
different directions. One aspect of this research that would be interesting to follow up on
is to determine the core microbiome of the sea ice melt pool. A much more
comprehensive study would need to be conducted to determine this. One approach that
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would need to be taken is increased sampling. All of the water samples from this study
were taken from interconnected melt pools. These results would have benefited from
more sampling sites, and more water samples. Because the five samples were from
interconnected pools, it is more like five samples were taken from a single pool. A
multi-year study would also help us determine which of the organisms are part of the
core microbiome. These changes would aid in the determination because organisms that
are part of the core microbiome would be present over the years and over the sampling
sites. At this point in time we do not have any of this data, making it impossible for us to
determine which organisms are from the sea ice melt pool, and which organisms were
introduced from precipitation or debris within the pools.
Culture-independent testing would have also given us an idea of the other microbes
that are present in the sea ice melt water. Many studies that have been conducted in
permanently cold environments used culture-independent techniques, so this would
allow us to make better comparisons with what other researchers have found in this
habitat (Brinkmeyer et al., 2003; Brown & Bowman, 2001; Galand et al., 2008).
5.2 Describe new organisms discovered from the sea ice melt water
This study also demonstrated that sea ice melt pools are a valuable habitat to study if
the goal is to find new organisms. Of the 26 organisms isolated, two belonged two new
genera and six appear to be new species of bacteria and fungi. The two new genera were
characterized and described during this study; these organisms are now referred to as
Polaromyces triangulaformis and Frigidiomyces aurantiacum. Researching these
underexplored habitats is important due to this potential of discovering new organisms
as it is hypothesized that only 1% of the world’s microbes have been characterized
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(Giddings & Newman, 2013; Pietra, 2002) It is known that when there is a high level of
biodiversity in an area, it relates to a high level of chemical diversity (Cordell, 2000).
However, there does not need to be a high level of genetic diversity. The relationship
between natural products and genetic diversity of organisms has been explored in plants.
When biosynthetic studies of terpenoids were studied in plants that were different strains
of the same species, results revealed high chemical diversity of the terpenoids between
the plants. From this it was concluded that natural product diversity may be due to even
small changes in the genes of a plant (Pietra, 2002). With this knowledge it is quite
possible to find new natural products when isolating new organisms.
5.3 Determine which microbes are resistant to UV-radiation, and characterize the
UV protectants being produced
The hypothesis that microbes living in a high UV intensity environment are resistant
to UV radiation was examined. From this it was discovered that the majority of
organisms isolated from this habitat were resistant to UVB radiation. The majority of the
UV-resistant microorganisms also produced pigments or colorless UV-absorbing
metabolites, which likely accounts for their resistance. Of the 26 organisms, 14 were
producing pigments and four produced colorless mycosporines or mycosporine-like
amino acids. All of the colorless compounds have been previously described in the
literature. The lack of pigments in UV-absorbing metabolites is important because it is a
characteristic of a commercial sunscreen. To ensure compliance by consumers a
sunscreen must be colorless (Diffey & Brown, 2012).
Rhodoccus sp. RKAT245 was shown to produce shinorine, the only mycosporinelike amino acid discovered in the study, Dioszegia sp. RKAT238 was shown to produce
mycosporine-glutaminol-glucoside, mycosporine-glutaminol, and mycosporine121

glutamicol-glucoside. The two other fungi were discovered as new producers of
mycosporines. This is the first instance where mycosporine-glutaminol production was
reported in Bulleromyces albus. The newly described yeast, Frigidiomyces aurantiacum,
is also new producer of mycosporine-glutaminol-glucoside.
Discovering new producers is also important when searching for new UV-absorbing
metabolites with the potential to be used as new sunscreen components. One of the main
problems with commercializing mycosporines is their low production yield (Nguyen et
al., 2013; Siezen, 2011). For a compound to be of commercial interest it needs to be
colorless, as consumers will not use colored sunscreens, it must also be stable and the
researcher needs to be able to obtain enough compound on an industrial scale (Diffey &
Brown, 2012; Forestier, 2008). When a new producing organism is found, there is
always the potential that the organism produces the compound in a higher abundance.
This was not the case in this research, but there is always the potential for this discovery.
An issue that arose during these experiments is that the sugar moiety of (1) and (3)
could not be determined. The compounds were produced in such low yields making it
impossible to purify enough material to obtain NMR data. Because it is well known that
these compounds are difficult purify, many researchers will use UV spectra data, exact
mass, fragmentation patterns, and retention times to characterize mycosporines
(Bandaranayake, 1998; Volkmann & Gorbushina, 2006). We used the same criteria
when characterizing our mycosporines, with the exception of retention time as we used a
different column.
Cloning may be another approach that could have aided in this research project.
If the genome for Dioszegia sp. RKAT238 was sequenced and the gene clusters
responsible for the production of (1) and (3) were determined it could be cloned into a
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heterologous host. With this, there is potential to significantly increase the production of
these compounds, as seen with the study conducted by Miyamoto et al. (Miyamoto et
al., 2014). With increased production of the compounds it could also be possible to
obtain enough material to determine the sugar moiety by NMR.
A proposed set of experiments that would help clarify any inconsistencies that
were observed with the production of mycosporines would be to determine the function
of the mycosporine within the cell. The photoprotective role of mycosporines has been
well established over the years; however, it is believed that this family of compounds
can have various other roles within the producing organism (Oren & Gunde-Cimerman,
2007). It is believed that they can also function as osmolytes, antioxidant molecules, as
an intracellular nitrogen reservoir, or they can help defend against thermal and
desiccation stress (Miyamoto et al., 2014; Oren & Gunde-Cimerman, 2007). To address
these issues, more types of media for the UVB exposure experiments would need to be
used, more specifically ones that do not contain ammonium, as it has been shown to
increase the production of mycosporines (Peinado et al., 2004). Osmotic stress
experiments could be conducted on solid medium instead of just broth. This would allow
us to conclude if the production of all the compounds is dependent on solid medium or
broth. An antioxidant assay would be beneficial to determine which of the organisms are
producing compounds that have antioxidant potential. One problem would be that the
compound would need to be purified, only then could conclusions be drawn that a
specific compound was responsible for the activity observed. It is also possible that the
compounds are being produced due to thermal stress. There is a high incidence of
mycosporine producing organisms reported in cold environments, so it is speculated to
be possible that they are being produced as compatible solutes in response to the cold
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(Oren & Gunde-Cimerman, 2007). This theory has not been tested before, but an
experiment that could be done is to ferment the mycosporine-producing organisms over
a range of temperatures and determine the production yield of the compounds in each
organism. A final test to help determine the role of mycosporines in the organism would
be to ferment the organisms on media with varying concentrations of ammonia. This
will allow us to determine if the presence of nitrogen is affecting the production of
mycosporines.
Over the course of this research it was demonstrated that understudied areas are a
good source to discover new microorganisms. With this, the possibility of discovering
new natural products also increases. From this small study, two new genera, and six
potential new species were discovered, along with four UV-absorbing metabolites. If
this study size was increased it is likely new UV-absorbing compounds may have been
discovered in this habitat as well.
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APPENDIX A
Table 4. Recipes for morphology agar, yeast nitrogen base, yeast carbon base and
vitamin-free broth.
Yeast
Yeast
VitaminIngredients
Morphology
Nitrogen
Carbon
Free
(per litre)
Agar
Base
Base
Broth
Nitrogen Sources
Ammonium sulfate
3.5 g
5g
None
5g
Asparagine
1.5 g
None
None
None
Carbon Sources
Glucose
10 g
None
10 g
10 g
Amino Acids
L-Histidine monohydrochloride
10 mg
10 mg
1 mg
10 mg
DL-Methionine
20 mg
20 mg
2 mg
20 mg
DL-Tryptophan
20 mg
20 mg
2 mg
20 mg
Vitamins
Biotin
20 μg
20 μg
20 μg
None
Calcium pantothenate
2 mg
2 mg
2 mg
None
Folic acid
2 μg
2 μg
2 μg
None
Inositol
10 mg
10 mg
10 mg
None
Niacin
400 μg
400 μg
400 μg
None
p-Aminobenzoic acid
200 μg
200 μg
200 μg
None
Pyridoxine hydrochloride
400 μg
400 μg
400 μg
None
Riboflavin
200 μg
200 μg
200 μg
None
Thiamine hydrochloride
400 μg
400 μg
400 μg
None
Trace elements
Boric acid
500 μg
500 μg
500 μg
500 μg
Copper sulfate
40 μg
40 μg
40 μg
40
Potassium iodide
100 μg
100 μg
100 μg
100 μg
Ferric chloride
200 μg
200 μg
200 μg
200 μg
Manganese sulfate
400 μg
400 μg
400 μg
400 μg
Sodium molybdate
200 μg
200 μg
200 μg
200 μg
Zinc sulfate
400 μg
400 μg
400 μg
400 μg
Salts
Potassium phosphate monobasic
0.85 g
0.85 g
0.85 g
0.85 g
Potassium phosphate dibasic
0.15 g
0.15 g
0.15 g
0.15 g
Magnesium sulfate
0.5 g
0.5 g
0.5 g
0.5 g
Sodium chloride
0.1 g
0.1 g
0.1 g
0.1 g
Calcium chloride
0.1 g
0.1 g
0.1 g
0.1 g
18
g
None
None
None
Agar
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APPENDIX B

A) 091 DS

B) 091 CE

C) 105 CE

D) 105 DS

Figure A.1. The gel view of the MALDI-TOF chromatograms for the new genera described in this study. A) Frigidiomyces
aurantiacum direct smear (091 DS). B) Frigidiomyces aurantiacum chemical extraction (091 CE). C) Polaromyces
triangulaformis chemical extraction (105 CE). D) Polaromyces triangulaformis direct smear (105 DS).
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