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Summary

The High Arctic and the atmosphere are characterised by low temperatures, nutrition and avaliable

water. Bacteria that are found here are exposed to many forms of stress, such as ultraviolet

radiation, osmotic stress and freeze-thaw stress, which has been found to be the most damaging

form of stress in these environments. Previous studies have focused on the bacterial community

structure in these environments, however the culturable bacterial community is largely unknown.

This study identifies 183 culturable bacteria isolated from snow and air collected in northeastern

Greenland and investigates the growth, ice nucleation activity, tolerance to freeze-thaw stress and

genetic potential for stress tolerance in a select number of isolates. The most abundant phylum was

identified as Actinobacteria, followed by α-proteobacteria and γ-proteobacteria. β-proteobacteria

and Firmicutes were present, but less abundant. Some isolates could not be classified and were

referred to as “Unknowns” at the phylum level and “uncultured bacterium” at the genus level. The

identifications were done using BLAST, and the Ribosomal Database Project was used to attempt

to identify the Unknown isolates, and to verify the classifications achieved by the BLAST database.

In addition, the isolates were grouped together based on the environment and site they were isolated

from, where it was discovered that the majority of genera were either found exlusively in snow or

air, though some isolates were found in both environments. γ-proteobacteria and Firmicutes were

the most common phyla found in air, with Actinobacteria and α-proteobacteria being the most

common phyla found in snow. In addition, α-proteobacteria and γ-proteobacteria were isolated

from the majority of sites, while the β-proteobacteria and the Firmicutes were isolated from the

minority of sites.

The growth curve study showed that the fastest growing isolates belonged to Pseudomonas,

while the slowest growing isolates belonged to Rhodopseudomonas, Bacillus and Methylobacterium.

The Methylobacterium isolate was particularly interesting as it appeared to have multiple lag phases

over the course of the 93 hour measuring period, though the reason for this is currently unknown.

Results of the freeze-thaw experiment revealed that only SID-5a-2, identified as Pseudomonas, was

resistant to the treatment. The genome analysis revealed a gene, cspA 4, that could be tied to

the observed resistance. This gene was only found in SID-5a-2 and SID-1-5, a Rhodopseudomonas,

though this isolate was not tested for freeze-thaw resistance in this study. The investigated genomes

possessed a variety of protective genes against the stresses the bacteria would encounter in the High

Arctic and the atmosphere. SID-6a-39, a Micrococcus, was able to utilise multiple atmospheric

substrates, while SID-3-4, a Rhodococcus, possessed a greater number of ultraviolet radiation-

protecting genes, and SID-3-25, a Arthrobacter, possessed numerous cryoprotective genes.

Based on its resistance to freeze-thaw stress and high growth rate SID-5a-2, a Pseudomonas,

was concluded to be the best adapted to survive the stresses of these extreme environments.
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Sammenfatning

Lav temperatur, næring og vand er karakteristisk for atmosfæren og Høj Arktis. De bakterier,

der befinder sig i disse miljøer, er udsatte for forskellige former for stress, for eksempel ultra-

violet str̊aling, osmotiske stress, samt fryse-optøningsstress, som har vist sig at være den mest

ødelæggende form for stress i disse miljøer. Tidligere studier har undersøgt det bakterielle sam-

fundsstruktur, men der er stadig meget, der er ukendt om den dyrkbare andel af det bakterielle

samfund. Det følgende studie identificerer 183 isolater indsamlet fra sne og luft i det nordøstelige

Grønland. Der undersøges væksten, is-nuklerende aktivitet, resistens overfor fryse-optøningsstress

samt det genetiske potentiale for stresstolerance i bestemte isolater. Actinobacteria var den

hyppigst identificeret række, dernæst α-proteobakterierne og γ-proteobakterierne, med β-proteo-

bakterierne og Firmicutes som mindst udbredt. Nogle isolater kunne ikke indeles, og blev kaldt

for “Unknown” p̊a rækkenivaeuet, eller “uncultured bacterium” p̊a slægtsnivaeuet. Identifikation-

erne blev udført ved brug af BLAST databasen. Ribosomal Database Project var ogs̊a anvendt

for at prøve at identificere de ukendte isolater, samt at bekræfte indentifikationerne p̊a række- og

slægtsnivaeu. Isolaterne blev grupperet efter isolationsmiljø og prøveudtagningssted. Der var en

tendens for slægter at være fundet enten i sne, eller i luft, men nogle slægter kunne man finde i

begge miljøer. γ-proteobakterierne og Firmicutes var de rækker, der var fundet mest i luft, og Acti-

nobacteria og α-proteobakterierne var fundet mest i sne. Derudover var α- og γ-proteobakterierne

isoleret fra de fleste antal prøveudtagningssteder, mens β-proteobakterierne og Firmicutes var

isoleret fra de færreste antal prøveudtagningssteder.

Vækstkurveforsøgerne viste, at den hurtigest voksende slægt var Pseudomonas, mens de lang-

sommeste var Rhodopseudomonas, Bacillus og Methylobacterium. Methylobacterium isolatet var

interessant, fordi den virkede til at have flere lag-faser i løbet af den 93 timers måling, men årsagen

til denne opførsel er p̊a skrivende tidspunkt ukendt. Resultatet af fryse-optøningsforsøget viste,

at der kun var et isolat, SID-5a-2, identificeret som Pseudomonas, der var up̊avirket af behandlin-

gen. En genomisk analyse viste, at dette isolat havde et gen, cspA 4, som muligvis kunne forklare

hvorfor kun dette isolat var resistent overfor fryse-optøning behandlingen. Dette gen fandtes kun

hos SID-5a-2 og SID-1-5, en Rhodopseudomonas, som ikke blev undersøgt for resistens til fryse-

optøningsstress. Alle genomerne havde en stor variation af gener, der kunne beskytte bakterierne

mod de forskellige former for stress. SID-6a-39, en Micrococcus, kunne bruge flere substrater fra at-

mosfæren, mens SID-3-4, en Rhodococcus, havde et højere antal UV-beskyttelsesgener og SID-3-25,

en Arthrobacter, havde de fleste gener, der beskyttede mod stress ved lave temperaturer.

P̊a baggrund af dens resistens til fryse-optøgningsstress og den hurtige vækstrate er SID-5a-2,

identificeret som Pseudomonas, vurderet til at være det isolat, ud af de undersøgte isolater, som

bedste kunne overleve disse ekstreme miljøer.
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1 Thesis Outline

This masters thesis is composed of the following four chapters.

Chapter 2 contains the introduction to this thesis, which presents the background theory

that this thesis is based upon. In this chapter the High Arctic and the atmosphere as

environments are defined, as are the types of stress bacteria experience in these environments.

The theoretical adaptations to cope with these stresses are also presented, as well as the

objectives and hypotheses of this thesis.

Chapter 3 contains the article manuscript that presents the experiments and results of this

thesis. The main focus of this study was to determine the identity of the culturable population

of bacteria isolated from Greenland, and to investigate the presence of ice nucleation activity

and stress tolerance in a select number of isolates, both experimentally and genomically.

Chapter 4 presents the findings of the Ribosomal Database Project investigation. The aim

of this investigation was to attempt to identify the unclassified isolates, and to verify the

identification done using the BLAST database.

Chapter 5 concludes on all of the experiments and findings of this thesis and suggests

further topics of investigation.
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2 Introduction

Life in the High Arctic

The High Arctic is a harsh environment. The winters are long and dark, and the summers, while

brief, consist of long days resulting in a high flux of ultraviolet radiation (ACIA, 2005). Ultraviolet

radiation is not the only stress factor organisms are exposed to, the Arctic is also characterised by

low temperatures, low nutrition and low avaliable water (AMAP, 1997b). Winter temperatures

can fall as low as -30◦C (AMAP, 1997a), and the summer temperatures are typically between

4-8◦C (AMAP, 1997b).

The High Arctic is a polar desert that contains very little vegetation. The soil layer is thin and

does not retain water well, which can lead to drought in the summer (AMAP, 1997b). Water in

general is scarce due to low precipitation, in Northen Greenland for example barely 100 millimeters

of rain falls per year (AMAP, 1997a), and the snow covers prevention of evaporation or drainage

of the little water that does fall (AMAP, 1997b). Only the very top layer of snow melts during

summer (AMAP, 1997a), causing freeze-thaw stress to surface organisms. Nutrients are also scarce,

in particular nitrogen and phosphorous, due to the decreased microbial activity in these areas

caused by the low temperatures (AMAP, 1997b) reducing the rate of decomposition of organic

matter and cycling of these key nutrients.

Life in the Atmosphere

The atmosphere is alot like the Arctic, in that it too has low temperatures, low nutrition, low water

and high levels of solar radiation (Lighthart, 1997). Bacteria can enter the atmosphere by passive

or active emission (Burrows et al., 2009b). Active emission is emission from another organism,

for example by sneezing (Burrows et al., 2009b). Passive emission is emission by meterological

processes interacting with source reservoirs (Burrows et al., 2009b), such as rain drops on leaf

surfaces and high-speed winds on soil (Delort et al., 2010). The small size of bacteria gives them

a long residence time in the atmosphere (Burrows et al., 2009b), and this allows them to be

transported over long distances, even across continents (Burrows et al., 2009a).

Bacteria return from the atmosphere again by dry and wet deposition (Burrows et al., 2009b).

Dry deposition is where the bacteria become attached to surfaces that are themselves in contact

with air (Burrows et al., 2009a). Wet deposition is where bacteria are included into droplets of

rain, snow and ice while said droplets are forming or falling to the surface (Burrows et al., 2009a).

The aerolised bacteria are not always simple residents of the atmosphere. Some bacteria, es-

pecially fluoresent Pseudomonas, possess ice nucleating activity that has been shown to influence
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precipitation and cloud formation (Möhler et al., 2007), causing them to form at higher tempera-

tures.

Ice Nucleation

Ice nucleation is the formation of ice in supercooled water. Formation of ice can be homogeneous,

where no foreign particles or substances aid the formation, or heterogenous, where ice formation

is aided by foreign particles (Vali et al., 2015). These foreign particles can be abiological particles

such as mineral dusts, clay minerals and soot (Murray et al., 2012), or biological particles, which

include whole cells of bacteria, fungi and pollen as well as cell fragments and proteins (Möhler

et al., 2007), though bacteria are the most widely studied of the biological ice nucleators (Morris

et al., 2004).

Heterogenous ice nucleation can occur by deposition nucleation, immersion freezing, conden-

sation freezing and contact freezing (Murray et al., 2012; Vali et al., 2015). Deposition nucleation

is where water vapour directly deposits as ice onto a solid surface (Murray et al., 2012), and

immersion freezing is where ice formation occurs on a solid particle which is immersed inside a

supercooled droplet (Murray et al., 2012). Condensation freezing occurs when water vapour con-

denses onto a solid particle and then freezes (Murray et al., 2012), and contact freezing is where a

solid particle collides with a supercooled droplet resulting in ice nucleation (Vali et al., 2015).

Homogeneous freezing and heterogenous freezing occur at widely different temperatures. Ho-

mogeneous freezing occurs at -39◦C (Santl-Temkiv et al., 2015) while heterogenous freezing occurs

between -38◦C to 0◦C. Abiological particles are responsible for ice formation at temperatures

colder than -15◦C, while biological particles induce ice formation at temperatures warmer than

-15◦C (Lindow, 1983).

Bacterial Ice Nucleation

Bacterial ice nucleation has been studied in the context of frost damage to crops (Lindow, 1983),

and as particles that can influence cloud formation and the weather (Möhler et al., 2007; Murray

et al., 2012). Only a handful of bacteria have so far been identified as having ice nucleation ac-

tivity. These include Pseudomonas syringae, Pseudomonas fluorescens, Xanthromonas campestris,

Erwinia ananas and Erwinia herbicola (Warren and Wolber, 1991; Ahern et al., 2007). Their

ice nucleating temperatures are all above -15◦C, for example Pseudomonas syringae nucleates ice

between -1◦C and -12◦C ((Murray et al., 2012), original data from (Lindow et al., 1989)), while

other Pseudomonas species nucleate ice between -3◦C and -8 ((Murray et al., 2012), original data

from (Deininger et al., 1987)).
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Figure 1: A summary over all ice nucleating particles. Bacterial ice nucleators do so at -12◦C or

higher, while other biological particles, such as pollen, nucleate ice between -22◦C to -10◦C. Taken

from Murray et al. 2012, Figure 18.

There are three types of bacterial ice nucleation activity: Type I, which is active at -2◦C

to -4◦C, type II, which is active at -5◦C to -7◦C, and type III which is active at -8◦C to -10◦C

(Yankofsky et al., 1981). Type III is the most abundant type of ice nucleation (Yankofsky et al.,

1981), whereas type I is the most active type (Lorv et al., 2014).

Bacteria nucleate ice by way of a protein anchored in the outer memebrane (Warren and Wolber,

1991; Morris et al., 2004). The ice nucleation protein is induced during low temperatures and, at

least in the case for type I ice nuclei, starvation (Nemecek-Marshall et al., 1993). The protein is

coded by the ina gene (Morris et al., 2004). There are three parts to the protein, an N terminal,

which has properties of a domain that is inserted into membranes, a central part, which contains

a repeating sequence of 24, 48 and 144 nucleotides that become 8, 16, 48 amino acid repeats,

and a C terminal, which is highly variable among all currently known alleles (Morris et al., 2004).

The 48-amino acid repeat is highly conserved amongst all currently known ice nucleating bacteria,

though the 8 and 16 amino acid repeats are not as similar (Morris et al., 2004). These shorter

repeats appear to be responsible for the orientation of water molecules and acting as a template

for ice formation (Morris et al., 2004).
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The Effects of Stress on the Cell

Cold Stress and Freeze-thaw Stress

As temperatures get lower a number of physiological changes occur in bacteria. Cold stress is unlike

heat stress, in that proteins are not denatured, but rather the state of the molecules are changed

resulting in a more rigid membrane, and inhibition of DNA replication and metabolic processes by

causing proteins to change into their secondary conformation (Vorob’eva, 2004). Cold stress also

paves the way for other types of stress, such as dessication and osmotic stress (Wilson and Walker,

2010).

As temperatures drop even further the bacteria will be frozen. As temperatures warm up

again and the environment thaws the bacteria are subject to freeze-thaw stress. Freeze-thaw

stress has been documented to change microbial populations (Männistö et al., 2009; Kumar et al.,

2013), though a temporary increase in respiration rates and abundance has been noted (Schimel

and Clein, 1996; Kumar et al., 2013). This phenomenon is typically attributed to lysing of cells

during a freeze-thaw cycle, releasing nutrients for the surviving bacteria to utilise (Kumar et al.,

2013). Microbes can by lysed due to direct damage caused by the formation of internal ice crystals

(Wilson and Walker, 2010) which rupture the cell membrane. The formation of these ice crystals

has another effect on the cell, namely that amount of avaliable water will be reduced, causing a

build up of solutes (Lorv et al., 2014; Wilson and Walker, 2010) potentially leading to dessication

and osmotic stress.

Oxidation Stress

Reactive oxygen species, such as hydrogen peroxide (H2O2) and superoxide (O−
2 ) oxidise macro-

molecules (Vorob’eva, 2004). Proteins are targetted by reactive oxygen species, in specific the the

sulphide group of the amino acids cysteine and methionine become oxidised (Imlay, 2003). It is

not just the oxidation of amino acids that is a problem, reactive oxygen species will also block the

active sites of enzymes (Vorob’eva, 2004), preventing proper activity. Nucleic acids are also vuner-

able to oxidation, especially guanosine, which will be oxidised to form 5-hydroxy-2 deoxyguanosine

(Montie et al., 2000).

The cell membrane is another target of oxygen radicals, specifically the unsaturated fatty acids

present in the membrane (Montie et al., 2000). These fatty acids are oxidised to form fatty-acid

peroxides (Montie et al., 2000) which cause disruption of the lipid bilayer.

Superoxide also specifically prevents synthesis of aromatic compounds by oxidising the dihy-

droxyethyl intermediate stage (Imlay, 2003). Another effect superoxide has on the organism is

causing iron-sulphur clusters to become instable. This is achieved by the oxidation of the catalytic
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iron atom of a cluster (Imlay, 2003). It is interesting to note however that superoxide is unable to

oxidise respiratory iron-sulphur clusters (Imlay, 2003).

UV-Stress

There are three types of ultraviolet (UV) radiation, grouped depending on their emitted wave-

length, UV-A, UV-B and UV-C. UV-A emits at a wavelength of 315-400nm, UV-B emits at a

wavelength of 280-315nm and UV-C emits at a wavelength of 100-280nm (Sinha and Häder, 2002).

UV-C is completely absorbed by the ozone layer, while UV-A and UV-B can reach the Earths

surface (Goosen and Moolenaar, 2008).

UV radiation damages DNA. The most common lesions created by UV radiation are cyclobu-

tane pyrimidine dimers (CDPs) and pyrimidine-pyrimidone (6-4) photoproducts (Goosen and

Moolenaar, 2008). These lesions prevent replication by inhibiting the progression of the DNA

polymerase (Laroussi and Leipold, 2004; Sinha and Häder, 2002). CDPs are the most common

type of lesion, (Sinha and Häder, 2002) and so will be the focus here. UV-B directly damages DNA

through absorption, while UV-A’s damage is indirect - it cannot be absorbed by normal DNA, but

it does react with DNA already affected by UV radiation (Sinha and Häder, 2002). UV-A also

indirectly damages DNA through photosensitising reactions (Sinha and Häder, 2002).

Other targets of UV radiation damage include proteins, pigments, which become bleached and

growth reduction due to inhibition of replication (Sinha and Häder, 2002).

Overcoming the Challenges - Adaption Strategies

Cryoprotection

One of the most crucial cell components to protect is the cell membrane. Membrane stability

and function of membranal proteins requires the membrane to be fluid, which can be assured by

the de novo synthesis of branched chain fatty acids and unsaturated fatty acids in addition to

phospholipid desaturase enzymes that modify saturated fatty acids to unsaturated ones (Horn

et al., 2007).

To prevent the cell membrane from being ruptured by the formation of ice bacteria can utilise

ice nucleation proteins to control the growth and morphology of the ice crystals (Morris et al.,

2004). This works because the location of the ice nucleation proteins on the extracellular surface

prevents the ice crystals from penetrating the cell from the outside. The ice nucleation proteins

may also function to buy time for other physiological adaptions to initiate (Lorv et al., 2014). To

protect the inside of the cell cryoprotectants such as glycerol, trehalose and sucrose (Wilson and

Walker, 2010) are synthesised to maintain osmotic balance which prevents intracellular ice crystal
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formation. Glycerol has an additional role due to its ability to cross the cell membrane (Wilson and

Walker, 2010), meaning it can prevent ice crystal formation both extracellularly and intracellularly.

Additionally many organisms can synthesis antifreeze proteins for protection. Antifreeze proteins

adsorb to ice and make further ice growth energetically unfavourable (Wilson and Walker, 2010).

Another form of cryoprotection is observed in bacteria that are adapted to low temperatures.

These organisms typically have a short lag phase followed by a high growth rate (Vorob’eva,

2004). This can be an advantage to allow the organisms to quickly mobilise and utilise resources

when conditions optimal for growth briefly appear. Another adaption is the presence of cold-

shock proteins (Vorob’eva, 2004), small structurally related proteins that bind nucleic acids and

influence transcription of cold shock induced genes as well as translation, for example by halting

translation until ribosomes and other components have adapted to the new environment, preventing

mistranslated proteins from accumulating in the cell (Horn et al., 2007). In addition to this cold

shock proteins are able to remove proteins that have been induced by low temperatures to change

to their secondary configuration (Horn et al., 2007).

Protection against Oxidation

Protection against oxygen radicals is obtained by the activity of three enzymes, superoxide dismu-

tase, catalase and peroxidase. Superoxide dismutase is important for removing superoxide from

the cell, and catalyses the reaction O−
2 + O−

2 + 2H+ → H2O2 + O2, and catalase is the enzyme

responsible for removing hydrogen peroxide via the reaction 2H2O2 → 2H2O + O2 (Vorob’eva,

2004). Peroxidase is important for combatting radicalised molecules, including lipid peroxides. It

catalyses the reaction H2O2 + H2O2 − R → 2H2O + O2 + R (Vorob’eva, 2004), where R is an

organic molecule.

Pigmentation as Defence

The most important function of pigmentation in non-photosynthesising organisms is protection

from the effects of ultraviolet radiation (Morris et al., 2004). Carotenoids are red, yellow or orange

in colour and absorb light in the 400-500nm range (Britton, 1995) making them important for pro-

tection against UV-A and UV-B radiation. Their mode of action is to protect DNA from oxidative

damage from oxygen radicals (Vorob’eva, 2004). Due to their hydrophobic nature carotenoids are

expected to be found in hydrophobic areas of the cell, such as the cell membrane (Britton, 1995),

allowing carotenoids to collect the oxygen radicals before deleterious damage is done to the cell. In

addition to their protection against oxygen radicals carotenoids also seem to offer cold protection

by making the cell membrane more stable, by for example increasing rigidity (Fong et al., 2001),

giving carotenoids a property similar to cholesterol (Subszynski et al., 1993).
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Enzymatic Repair of UV-damage

Bacteria possess several ways to repair UV-damage. The first is by way of photolyases, special

enzymes that require near UV or blue light for activity (Goosen and Moolenaar, 2008). The

photolyases contain a light harvesting chromotophore that absorbs light and transfers the excitation

energy to cofactor FADH, which then transfers an electron to the cyclobutane pyrimidine lesion

and splits the cyclobutane ring. The electron is then transferred back to FADH to restore its

functional form (Goosen and Moolenaar, 2008).

DNA-glycolyase is another enzyme that can repair UV damage, in this case the mechanism is

base excision repair. This mode of action works by hydrolysis of the glycosyl bond between the

damaged base and the deoxyribose. Detecting the removed base AP endonuclease then cleaves the

phosphodiester bond at 5’ to the abasic site. Following this an exonuclease or specific deoxyri-

bosephosphodiesterase removes the terminal deoxyribose-phosphate, producing a single nucleotide

gap, which is filled in by a DNA polymerase and DNA ligase (Goosen and Moolenaar, 2008). The

main advantage of this enzyme is that it does not require light to be active, unlike the photolyases.

UV-damage endonuclease is able to recognise both cyclobutane pyrimidine- and (6-4) photo-

product lesions. This enzyme makes incisions 5’ to these lesions (Goosen and Moolenaar, 2008),

the resulting gap being repaired with DNA polymerase and DNA ligase. This enzyme is normally

only found in UV-resistant bacteria (Sinha and Häder, 2002), giving these bacteria an advantage

by being able to repair both types of DNA damage inflicted by UV radiation.

The last mechanism described here is nucleotide excision repair. This repair mechanism utilises

three proteins, UvrA, UvrB and UvrC (Goosen and Moolenaar, 2008). UvrA and UvrB associate

together and scan DNA looking for lesions. When a lesion is found UvrB binds the DNA tightly,

UvrA dissociates and UvrC associates to the UvrB-DNA-complex. UvrC then makes an incision

at the 4th or 5th phosphodiester bond 3’ to the damage, and an incision at the 8th phosphodiester

bond 5’ to the damage. Helicase II, also referred to as UvrD, then removes the incision, followed

by polymerase I and DNA ligase which repairs the gap (Goosen and Moolenaar, 2008).

Hypothesis and Objectives

Previous studies of the bacterial composition in the Arctic have shed light on the community

structure ((Lee et al., 2004), (Amato et al., 2006), Ny-Ålesund, Svalbard, Norway, (Møller et al.,

2013), Station Nord, northeast Greenland), though very little is known about the physiology and

stress adaptions of these organisms. The objective of this study was to identify the culturable

bacterial population isolated from snow and air samples from northeastern Greenland, and to

investigate the presence of ice nucleation activity and stress adaptions in select isolates. The

following hypotheses were tested:
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1a Bacteria that possess ice nucleation proteins will survive freeze-thaw stress better than bac-

teria that do not have this protein.

1b Pigmented bacteria will survive freeze-thaw stress better than bacteria that are unpigmented.

These hypotheses will be tested by a freeze-thaw experiment that compares survival of ice

nucleation positive and ice nucleation negative bacteria in addition to pigmented and unpig-

mented bacteria.

2 All isolates will possess genes that allow them to survive UV radiation, oxidation stress and

low temperatures.

This hypothesis will be tested by an examination of the genomes of select isolates for the

presence of such genes.

3 Cold-tolerant bacteria will have a short lag phase followed by a fast growth phase.

This hypothesis will be tested by growth curve experiments to identify the duration of the

lag and stationary phase in addition to the generation time of each isolate.
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Abstract

The High Arctic and atmosphere are extreme environments that exert stress on the microbes that

are found there. Examples of such stress include cold stress, stress caused by UV-radiation and

dessication as well as freeze-thaw stress. In this study the culturable bacterial populations isolated

from snow and air samples at the Villum Research station, Station Nord, Greenland were identified

using 16S rRNA. In addition, the adaption of select isolates to stress was determined by genomic

sequencing, ice nucleation activity detection, and a freeze-thaw experiment. Selected isolates also

underwent a growth curve experiment to determine their growth rate and generation time.

183 isolates were identified, and the genomes of 11 of them were sequenced and analysed for

the presence of cryoprotection, UV-repair and protection, oxidation protection and cold shock

genes as well as genes for pigmentation and the ability to use common organic substances from

the atmosphere as substrates. In addition to these isolates an ice nucleation active Pseudomonas,

R10.79, was included in all analysis and experiments for comparison.

None of the tested organisms were ice nucleation active, and the quickest generation time was

1 hour 6 minutes, belonging to isolate SID-5a-2, a Pseudomonas. The slowest generation time

was 12 hours and 19 minutes, seen in isolate SID-1-5, identified as Rhodopseudomonas. Many

stress protective genes were discovered. Different isolates possessed different degrees and types of

protection, with one isolate, an Arthrobacter, possessing a greater number of cryoprotective genes,

while another, a Rhodococcus, appeared to have greater genetic potential to resist UV-stress based

on the number of UV-protective genes they possessed. Overall the Pseudomonas isolate SID-5a-

2 was deemed to be the best adapted bacterium to the stresses of these extreme environments,

based on its generation time, ability to repair DNA that has been damaged by UV-radiation

and oxidation, as well as its resistance to freeze-thaw stress, which is considered to be the most

destructive form of stress.
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Introduction

The High Arctic is a stressful environment for the microbes that are found there. Bacteria travel

to the Arctic from the atmosphere after being aerolised by passive or active emission (Burrows

et al., 2009). Bacteria found in either of these environments, however briefly, are exposed to similar

stress factors (Lighthart, 1997) such as low temperatures, low nutrients, dessication and ultraviolet

radiation (AMAP, 1997b; Lighthart, 1997).

Average High Arctic temperatures are as low as -30◦C in winter (AMAP, 1997b), and rarely

rise above 8◦C in the summer (AMAP, 1997a). As a consequence any successful bacterium needs to

possess strategies to overcome the physiological complications caused by low temperatures. Such

complications could be a reduction in the activity of enzymes (Vorob’eva, 2004) and formation of

ice crystals (Wilson and Walker, 2010).

Another stress factor bacteria are exposed to in these environments is ultraviolet (UV) radia-

tion, capable of creating pyrimidine dimers in DNA strands (Goosen and Moolenaar, 2008) that

disrupt replication, in addition to reactive oxygen species that causes oxidative stress. Oxida-

tive stress targets macromolecules such as cell membrane components (Montie et al., 2000) and

sulphur-containing proteins (Imlay, 2003).

To protect against these stress factors bacteria can adopt several strategies. To combat UV

damage bacteria can use photolases and DNA glycolases (Goosen and Moolenaar, 2008) to repair

and remove pyrimidine dimers. Additionally bacteria can adopt pigments to prevent UV-related

oxidation effects (Morris et al., 2004). Oxidative stress is reduced by the action of superoxide dis-

mutase, which catalyses the conversion of superoxide to hydrogen peroxide, catalyse, which catal-

yses the conversion of hydrogen peroxide to water, and peroxidase, which catalyses the conversion

of hydrogen peroxide and a organic peroxide to water and an unradicalised molecule (Vorob’eva,

2004). To combat low temperatures bacteria can synthesise a wide number of cryoprotectants

such as glycerol and trehalose (Wilson and Walker, 2010), as well as short chain fatty acids, cold

shock proteins (Horn et al., 2007) and, for certain bacteria, ice nucleation proteins to prevent ice

formation rupturing the cell membrane (Morris et al., 2004).

Freezing in supercooled water can occur homogenously, that is, without the aid of foreign

particles (Murray et al., 2012), or heterogenously, where biological or abiological particles catalyse

the formation of ice (Möhler et al., 2007). Bacterial ice nucleation activity is of particular interest

due to their ability to facilitate ice formation at temperatures higher than -15◦C (Lindow et al.,

1989).

The aim of this study was to identify the culturable population of bacteria from Arctic snow

and air, to determine if select isolates possessed ice nucleation activity and to determine if such

activity provided an advantage for surviving freeze-thaw events. Additionally, genomes of select
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isolates were investigated to determine each organisms genetic potential to survive the hostile

environments from which they were isolated from.

Materials and Methods

Sample Collection

The isolates were collected in April 2015 at the Villum Research station, Station Nord in north-

eastern Greenland. Snow samples were taken in a transect north-northwest of the station at 7 sites

(Site S-1: -17.86151◦ 81.77210’, Site S-2: -17.95473◦ 81.79823’, Site S-3: -17.97828◦ 81.81557’ Site

S-4: -18.000◦ 81.83304’, Site S-5: -18.02146◦ 81.85064’, Site S-6: -18.12637◦ 81.93706’, Site S-S:

-17.0425◦ 81.6956’). At each site an area was defined, and the upper 10cm of snow was collected,

melted, then concentrated on a Sterivex filter (Sigma-Aldrich) before being plated. The isolates

were recorded as SID-x, where x is the site they were isolated from.

Air samples were taken north and south of the station at 2 sites. Site one was Flygers Hut

(-16.6195833◦ 81.5816333), and site two was the Flux tower (-16.72255◦ 81.6255167).

The air samples were taken using a modified model DS 5600 impinger with removable vortex

chamber and built-in suction pump (Alfred Kärcher GmbH and Co. KG, Germany) that contained

phosphate-buffered saline (PBS) to capture particles. The liquid was kept above freezing tempera-

tures with two heaters that were installed into the vortex chamber. Bacterial cells captured in PBS

were concentrated on a Sterivex filter unit, resuspended in 3.5mL PBS then plated as the snow

samples were. Air isolates were recorded as PBS-X-x, with X indicating the sampling time point

and x indicating the sample number. Isolates labelled as PBS-1-x, PBS-2-x, PBS-3-x, PBS-6-x

and PBS-7-x were sampled from Flygers Hut, and isolates labelled as PBS-4-x and PBS-5-x were

sampled from the Flux tower.

All isolates were cultivated on R2A (Reasoner and Geldreich (1985), Difco) plates at room

temperature until colonies were observed. The colonies were replated three times or until pure

cultures were obtained. All isolates were kept pure throughout this study.

16S rRNA Gene Sequencing

DNA was extracted from 1-2 pure colonies using a 10µL inoculation loop into 200µL TAE buffer.

The bacterial suspensions were frozen for 30 minutes at -80◦C, followed by heating for 30 minutes

at 65◦C. This was repeated three times then followed by centrifugation at 4◦C, 14000xg for 15

minutes. The resulting supernatant was carefully transferred to fresh 1.5mL tubes and frozen until

analysis. The DNA extracts were amplified using the primers Bac8f (5’-AGR GTT TGA TCC
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TGG CTC AG-3’) and Bac1492R (5’-CGC CTA CCT TGT TAC GAC TT-3’), using either RedTaq

polymerase (Sigma-Aldrich) or HotStar Polymerase (Qiagen). The master mix was prepared using

12.5µL polymerase, 1µL bovine serium albumin, 0.5µL of each primer, 9.5µL dH2O. 2µL DNA

extract was used as the template. All reagents and extracts were vortexed and spun briefly

before use. The amplification program was as follows: The preincubation was 95◦C for 5 minutes

(RedTaq) or 10 minutes (Hotstar), followed by 25 cycles of denaturation at 94◦C for 1 minute,

annealing at 52◦C for 1 minute then elogation at 72◦C for 1 minute. A final elongation step of 10

minutes at 72◦C was then performed.

Once amplified the PCR products were assessed by gel electrophoresis, using a 1.5% agarose gel,

and cleaned using GenElute PCR Cleanup Kit (Sigma-Aldrich) as per the manufactorers protocol.

The cleaned PCR products were then sequenced by Macrogen (Seoul, South Korea) and anal-

ysed using Geneious version 8.1 (http://www.geneious.com (Kearse et al., 2012)). The sequences

were trimmed of areas where it was not possible to distinguish between the bases, or where there

was significant overlap. The trimmed sequences were then run through Geneious’ inbuilt BLAST

function.

Representative Isolates

11 isolates were chosen as representatives: SID-3-13, identified as Cryobacterium, SID-6A-39, iden-

tified as Micrococcus, SID-1-21, identified as Methylobacterium, SID-1-5, identified as Rhodopseu-

domonas, SID-3-25, identified as Arthrobacter, SID-5A-2, identified as Pseudomonas, SID-6A-16,

identified as Clavibacter, SID-3-4, identified as Rhodococcus, SID-6A-4, identified as Massilia, SID-

2A-2, identified as Sphingomonas and PBS-1-2, identified as Bacillus. R10.79, an ice nucleation

active bacterium, was included to serve as a comparison. These 12 isolates were used for the

following experiments.

Ice Nucleation

Assay

All isolates identified as Pseudomonas, Erwinia or Xanthomonas, in addition to the representative

isolates, were assayed for ice nucleation activity. Liquid cultures were grown in R2 medium at

21◦C for 24 or 48 hours on a shaker. The tubes were then transferred to 4◦C for 24 hours to

induce ice nucleation activity. 240µL of each culture was transferred to 96-well microtiter plates in

four replicates. The microtiter plates were then placed in an incubator at -10◦C for a total of 100

minutes, the presence of ice being assessed after 50 minutes, 30 minutes, and finally 20 minutes

after being placed in the incubator. Ice nucleation activity was assessed visually by confirming the
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presence of ice in the wells. A positive result was concluded if more than 2 of the 4 replicates were

frozen by the end of the 100 minutes.

Gene Screening

The Pseudomonas, Erwinia, Xanthomonas isolates and the representative isolates were screened

for the presence of the ice nucleation activity gene (Hill et al., 2014) using the primers INA-3308F

(5’-GGC GAT MGV AGC AAA CTS AC-3’) and INA-3463R (5’-STG TAV CKT TTN CCG TCC

CA-3’). The PCR master mix contained 12.5µL RedTaq polymerase, 1µL of each primer, 8.5 µL

dH2O and the template was 2µL DNA extract. The PCR program was as follows: A preincubation

step at 95◦C for 10 minutes followed by 25 cycles of denaturation at 95◦C for 30 seconds, annealing

at 56◦C for 30 seconds and elongation at 72◦C for 30 seconds. Lastly a final elongation step at

72◦C for 10 minutes. The products were visualised using gel electrophoresis with a 2% agarose gel.

Growth Curve Analysis

Growth curves for the representative isolates were measured in R2 medium. A colony was inocu-

lated in the clean bench using a 10µL inoculation loop. The change in optical density (OD) was

measured using a spectrophotometer at 600nm. From these curves the growth rate and generation

time was calculated for each isolate.

Freeze-thaw Experiment

Three biological replicates of isolate SID-3-25, SID-5a-2, SID-6a-16, SID-6a-4 and R10.79 were

grown to stationary phase in 15mL Falcon tubes containing 3mL R2 medium, grown at room

temperature on a shaker. Once the isolates were at stationary phase 20µL of the culture was

added to 5mL Falcon round-bottom polystyrene tubes containing 1mL sterile R2 medium, then

placed into an incubator set for -20◦C for three hours, afterwhich the tubes were moved to +4◦C

to thaw for approximately 3 hours before being stained with the Live/Dead BacLight Bacterial

Viability Kit (Invitrogen). Syto9 stained all cells, and PI stained dead cells. 1µL of each stain

was used per sample and the samples were incubated for 10-15 minutes in the dark before being

analysed for viability using flow cytometry. Further analysis of the data was done using FlowJo

(FlowJo LLC). Supplementary figures 1-5 show the gating strategies used for one bioreplicate of

each isolate.
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Genome Sequencing

DNA was extracted from a fresh R2A plate from each respresentative isolate using a Powerlyser

Powersoil DNA Isolation Kit (MoBio Laboratories) following the manufactorers protocol. Briefly,

10µL colony material was suspended in 750µL bead solution and shook until all material was

dissolved, the solution was then transferred to a bead tube. 60µL solution C1 was added to the

tubes, then inverted 20 times to ensure proper mixing. The tubes were bead beaten using a

Tissuelyser LT (Qiagen) for 2x15 seconds then centrifuged at 10.000xg for 30 seconds at room

temperature, afterwhich the supernatant was carefully transferred to a fresh 2mL collection tube,

where 250µL solution C2 was added, vortexed for 5 seconds, incubated on ice for 5 minutes

then centrifuged at 10.000xg for 1 minute at room temperature. 590µL of the supernatant was

transferred to a fresh collection tube and 200µL solution C3 was added, vortexed, incubated on

ice for 5 minutes then centrifuged at 10.000xg for 1 minute at room temperature. 740µL of this

supernatant was transferred to a fresh collection tube and 1000µL solution C4 was added then

vortexed. 675µL of this mixture was transferred to a spin filter, centrifuged at 10.000xg for 1

minute at room temperature and the flow through discarded. The remaining solution was added

in the same way until no more was left. Following this, 500µL solution C5 was added and then

centrifuged at 10.000xg for 30 seconds at room temperature, the flow through discarded, then the

tubes were centrifuged again for one minute. The spin filter was transferred to a fresh collection

tube, 100µL solution C6 was added, and the tubes were centrifuged at 10.000xg for 30 seconds at

room temperature. The resulting extract was assessed by gel electrophoresis using a 0.6% agarose

gel. For Gram positive isolates a pre-extraction step using Buffer AL (DNeasy Blood and Tissue

Kit, Qiagen) and Proteinase K (Sigma-Aldrich) was included. 10µL colony material and 175µL

buffer AL was added to a sterile 1.5mL tube and shook until all material had dissolved. Then,

25µL Proteinase K was added and the tubes placed in a thermal mixer at 56◦C, 0 rpm for 30

minutes. The tube contents were transferred to the glass bead tubes, and the protocol followed as

mentioned before. All tubes were stored in a freezer until needed.

The genome sequencing was performed by technician Britta Poulsen using a MiSeq desktop

sequencer (Illumina). The extracted DNA was fragmented, and adapters added using the Nextera

XT DNA Guide. Afterwards, PCR was performed to add the unique indexes to the adapter on each

library and amplified. The products were cleaned using AMPure beads and the library prepared

using the 16S Metagenomic Sequencing Library Preparation protocol, with the exception that

normalisation using the beads was not performed, instead the DNA concentration was measured

and diluted as needed.

The genomes were assessed using fastqc version 0.11.4 and trimmed using Trimmomatic version

0.36 (Bolger et al., 2014). An initial contamination check was performed using BBmap version
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35.69 (Bushnell, 2015) and SILVA (Quast et al., 2013). Assembly was done using SPAdes version

3.7.1 (Bankevich et al., 2012) using the kmers 21, 33, 55, 77, 99, 127 with the exception of R10.79,

which did not have kmer 127. The quality of the assemblies were checked using Quast version 3.1

(Gurevich et al., 2013). The genomes were then annotated using Prokka version 1.11 (Seeman,

2014). Genome completedness was assessed using CheckM version 1.0.5 at the genus level for all

isolates apart from SID-3-13 and SID-6a-39 which were assessed at the family level (Parks et al.,

2015), RNammer version 1.2 (Lagesen et al., 2007) and a list of 83 housekeeping genes derived

from Gill et al. (2004), listed in supplementary tables 8-19. The annotated genomes were then

analysed using Geneious 8.1. Uniprot (UniProt, 2015) was used to determine protein function.

Results

Identification of the Isolates

183 isolates were successfully identified to species level. Of these 183 isolates 136 were isolated

from snow, and 47 were isolated from air. Complete identification tables with colony descriptions,

species name, percent identity to the two closest relatives as well as their accession numbers

can be seen in supplementary tables 2-7, with supplementary table 1 giving a key to the colony

descriptions. The identification of the representative isolates can also be seen in table 1.

The identification of isolates at the phylum level by 16S rRNA are shown in figure 1, and the

distribution of these isolates in snow and air are shown in figure 3. A total of 66 isolates were

identified as Actinobacteria, with 57 isolates being found in snow, and 9 isolates in air. 46 isolates

were identified as α-proteobacteria, 38 of which were isolated from snow and 8 from air. 40 isolates

were identified as γ-proteobacteria, and the distribution between snow and air was more even, with

25 isolates being isolated from snow, and 15 from air. A total of 14 isolates were identified as β-

proteobacteria, 13 of which were found in snow, and only 1 isolate found in air. 5 isolates, identified

as uncultured clones, could not be identified at the phylum level. These “Unknowns” were also

evenly split between snow and air, 3 of which were isolated from air and 2 from snow. Finally, 12

isolates were identified as Firmicutes, 11 of these were isolated from air, and only 1 isolated from

snow.

Figure 6 shows the distribution of the found phyla across the sampling sites. The α- and γ-

proteobacteria were both found in 6 of the 9 sampling sites. The α-proteobacteria were found in

site S-1, S-2, S-3, S-4, S-6, in addition to Flygers Hut at time point 1. S-1 contained the majority

of isolates (17) but site S-4 quickly followed with 11 isolates. No isolates were found in site S-5,

S-S, or the Flux Tower at any time point. The γ-proteobacteria were found in all sites except

S-1, S-2 and S-6. S-5 contained the highest number of isolates (14) with Flygers Hut being a

29



close second with 10 isolates. These isolates were found in air at time points 3, 4, 5 and 6. The

Actinobacteria were found in 5 of the 9 sampling sites: site S-1, S-3, S-4, S-6, and Flygers Hut at

time points 2 and 6. Most of these isolates were found in site S-3 (27) and S-6 (28). No isolates

were found in site S-2, S-5, S-S, or the Flux Tower at any time point. The Unknowns were found

in 3 of the 9 sites, S-2, S-4 and Flygers Hut. S-2 and S-4 contained 1 isolate each, while Flygers

Hut contained 2 isolates. The β-proteobacteria and the Firmicutes both were only found in two

sites. The β-proteobacteria were found in site S-6 and Flygers Hut, though only at time point 1,

where S-6 was the site where most of the isolates were found, with a total of 13 out of 14 isolates.

For Firmicutes, isolates were found in site S-4 and Flygers Hut, where Flygers Hut contained the

majority of isolates (11) for this phylum, found at time points 1, 2 and 7.

Identification of the 183 isolates to the genus level is seen in figure 2 for all genera with more

than 2 isolates. A total of 36 isolates were identified as Pseudomonas, 24 isolates were identified

as Sphingomonas and 20 isolates were identified as Arthrobacter. 16 isolates were identified as

Clavibacter, 13 isolates were identified as Massilia and 11 isolates were identified as Rhodococcus.

10 isolates were identified as Methylobacterium and 9 isolates could not be identified to a genus,

these isolates are referred to as Uncultured Bacterium. 7 isolates were identified as Microccocus

and the genera Cryobacterium, Bacillus and Rhodopseudomonas each contained 6 isolates. 5

isolates were identified as Paenibacillus and the remaining isolates were identified as Devosia (2),

Microbacterium (2), Acinetobacter (1), Agreia (1), Aureimonas (1), Cohnella (1), Enhydrobacter

(1), Kocuria (1), Moraxella (1), Uncultured Actinobacteria (1), Varivorax (1) and Uncultured

Sphingomonadaceae (1).

The distribution of the identified genera in snow and air is shown in figure 4 and 5. Figure

4 shows the genera that are found in both snow and air, whereas figure 5 shows the genera that

are found exclusively in either environment. Pseudomonas, Clavibacter, Rhodococcus, Uncultured

Bacterium, Micrococcus, Methylobacterium and Paenibacillus were found in both snow and air. 22

of 36 isolates of Pseudomonas were isolated from snow, the remaining 14 from air, found during 4

of the 7 measured time points (time point 3, 4, 5, and 6, with 8, 3, 2, and 1 isolate, respectively).

Rhodococcus had 6 of 11 isolates isolated from snow, and the remaining 5 from air. This genus

was found three times in the air, but only at time point 6. Uncultured Bacterium had 5 isolates

which were isolated from snow, the 4 remaining isolates were isolated from air. 15 of 16 Clavibacter

isolates were found in snow, 8 out of 10 Methylobacterium isolates and 4 of 5 Paenibacillus were

found in air (figure 4). Methylobacterium was only found during time point 1, while Paenibacillus

was found during time point 1 (three isolates) and time point 7 (one isolate). All of the isolates

from Bacillus, Cohnella, Kocuria and Varivorax were isolated from air. Bacillus was found at two

time points (2 and 1), Kocuria was found at time point 2, and Cohnella and Varivorax were found

at time point 1. The remaining genera were all exclusively isolated from snow (figure 5).
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The distribution of genera across all sampling sites is shown in figures 7-9. Figure 7 shows the

genera in the phylum Actinobacteria. Micrococcus was found in the most number of sites, Site S-4,

S-6 and Flygers Hut, where site S-6 contained the highest number of isolates (4) for this genus,

the remaining isolates being found in Flygers Hut (2, time point 2) and S-4 (1). Arthrobacter,

Clavibacter and Rhodococcus were found in two sites each. Arthrobacter was found in site S-3 and

S-6, with the highest number of isolates being found in S-6 (15). Site S-6 and Flygers Hut were

the sites where Clavibacter was found, with S-6 being the site where 15 of the isolates were found.

Clavibacter was found in air at time point 2. The remaining genera in the Actinobacteria were

only found in one site each: Cryobacterium was found in site S-3, Kocuria was found in Flygers

Hut, and Microbacterium, Agreia and Uncultured Actinobacterium were all found in site S-6.

Figure 8 shows the genera in the phylum Proteobacteria. Pseudomonas was found in 6 of the

9 sampling sites, not being found in sites S-1, S-2 and S-6. Site S-5 contained the highest number

of Pseudomonas isolates (14), with Flygers Hut being the second highest site with 9 isolates. This

genus was found at time points 3, 4, 5 and 6. Sphingomonas was found in 4 of 9 sites, Site S-1,

S-2, S-3 and S-4. Site S-4 contained the highest number of isolates (11) with site S-1 following

with 7 isolates. Methylobacterium was the only other member of the Proteobacteria to be found

in more than one site. This genus was found in site S-1 and Flygers Hut, where Flygers Hut

contained 8 of the 10 isolates from this genus, though only at time point 1. The remaining genera

in this phylum were only found in one site each. Massilia and Devosia was only found in site S-6,

Rhodopseudomonas and Uncultured Sphingomonadaceae were found in site S-1, Varivorax was

found in Flygers Hut, and Acinetobacter, Enhydrobacter and Moraxella were all found in site S-4.

Figure 9 shows the genera in the phylum Firmicutes in addition to the Unknowns which could

not be identified to genus level. Only Paenibacillus was found in more than one site for this

phylum, these were site S-4 and Flygers Hut, where Flygers Hut contained the majority of the

Paenibacillus isolates (4, 3 at time point 1 and 1 at time point 7). Bacillus and Cohnella were

both found in Flygers Hut only, Bacillus was found at time points 1 and 2, and Cohnella was

found at time point 1.

The Uncultured Bacteria were found in three sites, site S-1, S-2, S-4 and Flygers Hut. Flygers Hut

was once again the site where most of the isolates were found (4), while site S-1 and S-2 were the

second-most common site to find the Uncultured Bacteria.

Table 2 shows a summary of the diversity seen across the 9 sites. Flygers Hut was the most

diverse site, with 11 different genera being found here, while in the snow sites the maximum number

of different genera found was 8, seen in site S-6 and S-4.
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Ice Nucleation Experiments

None of the Pseudomonas isolates or the representative isolates scored positive for ice nucleation

activity from the assay or possessed ice nucleation activity genes targetted by primer pair INA-

3308F and INA-3463R.

Growth Curve Experiments

Table 3 shows the growth rate(s) and generation time(s) and figures 10-12 show the growth

curves for the studied isolates. All isolates except SID-3-4 (Rhodococcus), SID-1-5 (Rhodopseu-

domonas), PBS-1-2 (Bacillus) and SID-1-21 (Methylobacterium) had sigmoid curves indicating

optimal growth. SID-6a-39 (Microccocus) appeared to have a sigmoid curve, however the gaps

in the data for this isolate prevent a definite conclusion as to its shape. SID-5a-2 (Pseudomonas

sp.) had the steepest curve, indicating fast growth, while SID-3-13 (Cryobacterium) and SID-3-25

(Arthrobacter) had flatter curves, indicating that they entered the exponential phase later than

the other sigmoid-shaped isolates.

R10.79 (Pseudomonas syringae), SID-2a-2 (Sphingomonas), SID-6a-4 (Massilia), SID-6a-16

(Clavibacter), SID-5a-2 and SID-3-13 all had lag phases that ended 3 hours and 45 minutes after

inoculation, while SID-3-25, SID-1-5, SID-1-2, SID-6a-39 and SID-3-4 had lag phases that ended

between 3 hours 45 minutes and 9 hours 3 minutes after inoculation. SID-1-21 had three lag

phases, the first lag phase ended after 19 hours and 8 minutes, while the other two ended 25 hours

58 minutes and 42 hours 55 minutes after inoculation.

The start of the stationary phase was also determined. R10.79, SID-5a-2, SID-6a-4, SID-3-25

and SID-6a-16 all entered the stationary phase within 20 hours after inoculation, 14 hours 17

minutes, 13 hours 16 minutes, 16 hours 13 minutes, 16 hours 52 minutes and 18 hours 52 minutes,

respectively. SID-3-13, SID-3-4 and SID-2a-2 entered the stationary phase 25 hours and 20 minutes,

25 hours and 42 minutes and 26 hours 23 minutes after inoculation, respectively. It was difficult

to assess when the remaining isolates entered the stationary phase, especially for SID-6a-39, as

this isolate grew in aggregates that could not be shaken back into solution, however based on the

OD measurements it appeared that SID-6a-39 entered the stationary phase between 53 hours 59

minutes and 67 hours 5 minutes after inoculation, SID-1-5 entered the stationary phase 67 hours

and 5 minutes after inoculation, and SID-1-21 and PBS-1-2 entered the stationary phase 74 hours

and 29 minutes after inoculation.

Determination of the generation times made it possible to group most of the isolates into “fast-

growing”, “intermediately growing” and “slow-growing” groups. Fast-growing was defined as a

generation time of under 2 hours, intermediately growing as being between 2 hours and 3 hours,

and slow-growing as a generation time of greater than 3 hours.
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SID-5a-2, R10.79 and SID-6a-4 were grouped as fast growing. Their generation times were 1 hour

6 minutes, 1 hour 48 minutes and 1 hour 51 minutes, respectively. The intermediate growth rate

group included SID-3-13, SID-3-25 and SID-1-2 with generation times of 2 hours 22 minutes, 2

hours 54 minutes, 2 hours 59 minutes, respectively. Also included into this group was SID-6a-39

with a generation time of 3 hours and 4 minutes. The slow-growing group consisted of SID-6a-16,

which had a generation time of 4 hours 10 minutes, and SID-1-5 which had three generation times:

8 hours 6 minutes, 4 hours 24 minutes and 12 hours 19 minutes, respectively. While SID-1-21 had

generation times under 3 hours it was grouped together with the slow growing isolates, as this

isolate appeared to never enter the exponential phase, instead having three lag phases, with signs

of a 4th lag phase after the 93 hour and 15 minute measuring period.

SID-3-4 had two generation times and could have been grouped into two groups, the inter-

mediate group for the generation time of 3 hours 3 minutes, and the slow-growing group for the

generation time of 6 hours and 59 minutes.

Freeze-thaw Experiments

Table 4 shows the average percentage of live and dead cells in the untreated and treated popula-

tions. A T-test for each isolate was done to assess whether or not one cycle of freeze-thaw had

significantly reduced the number of live cells (p > 0.05). Only SID-5a-2, identified as Pseudomonas

sp., (p-value 0.1120 > 0.05) was not statistically significantly altered by the treatment, the rest

of the isolates, including the INA-positive R10.79 (Pseudomonas syringae), had their populations

significantly reduced by the freeze-thaw treatment.

The ice-nucleation negative isolates were compared to R10.79. The result of these T-tests (table

3) show that only SID-5a-2 (p-value 0.0020 < 0.05) and SID-6a-16 (Clavibacter) (0.0305 < 0.05)

were significantly different from R10.79, while SID-3-25 (Arthrobacter) and SID-6a-4 (Massilia)

were not statistically different. The result from SID-6a-16 may be influenced by the fact there are

only two bioreplicates for the treated sample, and thus survival is underestimated.

Table 4 shows the comparison between the percentage number of dead between pigmented

isolates SID-6a-16 (orange pigmented colonies) and SID-6a-4 (yellow pigmented colonies) and un-

pigmented isolates SID-3-25 and SID-5a-2. Neither SID-6a-16 nor SID-6a-4 were statistically

significantly different from SID-3-25 (p-value 0.1778 and 0.1094 > 0.05, repectively), though both

isolates were significantly different from SID-5a-2 (p-value 0.0048 and 0.0063 < 0.05, respectively).

Genome Analysis

The genomes of all 12 representative isolates were sequenced and analysed. Table 7 shows the

statistics for each genome. All genomes were at least 90% complete and contamination was under
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5% for all isolates other than SID-6a-39 (Micrococcus), which was 80% and 11 %, respectively.

Genome Completedness

Genome completedness was further determined by the presence of at least one copy of the 16S

rRNA, 23s rRNA and 5S rRNA genes and 83 housekeeping genes derived from Gill et al 2004, with

the exception of a cell-wall synthesis gene. All isolates had at least one copy of the rRNA genes,

with the exception of PBS-1-2 (Bacillus), which did not have a copy of a 23S rRNA gene.

Of the 87 housekeeping genes investigated 14 were related to DNA replication, 3 for basal DNA

repair, 8 for transcription, 23 for translation and 15 for protein processing genes. Cell division

and cell-wall synthesis had one gene each, and two genes were related to substrate transport, in

addition to one gene related to substrate-level phosphorylation and 3 for pentose synthesis from

trioses and hexoses. One gene was related to phospholipid synthesis and 7 genes were related to

nucleotide synthesis. Finally 8 genes were related to coenzyme synthesis. As SID-5a-2 and R10.79,

Pseudomonas sp. and Pseudomonas syringae, respectively, were 100% complete any genes they

did not have were considered not essential for a viable cell, although it is important to note that

essential genes vary immensely between bacteria, and this is merely a guideline to decide if there

was enough data to draw conclusions from. See Supplementary tables 8-19 for the full list of tested

housekeeping genes.

Table S8 shows genes for DNA replication. All isolates possessed DNA gyrase genes, DNA ligase,

DNA primase and a replicative DNA helicase. Only R10.79 possessed a full regiment of DNA

Polymerase III genes, the most common subunits missing in the other isolates were the γ- and

δ
′
-subunits, though the ε-subunit and δ-subunit was missing in some isolates.

All isolates possessed at least one kind of endonuclease and exonuclease, and all apart from SID-1-5

(Rhodopseudomonas) possessed a uracil-DNA glycosylase (table S9).

Genes relating to transcription are shown in table S10. All three subunits of RNA Polymerase were

found in all isolates, along with an RNA Polymerase σ-factor, and the transcriptional elongation

factor GreA. The antitermination factor nusG was only found in isolates PBS-1-2, R10.79, SID-

5a-2, SID-1-5 and SID-3-13 (Cryobacterium), and all but SID-1-5 possessed the ATP-dependent

RNA helicase DeaD.

All isolates possessed a nearly complete translational system (table S11), though only PBS-1-2,

R10.79, SID-6a-4 (Massilia), SID-5a-2 and SID-6a-39 possessed a full set of aminoacyl-tRNA syn-

thases. In addition all isolates possessed a full set of protein processing genes (table S12), with the

exception of a preprotein translocase subunit secE for SID-5a-2 and an ATP-dependent protease

La for PBS-1-2.

In regards to nucleotide synthesis (table S18) all isolates possessed a full set of essential genes, with
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the exception of hypoxanthine-guanine phosphoribosyltransferase which was missing in R10.79 and

SID-1-5.

Finally table S19 shows genes relating to essential coenzymes. All isolates possessed a dephospho-

CoA kinase and riboflavin biosynthesis protein RibF, and nearly all isolates, the exception being

SID-6a-16 (Clavibacter) and SID-1-5, possessed a carboxylating nicotinate-nucleotide pyrophos-

phorylase gene. SID-6a-16 was also missing the gene for dihydrofolate reductase. All isolates

possessed a thiamine-monophosphate kinase, and all except SID-6a-16 and SID-3-13 possessed a

thiamine-phosphate synthase. PBS-1-2 and SID-1-5 also possessed a gene for thiamine pyrophos-

phokinase.

Stress-tolerance genes

Cryoprotection genes, such as those related to trehalose and glycerol synthesis, are displayed in

table 8. All isolates possessed the gene for glycerol 3-dehydrogenase but did not have glycerol

3-phosphatase, and so could not generate free glycerol using this pathway. Isolates R10.79, SID-

5a-2 and SID-3-25, Pseudomonas syringae, Pseudomonas sp. and Arthrobacter, respectively, did

however possess the gene for thermostable monoacylglycerol lipase, potentially allowing them to

generate glycerol from monoacylglycerols.

Two ways to generate trehalose were investigated, using trehalose 6-phosphate and maltooligo-

syl trehalose. SID-2a-2 (Sphingomonas), SID-6a-4 (Massilia), SID-6a-16 (Clavibacter), SID-3-25,

SID-1-21 (Methylobacterium), SID-6a-39 (Microccocus) and SID-3-13 (Cryobacterium) possessed

the genes trehalose 6-phosphate synthase and trehalose 6-phosphate phosphatase, while SID-5a-2,

SID-3-4 (Rhodococcus) and SID-1-5 (Rhodopseudomonas) only possessed the gene for trehalose

6-phosphate phosphatase.

Another osmoregulator gene, a proline/betaine transporter, was found in all isolates other than

PBS-1-2 (Bacillus), SID-2a-2, SID-6a-16 and SID-1-21.

The highest number of cryoprotection genes was seen in SID-3-25, an Arthrobacter, with a total

of 7 genes. Cold and heat shock proteins, shown in table 9 and 10, were found in all isolates. The

CspA gene was annotated under three names: putative cold shock protein A, cold shock protein

CspA, and major cold shock protein CspA. All isolates except PBS-1-2 (Bacillus), SID-6a-4 (Mas-

silia) and SID-6a-39 (Microccocus) possessed one or more cspA genes. Cold shock protein CspA

was found in SID-2a-2 (Sphingomonas), SID-1-5 (Rhodococcus) and SID-1-21 (Methylobacterium),

putative cold shock protein A was found in SID-3-4 (Rhodococcus), SID-6a-16 (Clavibacter), SID-

5a-2 (Pseudomonas sp.), SID-3-25 (Arthrobacter) and SID-3-13 (Cryobacterium), and major cold

shock protein CspA was only found in R10.79 (Pseudomonas syringae) and SID-5a-2. Cold shock

protein CspV was possessed by SID-2a-2, SID-6a-4, SID-3-4, SID-1-21 and SID-6a-39, and cold
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shock protein CspB was only found in PBS-1-2.

PBS-1-2 had the lowest number of different cold shock (2) and heat shock genes (3), while the

other isolates had 7 or 8 different genes in total. R10.79 only possessed 6 genes in total, along with

SID-3-13 and SID-2a-2; 2 cold shock genes and 4 heat shock genes, respectively.

UV-damage repair and protection genes are shown in table 11. All isolates possessed the three

UvrABC system proteins needed to repair DNA lesions caused by UV-radiation, and all isolates

except PBS-1-2 (Bacillus), R10.79 (Pseudomonas syringae), SID-2a-2 (Sphingomonas), SID-3-

25 (Arthrobacter) and SID-1-5 (Rhodopseudomonas) possessed the ATP-dependent DNA helicase

UvrD1, while SID-3-4 (Rhodococcus), SID-6a-16 (Clavibacter), SID-5a-2 (Pseudomonas sp.) and

SID-3-13 (Cryobacterium) possessed the ATP-dependent DNA helicase UvrD2. Additionally, all

isolates also possessed deoxyribodipyrimidine photolyase. Three photoreceptors potentially related

to UV-radiation protection were detected in most isolates. All isolates except SID-6a-16 possessed

phytochrome-like protein cph2, and isolates R10.79, SID-2a-2, SID-6a-4 (Massilia), SID-5a-2, SID-

1-5 and SID-1-21 (Methylobacterium) possessed bacteriophytochrome. Lastly the photoreceptor

photoactive yellow protein was detected in SID-2a-2, SID-6a-4, SID-1-5 and SID-6a-39 (Microcco-

cus). PBS-1-2 had the fewest number of UV-repair and protection genes, totalling 5, and SID-3-4

possessed the highest number of genes, with 9 in total. R10.79, in comparison, possessed a total

of 7 UV-repair and protection genes.

Oxidation protection genes (table 12) were widespread amongst the 12 genomes. All isolates

possessed the gene for catalase, and four isolates (SID-2a-2 (Sphingomonas), SID-6a-4 (Massilia),

SID-1-5 (Rhodopseudomonas) and SID-6a-39 (Microccocus)) also possessed the gene for catalase

C. In addition R10.79 (Pseudomonas syringae), SID-2a-2, SID-6a-4, SID-3-4 (Rhodococcus), SID-

1-5 and SID-6a-39 possessed a catalase-peroxidase, and all isolates possessed at least one su-

peroxide dismutase. All isolates, apart from PBS-1-2 (Bacillus) and SID-6a-4, possessed either

formamidopyrimidine-DNA glycosylase or formamidopyrimidine-DNA glycosylase 1, though SID-

6a-16 (Clavibacter) possessed both. DNA protection during starvation protein was found in the

genomes of SID-3-4 and SID-6a-16, and oxidative stress defence protein was found in the genomes

of isolate SID-2a-2, SID-6a-4 and SID-6a-39.

The isolates with the fewest number of oxidation protection genes were SID-5a-2 (Pseudomonas

sp.), SID-3-25 (Arthrobacter) and SID-3-13 (Cryobacterium) with 6 genes, while the highest num-

ber of protective genes was seen in R10.79 and SID-6a-16 with a total of 9 genes.

Table 13 shows general stress-induced proteins. Of these 32 miscellaneous proteins PBS-1-2

(Bacillus) possessed a total of 13, the highest number. The second highest number of these genes,

12, was found in the genomes of SID-6a-4 (Massilia), SID-3-25 (Arthrobacter) and SID-6a-39 (Mi-

croccocus). SID-3-4 (Rhodococcus) possessed 10 genes, followed by R10.79 (Pseudomonas syringae)

and SID-1-21 (Methylobacterium) with 9 genes. SID-6a-16 (Clavibacter), SID-5a-2 (Pseudomonas
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sp.) and SID-3-13 (Clavibacter) possessed 7 while SID-1-5 (Rhodopseudomonas) possessed 6 genes.

SID-2a-2 (Sphingomonas) possessed the lowest number of miscellaneous stress-induced genes with

a total of 4 genes.

Lastly table 14 shows genes associated with the biosynthesis of terpenoids and carotenoids. All

isolates possessed the gene for 1-deoxy-D-xylulose 5-phosphate reductoisomerase and

4-diphosphocytidyl-2-C-methyl-D-erythritol kinase. Hydroxyneurosporene synthase was found in

all isolates apart from SID-3-4 (Rhodococcus), SID-6a-16 (Clavibacter), SID-3-25 (Arthrobacter),

SID-1-21 (Methylobacterium) and SID-3-13 (Cryobacterium). Squalene/phytoene synthase was

only found with PBS-1-2 (Bacillus) and SID-1-5 (Rhodopseudomonas), while all-trans-phytoene

synthase was found additionally in SID-2a-2 (Sphingomonas), SID-6a-4 (Massilia), SID-3-4, SID-

1-21 and SID-6a-39 (Microccocus). ζ-carotene-forming phytoene desaturase was found in PBS-1-2,

SID-3-4, SID-5a-2 (Pseudomonas sp.) and SID-3-13, while all-trans-ζ-carotene desaturase was only

found in SID-1-21. Zeaxanthin glycosyltransferase was found in SID-2a-2, SID-6a-4 and SID-6a-39,

and β-carotene 15-15
′
-dioxygenase was additionally found in SID-1-21. Lastly acyclic carotenoid

1,2-hydratase was only found in SID-1-5.

The isolate with the lowest number of pigmentation genes was SID-6a-16, with only two genes. 5 of

the 12 isolates (PBS-1-2, SID-2a-2, SID-6a-4, SID-1-5 and SID-6a-39) had 6 pigmentation genes,

while SID-1-5 had 5 genes. The remaining 6 isolates had 3 (R10.79, SID-3-13) or 4 (SID-3-4,

SID-5a-2) pigmentation genes.

Metabolism of Atmospherically-relevant substrates

Table 15 shows a list of genes involved with the metabolism of formate, formaldehyde, succinate,

oxalate, methanol and acetate. All but two isolates, PBS-1-2 (Bacillus) and SID-6a-16 (Clavibac-

ter), possessed formate dehydrogenase H, and only 3 isolates, SID-2a-2 (Sphingomonas), SID-3-25

(Arthrobacter) and SID-1-21 (Methylobacterium) possessed formate-tetrahydrofolate ligase. Succi-

nate dehydrogenase flavoprotein subunit was found in all isolates except PBS-1-2, and all isolates

possessed both subunits of succinyl-CoA ligase. In addition all isolates possessed acetyl-CoA

synthetase. A methanol dehydrogenase was found in PBS-1-2, R10.79 (Pseudomonas syringae),

SID-3-4 (Rhodococcus) and SID-1-21 and all but three isolates, PBS-1-2, SID-3-4, SID-6a-16 and

SID-1-21 possessed glutathione-independant formaldehyde dehydrogenase. Oxalate decarboxylase

was only found in PBS-1-2.
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Discussion

The culturable bacterial community in the studied area of northeastern Greenland consisted of

Actinobacteria, Proteobacteria, of the classes α-, β- and γ-, and the Firmicutes in addition to a

few unclassified bacteria (figure 1). From the 183 identified isolates 36 were Pseudomonas, which

was the most abundant genus, followed quickly by Sphingomonas (24 isolates) and Arthrobacter

(20 isolates). Other abundant genera included Clavibacter (16 isolates), Massilia (14 isolates),

Rhodococcus (12 isolates) and Methylobacterium (10 isolates) (figure 2).

The Actinobacteria and Proteobacteria dominated the snow environment, but it was the Firmicutes

that dominated the air (figure 3). Of a total of 12 Firmicutes isolates 11 were found in the

air samples, and the next-largest population of air-isolates belonged to the γ- proteobacteria,

specifically the genus Pseudomonas with 14 isolates. Pseudomonas and Rhodococcus were found

to be similarly abundant in both environments, though in general there tended to be a bias to

either snow or air. Methylobacterium was the only non-Firmicutes to have the majority of its

isolates found in the air samples. None of the found genera were present all of the time in the air,

though Pseudomonas was found at 4 of the 7 time points, indicating that this genus is ubiquitous

in the atmosphere. Of the Firmicutes both Bacillus and Paenibacillus were present at two time

points, time points 1 and 2, and 1 and 7, respectively, with Cohnella only present at time point 1,

indicating that while not to the same degree as Pseudomonas, the Firmicutes can be considered

somewhat ubiquitous, at the very least under the conditions of time point 1, due to the fact

that they were present for 3 of the 7 time points. Genera such as Rhodococcus, Micrococcus and

Clavibacter were found both in snow and in air, though each of these genera were only present at

one time point, 6, 2 and 2, respectively. One reason for this could be that these particular genera

are introduced to the atmosphere slower than the other genera. Another reason could be that

these bacteria are deposited from the atmosphere faster, and this is why they were only found at

one time point. The results of this study show that snow was more diverse than air, as the air

samples contained a total of 11 different genera while snow contained a total of 21 genera.

Møller et al. (2013) did a similar study near to the sampling site of this study, and shows a

slightly different story. The authors used cultivation, either with or without a pre-incubation

of snow samples collected from the top 31-52cm layer of snow, and found that Proteobacteria

- specifically the α- and β-proteobacteria, was the most abundant phylum overall, as well as in

the snow environment, followed by Actinobacteria. This differs from the findings in this study,

as the β-proteobacteria were only the fourth-most abundant phylum, however these differences

are likely caused by the different cultivation methods used by (Møller et al., 2013) in addition to

the different sampling period. At the genus level Møller et al. (2013) found that Sphingomonas

was the dominant genus of the Proteobacteria, and Pseudomonas was completely absent, while
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in this study Pseudomonas was the second-most abundant genus found in snow, only differing

from Sphingomonas by 2 isolates. Møller et al. (2013) identified 9 genera of β-proteobacteria,

while this study only found two. A similar difference is seen in the difference between identified

Actinobacteria, where Møller et al. (2013) only found 2 genera, while this study found a total of 9.

The number of identified γ-proteobacteria were much closer to this study, as this study found only

one additional genus in this phylum. This study also found two additonal genera from Firmicutes

in comparison to the findings of Møller et al. (2013). Interestingly, Bacillus, the only identified

Firmicutes from Møller et al. (2013)’s study, was only found in freshwater, mirroring the findings

of this study, as only a single Paenibacillus was discovered in snow. Møller et al. (2013) also found

that snow was the more diverse environment, which agrees with the findings of this study.

The culturable bacterial community structure in other areas of the Arctic, such as Svalbard,

Norway, has been investigated by others (Lee et al., 2004; Amato et al., 2006a). Lee et al. (2004)

investigated the community structure in soil in Svalbard and found the dominant genus to be

Pseudomonas, with the second-most abundant genus being Arthrobacter. No Sphingomonas was

found however. Amato et al. (2006a) found the same culturable phyla as seen this study from their

investigation of the Svalbardian snow-cover, with the α-proteobacteria representing the largest

proportion of the Proteobacteria. Both of these studies support the results of this study, and this

could indicate that the culturable bacterial community in northeastern Greenland and Svalbard,

Norway are similar.

A study done by Amato et al. (2006b) investigated the diversity of culturable bacteria isolated

from cloud water in central France. Of the 61 identified isolates 30 were identified to genera that

were also found in this study. These genera were Pseudomonas, which was also the most abundant

with 8 isolates, Micrococcus, Kocuria, Bacillus, Paenibacillus, Moraxella, and Methylobacterium.

They also found Sphingomonas and Massilia which, while being genera that were identified in this

study, were not found in the air samples. Additionally, we found representatives of Clavibacter,

Cohnella, Rhodococcus and Varivorax, which were not identified in Amato et al. (2006b)’s study.

The combination of Amato et al. (2006b)’s results and the results of this work indicate that the

culturable bacterial community in the atmosphere is composed of many of the same genera, with

the most abundant genus being Pseudomonas. Amato et al. (2006b) found that of their 61 isolates

37 (61%) were gram positive bacteria, which was not the case in this study, as only 20 of 47 (43%)

isolates from the air were gram positive. This is also different from what is known from previous

studies. Most of the isolates from Amato et al. (2006b) were pigmented or spore forming, which

is also the case for the air isolates from this study - of the 47 air isolates 20 were pigmented,

4 were slightly pigmented (a slight hint of colour in an otherwise white colony), and 23 were

white/unpigmented. Of these unpigmented isolates 8 were spore-formers.

The most common length of the lag phase amongst the representative isolates was 3 hours
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and 45 minutes after inoculation. A total of 6 isolates, R10.79 (Pseudomonas syringae), SID-2a-2

(Sphingomonas), SID-6a-4 (Massilia), SID-6a-16 (Clavibacter), SID-5a-2 (Pseudomonas sp.) and

SID-3-13 (Cryobacterium), appeared to end their lag phase at this time. The other representative

isolates had lag phase times anywhere between 6 to 9 hours long. SID-1-21 (Methylobacterium)

was unlike the other isolates studied, firstly because this isolate clearly appeared to have three lag

phases, secondly due to its first lag phase appearing to end after 19 hours, and lastly because at the

last measurement it appeared to increase in optical density again, possibly entering a fourth lag

phase. These results indicate that SID-1-21 was not growing at optimal conditions, and the triple

lag phases could be due to dead cells lysing and refreshing the medium with fresh nutrients, or even

show a switch in carbon source utilisation. The growth curves of SID-1-5 (Rhodopseudomonas)

and PBS-1-2 (Bacillus) were also flat, though throughout the measurements the optical density

was increasing. This could indicate that these isolates are very slow growing rather than the lack

of apparent exponential phase being caused by non-optimal conditions, although it is possible that

multiple lag phases did not occur in these isolates because they lacked the ability to utilise different

carbon sources present in the growth medium.

Of the short lag phase isolates R10.79 (Pseudomonas syringae), SID-6a-4 (Massilia) and SID-

5a-2 (Pseudomonas sp.) had generation times under 2 hours: 1 hour 48 minutes, 1 hour 51 minutes

and 1 hour 6 minutes, respectively, while the remaining isolates had generation times between 2

and 4 hours. Cold adapted bacteria are characterised by a short lag phase and high growth rate

(Vorob’eva, 2004), and these results indicate that R10.79, SID-6a-4 and SID-5a-2 could be cold

adapted. Further evidence to this possibility is seen in the results of the freeze-thaw experiment, at

least in the case of SID-5a-2, which was the only isolate to not be effected by the single freeze-thaw

cycle, with an average of 77.7% of cells alive after the treatment (table 4). In comparison R10.79

had only 30% cells alive after the treatment, the second lowest survival rate. SID-6a-4 had 42.7% of

its cells alive after the freeze-thaw treatment, though the results of the T-test show that SID-6a-4

had the same surivival rate as R10.79 (table 5). While R10.79 is ice nucleation active it is unknown

if the cells were actively expressing the protein prior to the freeze-thaw cycle as the cells were not

cold induced beforehand, for this reason it is unknown if the presence of the ice nucleation protein

offered any protection to this isolate. In addition, the cells were likely frozen too rapidly for the

protein to be expressed during the freeze-thaw treatment. A study by Holm (2016)(unpublished.)

investigated the number of active ice nucleating cells at the stationary phase and found that with

a cell concentration of 108 cells/mL, only 0.33 to 0.37% of cells were ice nucleating, thus making

it unlikely that ice nucleation activity is a significant factor in the survival of R10.79 cells at the

level of the population. Ice nucleation activity could however be advantagous at naturally occuring

freezing rates by preventing ice formation long enough in single cells to allow other defences to be

initialised and thus ensuring the continuation of the population from the surviving cells.
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The effect of freeze-thaw cycles on bacterial populations has been previously studied. Männistö

et al. (2009) investigated the effect of freeze-thaw on Arctic soil communities at the phylum level,

and found that after 5 freeze-thaw cycles the frequency of Firmicutes was unaffected, while the

γ-proteobacteria were only reduced by 1%. The β-proteobacteria, on the other hand, were reduced

by 13%, and the Actinobacteria increased in frequency by 15%.

While this study did not investigate a community, as was the case in Männistö et al. (2009),

Männistö et al. (2009)’s study indicates that the γ-proteobacteria as a whole are resistant to freeze-

thaw stress, supporting the observed resistance of SID-5a-2, a γ-proteobacteria, and it could be

expected that this isolate tolerates several freeze-thaw cycles. Only two genera of Actinobacteria

and one genus of β-proteobacteria were examined in this study, and none of these isolates behaved

in the same manner as seen in Männistö et al. (2009)’s study. This does not contradict Männistö

et al. (2009)’s findings however, as these phyla contain very diverse bacteria that could possess

very different abilities to survive such treatment. Indeed, it is likely that on the community level

less-tolerant bacteria give rise to the increase in more tolerant bacteria as they lyse and release

their nutrients to the environment that can be utilised by the remaining population.

Joly et al. (2015) discovered that cells survived better if there was a higher concentration of

them in the sample. Given that SID-5a-2 had the highest growth rate this isolate could have

possessed a higher concentration of cells at the stationary phase, providing another explanation as

to why it was only this isolate that could tolerate the freeze-thaw treatment. The results presented

by Joly et al. (2015) show that Arthrobacter was more sensitive to freeze-thaw treatments than

Pseudomonas syringae, though at the lowest concentration of cells tested the two genera had more

similar survival rates. This agrees with the results of this study, as SID-3-25 (Arthrobacter) and

R10.79 (Pseudomonas syringae) were not significantly different from each other, though SID-3-25

had a higher percentage of mortality than R10.79.

It is believed that the presence of carotenoids aids membrane stability during cold stress (Fong

et al., 2001). The study by Fong et al. (2001) showed that carotenoid production was increased

7-fold during exposure to low temperatures, while no carotenoid production was detected at 40◦C.

The isolates subject to freeze-thaw stress in this study were likely frozen too rapidly for carotenoid

expression to be initiated during the low temperatures, and so any protection given by carotenoids

would have to be in effect before the freezing began. Isolate SID-6a-16 (Clavibacter) and SID-

6a-4 (Massilia) were pigmented orange and yellow and had an average percentage of live cells of

8.5% and 42.7% after treatment, respectively. SID-6a-4’s average percentage of cells killed by the

freeze-thaw treatment was 56% (table 4), which was a similar response as the response of R10.79

(Pseudomonas syringae) (table 5) and so the pigmentation did not seem to offer a better survival.

The other unpigmented isolate, SID-3-25 (Arthrobacter), was more freeze-thaw sensitive, however

this isolate was also no different from R10.79. The results of the T-test (table 6) shows that SID-3-
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25 and SID-6a-4 were not significantly different from each other, and so, with all else being equal,

pigmentation did not offer additional protection from freeze-thaw stress in SID-6a-4. However, in

natural conditions, where the reduction in temperature is less rapid, the pigmentation may offer

protection by extending the time the conditions in the environment remain viable, allowing other

stress protection to be expressed.

The results of the housekeeping gene screening show that though many of the genomes were

missing key genes such as DNA-Polymerase III δ and δ
′
-subunits the genomes, other than a handful

of exceptions, resembled each other and were missing the same genes. Thus, while the genomes

certainly were not complete they were deemed similar enough to allow for a comparison of stress

repair and protection genes, though it was noted that a complete genome could result in genes that

were determined to be missing in this analysis turning up in the complete genome. It was also noted

that the contamination detected by checkM could give false positive results, and as such genomes

with a lower contamination level would always be more trustworthy, though a contamination level

of ≤ 5% is defined as low contamination (Parks et al., 2015). The list of housekeeping genes was

derived from Gill et al. 2004, who investigated what genes a core minimal genome would contain.

The exception to this list is the gene D-alanine-D-alanine, a cross-linking protein essential for cell

wall synthesis, as cell wall proteins were missing in Gill et al. 2004’s list but would be essential for

free-living bacteria.

Despite being only 90% complete the genome of PBS-1-2 was the largest with the highest

number of predicted genes (table 7). PBS-1-2 possessed the fewest number of cryoprotection genes

(2), cold shock and heat shock genes (2, 3), and posssessed 5 UV-damage repair and protection

genes and 7 oxidation protection genes. Additionally 13 miscellaneous stress genes were identified.

The only genes that were uniquely missing to this isolate was the gene for ATP-dependent zinc

metalloprotease FtsH and for 23S rRNA. PBS-1-2 was identified as Bacillus and confirmed by

microscopy to form endospores. Thus, the low number of stress genes in this isolate was not

suprising, as it is likely that the stress-survival strategy for PBS-1-2 would be to form endospores

when conditions were no longer favourable rather than attempting to tolerate or adapt to them.

This would mean that stress resistance would fall to the spore, although no spore-specific stress

genes such as spore photoproduct lyase was detected in this isolate. By comparison, SID-3-13,

identified as Clavibacter, with 99.32 % completion, was the smallest genome with the fewest number

of predicted genes (table 5). This genome possessed 6 cryoprotection genes, 3 cold shock and heat

shock genes, 8 UV-damage repair and protection genes, 7 miscellaneous stress genes and 6 oxidation

protection genes. In addition this isolate was not uniquely missing any genes.

Synthesis of cryoprotective substances such as trehalose and glycerol are vital for reducing the

amount of ice crystal formation (Wilson and Walker, 2010). Two ways of producing trehalose and

glycerol were investigated: trehalose synthesised from trehalose 6-phosphate and from maltooligo-
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syl trehalose and glycerol synthesised from glycerol 3-phosphate and from fatty acids (table 6).

Only PBS-1-2 (Bacillus), R10.79 (Pseudomonas syringae), SID-5a-2 (Pseudomonas sp.) and SID-

1-5 (Rhodopseudomonas), were not able to synthesise trehalose from trehalose 6-phosphate, while

all except PBS-1-2, SID-6a-4 (Massilia) and SID-6a-39 (Micrococcus) were able to synthesise tre-

halose from maltooligosyl trehalose. None of the representative isolates were able to synthesise

glycerol from glycerol 3-phosphate due to a missing phsophatase, while SID-5a-2, R10.79 and SID-

3-25 (Arthrobacter) possessed the gene for thermostable monoacylglycerol lipase, allowing these

isolates to produce free glycerol from fatty acids. Additionally all isolates apart from PBS-1-2,

SID-2a-2 (Sphingomonas), SID-6a-16 (Clavibacter) and SID-1-21 (Methylobacterium) possessed

the gene for a proline/betaine transporter. All isolates were thus able to synthesise trehalose

however only R10.79, SID-5a-2 and SID-3-25 possessed an ability to produce glycerol, providing

these isolates with an advantage when temperatures decrease. If these isolates did not have an

accumulation of trehalose and glycerol in their cells prior to freezing however the ability to produce

these substrates would not have benefitted them during the freeze-thaw experiment of this study

due to the rapid freezing these cells experienced. These abilities can, however, provide protection

to naturally occuring temperature decreases. All of the select isolates that underwent freeze-thaw

stress were able to synthesise trehalose, and all but SID-6a-16 and SID-6a-4 were able to synthesise

glycerol, however only SID-5a-2 was resistant to the stress. Thus, it is possible that the difference

between SID-5a-2 and the other tested isolates was that SID-5a-2 either had time to synthesise

said cryoprotectants, or already possessed an accumulation of them prior to being frozen.

Cold shock proteins can enhance translation when cold shock is mild, and arrest almost all

protein translation during severe cold stress giving the ribosomes time to adjust to the new en-

vironmental conditions (Horn et al., 2007), thus possession of such proteins allows the cell to

adapt its protein translation to function optimally at the new lower temperature. Almost all cold-

inducable genes are expressed constitutively, though often at low concentration until a reduction in

temperature increases their stability, as is the case for the cold shock protein CspA in Escherichia

coli (Horn et al., 2007). While the presence of many cold shock proteins were investigated in

this study those of particular interest were cold shock protein CspA (seen here in the form of

cold shock protein CspA, putative cold shock protein A and major cold shock protein A), CspB,

CspV and cold shock-like protein CapB (table 7), as they were confirmed to be stimulated by

low temperatures (UniProt, 2015). PBS-1-2 (Bacillus) was the only isolate that possessed a cold

shock protein CspB gene, while CspV was found in SID-2a-2 (Sphingomonas), SID-6a-4 (Massilia),

SID-3-4 (Rhodococcus), SID-1-21 (Methylobacterium) and SID-6a-39 (Micrococcus) and CapB was

found in R10.79 (Pseudomonas syringae) and SID-5a-2 (Pseudomonas sp.). All isolates possessed

one form of the CspA gene except for PBS-1-2, SID-6a-4 and SID-6a-39. Cold shock protein CspA

was encoded by cspA 1 and cspA 2, with the exception of SID-1-5 (Rhodopseudomonas), which
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possessed cspA 1, cspA 2, cspA 3 and cspA 4, and putative cold shock protein A was encoded

by cspA or cspA 2 with the exception of SID-3-25 (Arthrobacter) which possessed cspA 1, cspA 2

and cspA 3. Major cold shock protein A was encoded by cspA 1 and cspA 2 for R10.79, while for

SID-5a-2 it was encoded by cspA 1, cspA 3 and cspA 4.

Due to the additional copies of the CspA gene SID-3-25, SID-5a-2 and SID-1-5 possess it could

be expected that these particular isolates were more tolerant to cold stress than the other isolates

which only possessed one or two copies, and the results of the freeze-thaw experiment supports this

idea in the case of SID-5a-2. One possibility for the tolerance to freeze-thaw stress seen in SID-5a-2

could be the induction of the expression of cryoprotective genes by gene copy cspA 4 as none of

the other tested isolates possessed this gene, and SID-3-25 possessed three copies but survived no

better, statistically, than SID-6a-4 which did not possess a CspA gene thus showing that simply

possessing more copies does not immediately make a bacterium better at tolerating the cold. The

presence of the gene copy cspA 4 is also the only difference between the cold shock genes of R10.79

and SID-5a-2, further supporting that this gene copy could be the key to the increases freeze-thaw

resistance seen in SID-5a-2, giving this isolate a full repertoire of cspA genes.

It could be expected that R10.79, SID-2a-2, SID-3-4 and SID-1-21 would tolerate lower tempera-

tures better than PBS-1-2, SID-6a-4, SID-6a-16, SID-3-25 and SID-3-13 as these isolates have an

additional cold-induced cold shock protein, however the results of the freeze-thaw experiment show

that, at the least for R10.79, SID-6a-4, and SID-3-25, this is not the case. It could be expected

that SID-1-5, all else being equal, would have a similar survival as SID-5a-2, as this is the only

isolate who also possessed CspA gene copy cspA 4.

All isolates possessed the three UvrABC system proteins (table 11) and deoxyribodipyrimidine

photolyase. Most isolates possessed one form of UvrD helicase, only PBS-1-2 (Bacillus), SID-2a-2

(Sphingomonas) and SID-1-5 (Rhodopseudomonas) did not possess any form of UvrD gene. Based

on these results it would be expected that all of these isolates could survive exposure to UV-

radiation as they all possessed the ability to repair UV-damaged DNA. The study by Joly et al.

(2015) also supports this, as the Pseudomonas syringae, Arthrobacter and Sphingomonas isolates

that they investigated were not significantly affected by UV irradiation regardless of a 2 or 10 hour

irradiation time.

Two interesting photoreceptors were found in the genomes, the first was phytochrome-like protein

cph2, which signals a change in the environment, the second was bacteriophytochrome, which is

thought to offer protection to UV-radiation by signalling for carotenoid biosynthesis (UniProt,

2015). All isolates except for SID-6a-16 (Clavibacter) possessed the gene for phytochrome-like

protein cph2, while only R10.79, SID-2a-2, SID-6a-4 (Massilia), SID-5a-2 (Pseudomonas sp.),

SID-1-5 and SID-6a-39 (Micrococcus) possessed the gene for bacteriophytochrome.

Additional UV-damage repair was seen in gene spore phytoproduct lyase, which can repair 5-
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thyminyl-5,6-dihydrothymine thymine dimers (UniProt, 2015), found in SID-2a-2 and SID-1-21

(Methylobacterium), and DNA protection during starvation protein, which offers protection against

not only UV-radiation but also DNA oxidation protection and has weak catalase activity. Only

SID-3-4 (Rhodococcus) and SID-6a-16 possessed this gene. Based on these results it would appear

that SID-3-4 was the isolate that would best withstand UV-radiation, due to the possession of

5 DNA repair proteins, and two helicase proteins to repair damage done to the DNA caused by

UV-radiation.

All isolates possessed at least one type of catalase and superoxide dismutase. PBS-1-2 (Bacil-

lus) possessed two copies of catalase, putative manganese catalase and vegetative catalase in

addition to a single manganese catalase, resulting in a total of 4 different catalase proteins and 7

total catalase proteins. R10.79 (Pseudomonas syringae) had the next highest number of catalase

proteins, with a single catalase, catalase C and catalase HPII. The remaining isolates, with the

exception of SID-5a-2 (Pseudomonas sp.), SID-3-25 (Arthrobacter) and SID-3-13 (Cryobacterium),

possessed two different catalases; catalase and catalase C. SID-5a-2 possessed two copies of the

catalase gene however. In addition R10.79, SID-2a-2 (Sphingomonas), SID-6a-4 (Massilia), SID-

1-5 (Rhodopseudomonas) and SID-6a-39 (Micrococcus) possessed a catalase-peroxidase. Other

peroxidases were putative heme peroxidase, which was found in SID-6a-16 (Clavibacter), SID-3-

25, SID-1-21 (Methylobacterium) and SID-3-13, and animal heme peroxidase, which was found in

SID-1-5 and SID-1-21. PBS-1-2 and SID-5a-2 were the only isolates to not possess any form of

peroxidase gene.

As mentioned SID-3-4 and SID-6a-16 possessed the gene for DNA protection against starvation

protein, which would also contribute to protection against deleterious oxidative effects. Additional

protection, in the form of formamidopyrimidine-DNA glycosylase or glycosylase-1, was found in

in all isolates except for SID-6a-4. Based on the number of catalases possessed, PBS-1-2 would

appear to be the isolate best protected against hydrogen peroxide toxicity, however this isolate did

not appear to possess any form of peroxidase that could combat radicalised molecules. This could

be the result of PBS-1-2’s many catalase proteins preventing an excess of hydrogen peroxide from

accumulating in the cell, meaning a molecule would be less likely to become radicalised.

The effects of oxidation were investigated by Joly et al. (2015), who found that Sphingomonas was

the only genus to be sensitive to hydrogen peroxide at a realistic cloud-concentration of 0.1mM,

while both Sphingomonas and Pseudomonas syringae both were significantly affected by the high-

est hydrogen peroxide concentration tested (1mM). Both the Arthrobacter and Sphingomonas

isolates tested in Joly et al. (2015)’s study were pigmented, and they concluded that pigmentation

was not a sole factor in protecting airborne isolates from oxidation stress as Sphingomonas and

Pseudomonas syringae, an unpigmented bacterium, were equally affected by the highest concen-

tration of hydrogen peroxide. While the genomic composition of these isolates was not investigated
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in Joly et al. (2015) a look to this studies results could offer a possible explanation. R10.79, Pseu-

domonas syringae, possesed four different catalase enzymes, while SID-2a-2, Sphingomonas, only

possessed three catalase enzymes plus three additional carotenoid biosynthesis proteins compared

to R10.79 - one for phytoene, one for zeaxanthin and one for β-carotene. Thus, it is possible that

these pigments provide the same resistance to oxidation as an additional catalase enzyme would,

possibly explaining why these genera had a similar survival in Joly et al. (2015)’s study.

The atmosphere contains many carboxylic acids, such as acetate, formate, succinate and oxalate

in addition to formaldehyde and methanol (Amato et al., 2007). The genomes were investigated

for the presence of enzymes involved with the metabolism of these compounds, while the ability

of the isolates to use each substrate as the sole carbon source was investigated by (Rasmussen,

2016)(unpublished.), though there is no data for SID-6a-16.

The ability to use formate, signified by the possession of a formate dehydrogenase gene, which

catalyses the oxidation of formate to carbon dioxide, was seen in all isolates except for PBS-1-2

(Bacillus) and SID-6a-16 (Clavibacter). Despite this, only SID-3-13 (Cryobacterium), SID-6a-39

(Micrococcus), SID-1-21 (Methylobacterium) and SID-3-25 (Arthrobacter) could use formate as the

sole carbon source. Formate can also be formed from other atmospherically-relevant compounds

such as succinate and formaldehyde. All isolates apart from PBS-1-2 possessed a succinate dehy-

drogenase flavoprotein subunit gene, neccesary for the conversion of succinate to formate, while all

but PBS-1-2, SID-3-4 (Rhodococcus) and SID-1-21 possessed the gene for glutathione-independant

formaldehyde dehydrogenase, which catalyses the reaction formaldehyde → formate. Despite the

large number of isolates possessing a glutathione-independent formaldehyde dehydrogenase gene

only SID-3-13, SID-6a-39, SID-1-21 and SID-3-25 could grow using formaldehyde as a sole carbon

source, indicating that formaldehyde was indeed converted to formate, as these are the only isolates

that could grow on formate as well. Given that formate oxidation to carbon dioxide is the last step

in methanol metabolism these isolates could have potentially been able to grow on methanol pro-

viding they possessed a methanol dehydrogenase, however only PBS-1-2, R10.79 (Pseudomonas

syringae), SID-3-4 and SID-1-21 possessed this enzyme. The investigation done by Rasmussen

(2016) showed that none of the isolates were able to grow on methanol, which is to be expected as

none of the methanol dehydrogenase possessing isolates also possessed a formate dehydrogenase,

and vice versa.

Succinate was used as a carbon source for all isolates except for SID-3-13. For many isolates succi-

nate was the only atmospherically-relevant compound that could be utilised. All isolates possessed

both subunits of succinyl-CoA ligase allowing them to form succinyl-CoA, an important molecule

in the Krebs cycle. Acetate could only be used by SID-5a-2 (Pseudomonas sp.) as a carbon source,

however all isolates possessed the gene for the conversion of acetate to acetyl-CoA. Lastly, an gene

relating to oxalate utilisation, oxalate decarboxylase, was only detected in PBS-1-2, however this

46



isolate was unable to grow using oxalate as the sole carbon source. This is not suprising, since this

isolate did not possess a formate dehydrogenase gene.

Biodegredation and utilisation of atmospherically-relevant substances has previously been stud-

ied. Amato et al. (2007) investigated the capacity of atmospheric bacteria to survive using the

nutrients avaliable in cloud water in a variety of different genera, though only those that were also

identified in this work will be discussed here. Formate was fully degraded by the studied Pseu-

domonas and Arthrobacter, though Micrococcus, Sphingomonas and Bacillus were able to degrade

formate to a lesser degree. This supports the findings of this study, as these genera possessed a

formate dehydrogenase gene, allowing them to degrade formate to carbon dioxide.

Sphingomonas, Pseudomonas and Micrococcus could all degrade acetate in Amato et al. (2007)’s

study, though Rasmussen (2016) discovered that only SID-5a-2 (Pseudomonas sp.) was able to

use acetate as a sole carbon source. However, acetate would be removed from the atmosphere by

all the respresentative isolates as they all possessed the gene to form acetyl-CoA.

Arthrobacter, Pseudomonas and Micrococcus were the only genera to completely degrade succi-

nate, while Sphingomonas could to a lesser degree in Amato et al. (2007). This does not align

with the results of this study and the results of the study done by Rasmussen (2016), as all iso-

lates could grow on succinate and possessed the genes neccesary to form succinyl-CoA, removing

succinate from the environment, in addition to the fact that PBS-1-2 was the only isolate that did

not possess the gene for formate formation from succinate, providing another sink for succinate.

Methanol, which was not used as a carbon source in any representative isolate (Rasmussen, 2016),

was completely degraded by Arthrobacter and Micrococcus (Amato et al., 2007). Neither SID-3-25

(Arthrobacter) nor SID-6a-39 (Micrococcus) possessed a methanol dehydrogenase, showing that

there are differences between different species. It is not currently known why the four respresenta-

tive isolates of this work that possessed a methanol dehydrogenase enzyme could not use methanol

as a carbon source, though missing enzymes is the likely cause, as R10.79 was the only isolate with

the genetic potential to convert methanol to carbon dioxide. R10.79 was confirmed in another

study (Santl-Temkiv, T. 2016, personal correspondance) to be able to grow using methanol as the

sole carbon source. Another difference between Amato et al. (2007)’s study and the representative

isolates of this work is that all of the studied bacteria in Amato et al. (2007)’s study could degrade

formaldehyde, though Sphingomonas to a lesser extent, while in this work only 8 of the 12 isolates

possessed a formaldehyde dehydrogenase gene, potentially meaning that these 8 were the only ones

who could degrade this compound.

The results of this work show that different isolates possess different protections to a variety

of different stresses. Based on the number of atmospherically-relevant substrates SID-6a-39, a

Micrococcus, would have a distinct advantage over the other isolates, as this was the only isolate

to be able to use succinate, formate and formaldehyde as the sole carbon source, and so would be
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less reliant on the avaliablity of a single substrate. This isolate was also pigmented, and possessed

at least one catalase, peroxidase and superoxide dismutase, which could removed toxic oxygen

radicals from the cell. The survival of this isolate to freeze-thaw stress was not determined in this

study, and with its genome completion level so low it is not known if this isolate simply does not

have any cold-induced cold shock proteins, or if they are found in the missing parts of the genome.

The same is true for this isolates ability to synthesise cryoprotectants - currently all that is known

is that this isolate is able to synthesise trehalose from trehalose-6-phosphate, and so its ability to

tolerate freezing and low-temperature stress is not currently known.

Based on the number of UV-repair and protection genes SID-3-4, a Rhodococcus, has the

advantage over the other isolates, possessing a total of 9 out of 13 investigated genes. This

isolate was also tied with SID-5a-2 for total number of cryoprotection genes, possessed at least one

catalase, peroxidase and superoxide dismutase as well as being pigmented and having the genes to

convert succinate fully to carbon dioxide. Once again this isolate was not used in the freeze-thaw

experiment, and so its actual tolerance to this form of stress is unknown. However, as this isolate

can produce both trehalose and glycerol, as well as use succinate as a sole carbon source this isolate

would do well in the extreme environments of the High Arctic and the atmosphere.

SID-3-25, an Arthrobacter, was the isolate that possessed the highest number of cryoprotective

genes, in addition to at least one catalase, peroxidase and superoxide dismutase. This isolate

was found to use succinate and formaldehyde as sole carbon sources, and possessed the genes to

completely oxidise formaldehyde and succinate to carbon dioxide. This isolate was not resistant

to freeze-thaw stress, however the number of cryoprotectants must provide an advantage at low,

non-freezing temperatures, especially as this isolate was one of three isolates that could synthesise

both trehalose and glycerol.

SID-5a-2, a Pseudomonas sp., was the only tested isolate to resist freeze-thaw stress, which

could be due to the possession of a cspA 4 gene. If cspA 4 really was the key to SID-5a-2’s

resistance to freeze-thaw it would not be suprising if SID-1-5, a Rhodopseudomonas that was

not tested for resistance to freeze-thaw stress, was also as resistant, as this was the only other

isolate that also possessed this gene. SID-5a-2 was able to use both succinate and acetate as sole

carbon sources, and possessed the genetic potential to completely convert formaldehyde to carbon

dioxide. However, while this isolate had the superior freeze-thaw tolerance it did not possess

a peroxide enzyme, potentially leaving it vunerable to radicalised molecules. One distinct, and

unique advantage this isolate had over all of the other isolates was that this isolate had the shortest

generation time of 1 hour 6 minutes, meaning that a population of this isolate would quickly be

able to adapt to a change in the environment, and capitalise on a sudden surge of nutrients released

by freeze-thaw events. The study done by Joly et al. (2015) showed that the most damaging form

of stress was in fact freeze-thaw stress, and with this in mind SID-5a-2 is deemed to be the most
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tolerant isolate to the stresses experienced by microbes in the High Arctic and the atmosphere.

Conclusion

The objective of this study was to investigate the culturable bacterial population isolated from

northeastern Greenland and their ice nucleating ability, in addition to an experimental investigation

into select isolates tolerance to freeze-thaw stress and a general investigation of select isolates

genomic potential for stress tolerance.

183 isolates were identified using 16S rRNA genes. A total of 66 Actinobacteria, 46 α-

proteobacteria, 40 γ-proteobacteria, 14 β-proteobacteria and 12 Firmicutes were identified. Of

these 183 isolates 136 were isolated from snow and 47 were isolated from air. 57 Actinobacteria

were isolated from snow, along with 38 α-proteobacteria, 25 γ-proteobacteria, 13 β-proteobacteria

and 11 Firmicutes showing snow was a more diverse habitat than air. The most common genus

identified from each respective phylum was Arthrobacter, Sphingomonas, Pseudomonas, Massilia

and Bacillus. Pseudomonas, Clavibacter, Rhodococcus, Micrococcus, Methylobacterium and Paeni-

bacillus were found in both snow and air, while the remaining genera were found either in snow or

air, with Sphingomonas being the most common genus to be isolated exclusively from snow, and

Bacillus being the most common genus to be isolated exclusively from air.

From these 183 isolates 11 were chosen for further experiments and referred to as “representative

isolates”. These representative isolates belonged to Arthrobacter, Clavibacter, Massilia, Rhodococ-

cus, Rhodopseudomonas, Cryobacterium, Micrococcus, Methylobacterium, Pseudomonas, Sphin-

gomonas and Bacillus. A 12th isolate, Pseudomonas syringae strain R10.79, an ice nucleation

active bacterium that was isolated from rain, was included in the study as a reference.

α-proteobacteria and γ-proteobacteria were isolated from the highest number of sampling sites

(6/9), while the β-proteobacteria and the Firmicutes were only isolated from 2 sampling sites.

Of the most abundant genera Arthrobacter was isolated from two sampling sites, Sphingomonas

from 4 sampling sites, Pseudomonas from 6 sampling sites, with Massilia and Bacillus from only

1 sampling site.

None of the tested Pseudomonas isolates, nor the representative isolates, were ice nucleation

positive.

All representative isolates except SID-3-4 (Rhodococcus), SID-1-5 (Rhodopseudomonas), SID-

1-21 (Methylobacterium), PBS-1-2 (Bacillus) and SID-6a-39 (Micrococcus) had sigmoid shaped

growth curves, indicating optimal growing conditions. SID-5a-2 (Pseudomonas sp.) had the

fastest generation time of 1 hour 6 minutes, while the slowest measurable generation time was 12

hours 19 minutes.

R10.79 and SID-6a-16 (Clavibacter) were the least tolerant to freeze-thaw stress, losing 69.5%
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and 59.3% of their cell populations, respectively. SID-5a-2 was the most tolerant isolate to freeze-

thaw stress, being the only isolate who was not significantly affected by the freeze-thaw treatment

(T-test 0.1120, p-value > 0.05). Possession of an ice nucleation protein or pigmentation did not

appear to offer protection to freeze-thaw stress.

Only the Pseudomonas genomes (SID-5a-2 and R10.79) were 100% complete, the others ranged

from 99% to 90% complete, with the exception of SID-6a-39 which was only 80% complete. De-

spite the variation in completedness and contamination level the results of the housekeeping gene

analysis showed that the genomes were comparably complete, though the more complete, less

contaminated genomes could give different results than those described here. Different isolates

could be considered successful for different reasons, SID-6a-39 (Micrococcus) could use the highest

number of atmospherically-relevant carbon sources, SID-3-4 (Rhodococcus) possessed the highest

number of UV-repair and protection genes, SID-3-25 (Arthrobacter) possed the highest number

of cryoprotection genes and SID-5a-2 (Pseudomonas sp.) was the most resistant to freeze-thaw

stress, deemed to be the most damaging form of stress these bacteria are exposed to in their ex-

treme environments of the High Arctic and atmosphere. For this reason, and its fast growth rate,

SID-5a-2 was determined to be the most adapted to these extreme environments.

Acknowledgements

Anne Stentebjerg is acknowledged for her assistance with the laboratory work. Susanne Nielsen is

also acknowledged for her technical advice and assistance. Additionally Britta Poulsen is acknowl-

edged for her work with the genomic sequencing. The flow cytometry work was performed at the

FACS Core Facility, Aarhus University, Denmark.

References

AMAP, Arctic Monitoring and Assessment Programme. Arctic Pollution Issues: A State of the

Arctic Environment Report. Chapter 2: The Arctic, 1997a.

AMAP, Arctic Monitoring and Assessment Programme. Arctic Pollution Issues: A State of the

Arctic Environment Report. Chapter 4: Polar Ecology, 1997b.

Amato, P.. Hennebelle, R.. Magand, O.. Sancelme, M.. Delort, A-M.. Barbante, C.. Boutron, C.,

and Ferrari, C. Bacterial Characterization of the Snow Cover at Spitzberg, Svalbard. Federation

of European Microbiological Societies: Microbiological Ecology, 59, No. 2:255–264, 2006a.

50



Amato, P.. Parazols, M.. Sancelme, M.. Laj, P.. Mailhot, G., and Delort, A-M. Microorganisms

Isolated from the Water Phase of Tropospheric Clouds at the Puy de Dôme: Major Groups and
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Figures and Tables

Figure and Table Legends

Figures

Figure 1: The number of isolates identified at the phylum level by 16S rRNA. α-proteobacte-

ria are noted as Alpha-Proteo., γ-proteobacteria as Gamma-Proteo., and β-proteobacteria

as Beta-Proteo. Unknown describes isolates that could not be identified at the phylum level.

Figure 2: The number of isolates identified at the genus level by 16S rRNA. Pseudo. =

Pseudomonas, Sphingo. = Sphingomonas, Arthro. = Arthrobacter, Clavi. = Clavibacter,

Mass. = Massilia, Rhodo. = Rhodococcus. Methylo. = Methylobacterium, U. B. = Uncul-

tured Bacterium. Microc. = Microccocus, Cryobac. = Cryobacterium, Bacil. = Bacillus,

Rpseu. = Rhodopseudomonas, Paeni. = Paenibacillus

Figure 3: The distribution of phyla in the snow and air isolates. α-proteobacteria are noted

as Alpha-Proteo., γ-proteobacteria as Gamma-Proteo., and β-proteobacteria as Beta-Proteo.

Unknown describes isolates that could not be identified at the phylum level.

Figure 4: The distribution of genera in the snow and air isolates. Pseudo. = Pseudomonas,

Clavi. = Clavibacter, Rhodo. = Rhodococcus, U.B. = Uncultured Bacterium, Microc. =

Micrococcus, Methylo. = Methylobacterium, Paeni. = Paenibacillus.

Figure 5: The distribution of genera in the snow and air isolates. Sphingo = Sphin-

gomonas, Arthro. = Arthrobacter, Mass. = Massilia, Cryobac. = Cryobacterium, Rpseu.

= Rhodopseudomonas, Devo. = Devosia, Microb. = Microbacterium, Morax. = Moraxella,

U.A. = Uncultured Actinobacterium, U.S. = Uncultured Sphingomonadaceae, Acine. =

Acinetobacter, Aurei = Aureimonas, Enhydro. = Enhydrobacter, Bacil. = Bacillus, Cohnel.

= Cohnella, Kocur. = Kocuria, Vari. = Varivorax.

Figure 6: The distribution of phyla over all sampling sites. α-proteobacteria are noted as

Alpha-Proteo., γ-proteobacteria as Gamma-Proteo., and β-proteobacteria as Beta-Proteo.

Unknown describes isolates that could not be identified at the phylum level.

Figure 7: The distribution of genera in Actinobacteria over all sampling sites. Arthro.

= Arthrobacter, Clavi. = Clavibacter, Rhodo. = Rhodococcus, Microc. = Micrococcus,

Cryo. = Cryobacterium, Microb. = Microbacterium, Kocur. = Kocuria, U.A. = Uncultured

Actinobacterium.
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Figure 8: The distribution of genera in Proteobacteria over all sampling sites. Pseudo. =

Pseudomonas, Sphingo. = Sphingomonas, Methylo. = Methylobacterium, Mass. = Massilia,

Rpseu. = Rhodopseudomonas, Devo. = Devosia, Aurei. = Aureimonas, U.S. = Uncultured

Sphingomonadaceae, Vari. = Varivorax, Acine. = Acinetobacter, Enhydro. = Enhydrobacter,

Morax. = Moraxella.

Figure 9: The distribution of genera in Firmicutes over all sampling sites. U.B. = Uncul-

tured Bacterium.

Figure 10: Growth curves for isolate R10.79 (dark red circle), SID-3-13 (pink square),

SID-6a-4 (blue triangle), SID-3-25 (green circle) and SID-5a-2 (light red circle).

Figure 11: Growth curves for isolate SID-2a-2 (red triangle), SID-3-4 (green square), and

SID-6a-16 (blue square).

Figure 12: Growth curve for isolate SID-1-5 (dark red circle), SID-1-21 (blue square),

PBS-1-2 (green triangle) and SID-6a-39 (light red circle).

Tables

Table 1: Identification of the two closest relatives of the representative isolates. Identities

with only one value have that percentage identity for both relatives.

Table 2: A comparison of the number of isolates found in each sampling site versus the

number of different genera found in each site.

Table 3: Growth rates and generation times for selected isolates. SID-3-4, SID-1-5 and

SID-1-21 had multiple growth rates and respective generation times.

Table 4: Flow cytometry data for the freeze-thaw experiment. U = untreated sample, T =

treated sample. The data from the three bioreplicates of all isolates were averaged together

to give the average percentage of live and dead cells for each isolate, with the exception of

the treated samples of 6a-16 which only had two bioreplicates. Also displayed are the results

from T tests done for each isolate to determine whether or not the freeze-thaw treatment had

an effect on the number of dead in the sample populations. T-test parameters were mode 2,

type 1. * indicates results that were statistically significant (P > 0.05).

Table 5: Flow cytometry data for the freeze-thaw experiment. T-test results for determining

if there was a statistically significant difference in survival between ice nucleation positive
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bacteria (R10.79) and ice nucleation negative bacteria (SID-3-25, SID-5a-2, SID-6a-16, SID-

6a-4). The parameters for the t-test were mode 2, 3. * indicates results that were statistically

significant (P > 0.05).

Table 6: Flow cytometry data for the freeze-thaw experiment. T-test results for deter-

mining if there was a statistically significant difference in survival between pigmented and

unpigmented isolates. T-test parameters were mode 2, type 3. * indicates results that were

statistically significant (P > 0.05).

Table 7: Data describing the annotated genomes for each isolate. 16S rRNA, 23S rRNA

and 5S rRNA were determined using RNammer, the number of tRNA was determined using

Quast, and the remaining data was found using checkM.

Table 8: Genome analysis for presence of cryoprotection genes. If the genes are found in

the respective genomes the field is marked in green with yes. Genes that are not found in

the respective genomes are marked with red and no.

Table 9: Genome analysis for presence of cold shock genes. If the genes are found in the

respective genomes the field is marked in green with yes. Genes that are not found in the

respective genomes are marked with red and no.

Table 10: Genome analysis for presence of heat shock genes. If the genes are found in the

respective genomes the field is marked in green with yes. Genes that are not found in the

respective genomes are marked with red and no.

Table 11: Genome analysis for presence of UV-damage repair and protection genes. If the

genes are found in the respective genomes the field is marked in green with yes. Genes that

are not found in the respective genomes are marked with red and no.

Table 12: Genome analysis for presence of oxidation protection genes. If the genes are

found in the respective genomes the field is marked in green with yes. Genes that are not

found in the respective genomes are marked with red and no.

Table 13: Genome analysis for presence of additional stress protection genes. If the genes

are found in the respective genomes the field is marked in green with yes. Genes that are

not found in the respective genomes are marked with red and no.

Table 14: Genome analysis for presence of pigmentation biosynthesis genes. If the genes

are found in the respective genomes the field is marked in green with yes. Genes that are

not found in the respective genomes are marked with red and no.
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Table 15: Genome analysis for presence of carboxylic acid metabolism. If the genes are

found in the respective genomes the field is marked in green with yes. Genes that are not

found in the respective genomes are marked with red and no. ∗ = Methanol dehydrogenase

[cytochrome c] subunit instead.

Figures

Figure 1
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Tables

Table 1

Isolate Phylum Class Genus Species Identity (%) Acession Numbers

PBS-1-2 Firmicutes Bacilli Bacillus Bacillus sp. DB133(2010) + Paenibacillus sp. 99.7 + 99.8 HM566846 + AM162349

R10.79 Proteobacteria Gamma Pseudomonas Pseudomonas sp. R10.79 100.0 KF447661

SID-2a-2 Proteobacteria Alpha Sphingomonas Sphingomonas sp. TBSY-38 + Sphingomonas sp. MN4-5 99.9 + 99.7 DQ151830 + JQ396542

SID-6a-4 Proteobacteria Beta Massilia Massilia sp. MVS1-G8 + Uncultured Bacterium ncd556e08c1 100.0 + 99.9 KR023900 + HM278506

SID-3-4 Actinobacteria Actinobacteria Rhodococcus Rhodococcus sp. CUA-806 + Rhodococcus sp. SS12.38 100.0 KJ732890 + KC160926

SID-6a-16 Actinobacteria Actinobacteria Clavibacter Clavibacter sp. X1-5 + Clavibacter sp. Ume68 100.0 KP322534 + KJ016157

SID-5a-2 Proteobacteria Gamma Pseudomonas Pseudomonas sp. Es12 + Pseudomonas cedrina strain IARI-R-53 100.0 JQ977433 + JN662536

SID-3-25 Actinobacteria Actinobacteria Arthrobacter Arthrobacter scleromae SBB35 + Arthrobacter phenanthrenivorans 99.9 KP790048 + KP191997

SID-1-5 Proteobacteria Alpha Rhodopseudomonas Bradyrhizobiaceae bacterium VP55 + Tardiphaga sp. Co1 100.0 + 99.9 KC478082 + KF811211

SID-1-21 Proteobacteria Alpha Methylobacterium Methylobacterium sp. G03 78-21 + Uncultured Bacterium AK4AB2 06A 100.0 + 99.8 KF974279 + GQ396931

SID-6a-39 Actinobacteria Actinobacteria Micrococcus Micrococcus sp. GS57 + Micrococcus sp. S29 100.0 LC068968 + LC068967

SID-3-13 Actinobacteria Actinobacteria Cryobacterium Cryobacterium sp. A2-4c-18 + Uncultured Bacterium ncd1370c04c1 100.0 JX517237 + JF120053

Table 2

Site Nr. of Isolates Nr. of Genera

S-1 18 5

S-2 7 3

S-3 30 5

S-4 21 8

S-5 14 1

S-6 43 8

S-S 3 1

FH 42 11

FT 5 1

Table 3

Isolate Growth Rate Generation Time

SID-2a-2 0.00269 4h 17min

R10.79 0.00640 1h 48min

SID-3-13 0.00488 2h 22min

SID-6a-4 0.00622 1h 51min

SID-6a-16 0.00278 4h 10min

SID-3-25 0.00398 2h 54min

SID-3-4 0.00165 0.00378 6h 59min 3h 3min

SID-5a-2 0.00712 1h 6min

SID-1-5 0.00143 0.00263 0.00094 8h 6min 4h 24min 12h 19min

SID-1-21 0.00495 0.00648 0.00387 2h 20min 1h 47min 2h 57min

PBS-1-2 0.00387 2h 59min

SID-6a-39 0.00377 3h 4min
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Table 4

Sample Average Alive (%) Average Dead (%) T-TestEffect

U SID-3-25 78.5 20.2

T SID-3-25 24.8 74.4 0.0075*

U SID-5a-2 92.6 6.6

T SID-5a-2 77.7 20.9 0.1120

U SID-6a-16 41.3 58.6

T SID-6a-16 8.5 59.3 0.0291*

U SID-6a-4 96.1 3.7

T SID-6a-4 42.7 56.1 0.0086*

U R10.79 93.7 6.0

T R10.79 30.3 69.5 0.0036*

Table 5

Isolate T-testINA

SID-3-25 0.5882

SID-5a-2 0.0020 *

SID-6a-16 0.0305 *

SID-6a-4 0.0790

Table 6

Isolate Pigment T-testPigment

SID-6a-16 Pale Orange
3-25 0.1778

5a-2 0.0048*

SID-6a-4 Yellow
3-25 0.1094

5a-2 0.0063*

Table 7

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

Completedness (%) 90.78 100.00 98.84 92.18 98.61 90.74 100.00 99.74 90.63 99.75 79.18 99.32

Contamination (%) 3.90 0.24 3.12 3.22 0.44 4.86 0.65 0.08 4.31 0.30 11.31 2.11

Genome Size (bp) 6708850 5844084 4529542 5604558 4504602 3250463 6188150 4286845 5516051 5134531 5609086 3797560

Predicted Genes 6009 5104 4210 4827 4136 3116 5680 4063 5096 4968 4848 3525

GC (%) 0.45 0.59 0.64 0.63 0.62 0.72 0.61 0.66 0.64 0.66 0.63 0.68

tRNA 86 58 54 75 48 52 64 58 52 51 75 52

16S rRNA 1 1 1 1 1 1 2 1 2 1 1 1

23S rRNA 0 1 1 1 1 1 2 1 2 1 1 1

5S rRNA 12 7 2 5 5 1 2 1 2 3 5 5
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Table 8

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

Trehalose-phosphate synthase No No Yes Yes Yes Yes No Yes No Yes Yes Yes

Trehalose 6-phosphate phosphatase No No Yes Yes No Yes Yes Yes Yes Yes Yes Yes

Maltoligosyl trehalose synthase No Yes Yes No Yes Yes Yes Yes Yes Yes No Yes

Malto-oligosyltrehalose trehalohydrolase No Yes Yes No Yes Yes Yes Yes Yes Yes No Yes

Glycerol 3-phosphate dehydrogenase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Glycerol 3-phosphatase No No No No No No No No No No No No

Thermostable monoacylglycerol lipase No Yes No No No No Yes Yes No No No No

β-monoglucosyldiacylglycerol synthase Yes No No No Yes No No No Yes Yes No No

Proline/betaine transporter No Yes No Yes Yes No Yes Yes Yes No Yes Yes

Table 9

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

Cold shock protein ScoF No No No Yes No No No Yes No No Yes Yes

Cold shock-like protein No No No No Yes Yes No Yes No No No Yes

Cold shock protein No No No No No Yes No Yes No No No No

Putative cold shock protein A No No No No Yes Yes Yes Yes No No No Yes

Cold shock protein CspA No No Yes No No No No No Yes Yes No No

Cold shock protein CspB Yes No No No No No No No No No No No

Cold shock protein CspC Yes No No No No No No No No No No No

Cold shock protein CspV No No Yes Yes Yes No No No No Yes Yes No

Major cold shock protein CspA No Yes No No No No Yes No No No No No

Cold shock protein CapB No Yes No No No No Yes No No No No No

Cold shock-like protein CspD No Yes No Yes No No Yes No No No Yes No

Cold shock-like protein CspE No No No Yes No No No No Yes Yes Yes No

Table 10

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

Putative heat shock protein HspR No No No No Yes Yes No Yes No No No Yes

18 kDa heat shock protein No No No No Yes No No Yes No No No No

Heat shock protein HtpX Yes No No No Yes Yes Yes No No Yes No No

Heat shock protein GrpE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Heat shock protein 15 Yes Yes No Yes Yes Yes Yes No Yes Yes Yes Yes

α-crystallin No No No No No No No Yes Yes No No No

Small heat shock protein IbpA No Yes Yes Yes No No Yes No Yes Yes Yes No

Heat shock protein HaspQ No No Yes No No No No No Yes Yes No No

Ribosome-associated heat shock protein Hsp15 No No Yes No No No No No No No No No
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Table 11

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

UvrABC system protein A Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

UvrABC system protein B Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

UvrABC system protein C Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

ATP-dependent DNA helicase UvrD1 No No No Yes Yes Yes Yes No No Yes Yes Yes

ATP-dependent DNA helicase UvrD2 No No No No Yes Yes Yes Yes No No No Yes

UvrD/REP helicase No Yes No No No No No No No No No No

Phytochrome-like protein cph2 Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes

Deoxyribodipyrimidine photo-lyase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Ultraviolet N-glycosylase/AP lyase No No No No Yes No No Yes No No No No

DNA protection during starvation protein No No No No Yes Yes No No No No No No

Photoactive yellow protein No No Yes Yes No No No No Yes No Yes Yes

Spore Photoproduct lyase No No Yes No No No No No No Yes No No

Bacteriophytochrome No Yes Yes Yes No No Yes No Yes No Yes No

Table 12

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

Catalase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Catalase C No No Yes Yes No No No No Yes No Yes No

Catalase HPII No Yes No No Yes No No No No No No No

Putative manganese catalase Yes Yes No No No Yes No No No Yes No No

Manganese catalase Yes No No No No No No No No No No No

Vegetative catalase Yes No No No No No No No No No No No

Catalase-peroxidase No Yes Yes Yes Yes No No No Yes No Yes No

Putative heme peroxidase No No No No No Yes No Yes No Yes No Yes

Animal heme peroxidase No No No No No No No No Yes Yes No No

Superoxide dismutase [Mn] Yes No Yes Yes Yes No No Yes Yes Yes Yes Yes

Superoxide dismutase [Mn/Fe] Yes Yes No Yes No Yes Yes No No No Yes No

Superoxide dismutase [Fe] No Yes No No No No Yes No No No No No

Multiple antibiotic resistance protein MarR No Yes Yes No Yes Yes Yes Yes No Yes No Yes

Formamideopyrimidine-DNA glycoyslase No Yes Yes No No Yes Yes No Yes Yes Yes No

Formamideopyrimidine-DNA glycosylase 1 No No No No Yes Yes No Yes No No No Yes

Putative FAD-linked oxidoreductase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

DNA protection during starvation protein No No No No Yes Yes No No No No No No

Oxidative stress defence protein No No Yes Yes No No No No No No Yes No
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Table 13

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

General stress protein 69 Yes Yes Yes Yes Yes Yes Yes Yes No Yes Yes Yes

Universal stress protein family protein Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes

Universal stress protein/MT2085 No No No No No No No Yes No No No No

Starvation-sensing protein RspA No No No No No No No Yes No No No No

CsbD-like protein No Yes Yes Yes Yes No No Yes Yes Yes Yes No

Stress response protein CsbD No No No No No No No No No Yes No No

Universal stress protein/MT2061 No No No No Yes No No Yes No No No Yes

General stress protein 26 No No No No No No No Yes Yes No No No

Universal stress protein/MT1672 No No No No Yes No No Yes No No No No

Stress response protein YsnF No No No No No Yes No Yes No No No No

General stress protein 16U Yes Yes No Yes Yes No No Yes No No Yes Yes

General stress protein 14 Yes No No No No No No No No No No No

General stress protein 18 Yes Yes Yes Yes No Yes Yes No No Yes Yes No

General stress protein 17M Yes No No No No No No No No No No No

General stress protein 39 Yes Yes No Yes No No Yes No Yes Yes Yes No

General stress protein 13 Yes No No No No No No No No No No No

General stress protein CTC Yes No No No No No No No No No No No

Universal stress protein/MT2698 No No No No Yes Yes No Yes No No No Yes

Universal stress protein/MSMEI 3859 No No No Yes Yes Yes No No No No Yes No

General stress protein A No No No No No No No No No Yes No No

Universal stress protein E No No No No No No Yes No No No No No

Stress-induced bacterial acidophillic repeat motif protein No No No Yes Yes No Yes No No Yes Yes No

Stress response protein SCP2 Yes Yes No Yes No No No Yes No No Yes Yes

Persistance and stress-resistance toxin PasT No No No Yes No No No No No No Yes No

Persistance and stress-resistance antitoxin PasI No Yes No Yes No No Yes No No No Yes No

Stress responsive A/B Barrel Domain protein Yes No No Yes No Yes No No No No Yes Yes

Metalloregulation DNA-binding stress protein No No No No No No No No Yes Yes No No

General stress protein 16O Yes No No No No No No No No No No No

Heat induced stress protein YflT Yes No No No No No No No Yes No No No

Universal stress protein G No Yes No No No No No No No No No No

Stress response protein Nhax No No No No Yes No No No No No No No

Universal stress protein/MT2699 No No No No Yes No No No No No No No

Table 14

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

1-deoxy-D-xylulose 5-phosphate reductoiomerase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

4-diphosphocytidyl-2-C-methyl-D-erythritol-kinase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Hydroxyneurosporene synthase (CrtC) Yes Yes Yes Yes No No Yes No Yes No Yes No

Squalene/phytoene synthase Yes No No No No No No No Yes No No No

All-trans-phytoene synthase Yes No Yes Yes Yes No No No Yes Yes Yes No

ζ-carotene-forming phytoene desaturase Yes No No No Yes No Yes No No No No Yes

all-trans-ζ-carotene desaturase No No No No No No No No No Yes No No

Zeaxanthin glycosyltransferase No No Yes Yes No No No No No No Yes No

β-carotene 15,15’-dioxygenase No No Yes Yes No No No No No Yes Yes No

Acyclic carotenoid 1,2-hydratase No No No No No No No No Yes No No No
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Table 15

PBS-1-2 R10.79 SID-2a-2 SID-6a-4 SID-3-4 SID-6a-16 SID-5a-2 SID-3-25 SID-1-5 SID-1-21 SID-6a-39 SID-3-13

Formate dehydrogenase H No Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes

Formate-tetrahydrofolate ligase No No Yes No No No No Yes No Yes No No

Succinate dehydrogenase flavoprotein subunit No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Succinyl-CoA ligase [ADP-forming] subunit α Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Succinyl-CoA ligase [ADP-forming] subunit β Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Oxalate decarboxylase Yes No No No No No No No No No No No

NAD-dependent Methanol dehydrogenase Yes Yes No No Yes No No No No Yes ∗ No No

Glutathione-independant formaldehyde dehydrogenase No Yes Yes Yes No No Yes Yes Yes No Yes Yes

Acetyl-CoA synthetase Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
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Supplementary Figures and Tables

Tables

Table S1: Key for the colony descriptions described in the identity tables.
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Table S2: Identity tables for isolates whose closest relatives are Actinobacteria. Identities with

only one value have that percentage identity for both relatives. The blue fields show the respre-

sentative isolates used throughout this study.
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Table S3: Identity tables for isolates whose closest relatives are α-proteobacteria. Identities

with only one value have that percentage identity for both relatives. The blue fields show the

respresentative isolates used throughout this study.

Table S4: Identity tables for isolates whose closest relatives are β-proteobacteria. Identities

with only one value have that percentage identity for both relatives. The blue field shows the

respresentative isolate used throughout this study.
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Table S5: Identity tables for isolates whose closest relatives are γ-proteobacteria. Identities

with only one value have that percentage identity for both relatives. The blue field shows the

respresentative isolate used throughout this study.

Table S6: Identity tables for isolates whose closest relatives are Firmicutes. Identities with only

one value have that percentage identity for both relatives. The blue field shows the respresentative

isolate used throughout this study.

Table S7: Identity tables for isolates whose closest relatives are not assigned a phylum. Identities

with only one value have that percentage identity for both relatives.
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Table S8: DNA replication housekeeping genes. The list is derived from Gill et al 2004. Green

fields indicate the presence of the respective gene in that genome, while red fields indicate that the

gene is not present.

Table S9: DNA repair housekeeping genes. The list is derived from Gill et al 2004. Green fields

indicate the presence of the respective gene in that genome, while red fields indicate that the gene

is not present. ∗ = endonuclease 8.1, HNH endonuclease and putative endonuclease 4 instead.

‡ = endonuclease 8 and endonuclease 8.1 instead. ◦ = endonuclease 8.1 and HNH endonuclease

instead. ∗∗ = single stranded DNA-specific exonuclease RecJ instead. ∗ ∗ ∗ = 3
′
-5

′
-exonuclease

PolX intead.

Table S10: Transcriptional housekeeping genes. The list is derived from Gill et al 2004. Green

fields indicate the presence of the respective gene in that genome, while red fields indicate that

the gene is not present. ∗ = DEAD-box ATP-dependent RNA helicase CshA instead. ∗∗ =

transcription antitermination protein RfaH instead. ∗ ∗ ∗ = transcription antiterminator LicT

instead.

Table S11: Translational housekeeping genes. The list is derived from Gill et al 2004. Green

fields indicate the presence of the respective gene in that genome, while red fields indicate that the

gene is not present. ∗∗ = glutamine tRNA ligase/synthetase missing. ∗ ∗ ∗ = no aspargine, lysine

or glutamine ligase/synthetase. ∗ ∗ ∗∗ = No aspartate, lysine or glutamine ligase/synthetase. ‡ =

No aspargine ligase/synthetase.
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Table S12: Protein processing housekeeping genes. The list is derived from Gill et al 2004. Green

fields indicate the presence of the respective gene in that genome, while red fields indicate that the

gene is not present. ∗ = Lon protease instead.

Table S13: Cell division and cell wall housekeeping genes. The cell division protein is derived

from Gill et al 2004, the D-alanine-D-alanine ligase is not. The green fields indicate the presence

of the respective gene in the respective genomes.

Table S14: Substrate transport housekeeping genes. The list is derived from Gill et al 2004.

Green fields indicate the presence of the respective gene in that genome, while red fields indicate

that the gene is not present. ∗ = PTS-system glucose-specific EIICB component instead.

Table S15: ATP-synthesis housekeeping gene. The gene is derived from Gill et al 2004. Green

fields indicate the presence of the respective gene in that genome.

Table S16: Pentose synthesis housekeeping genes. The list is derived from Gill et al 2004. Green

fields indicate the presence of the respective gene in that genome.

Table S17: Phospholipid synthesis housekeeping gene. The gene is derived from Gill et al 2004.

Green fields indicate the presence of the respective gene in that genome, while red fields indicate

that the gene is not present.

78



Table S18: Nucleotide synthesis housekeeping genes. The list is derived from Gill et al 2004.

Green fields indicate the presence of the respective gene in that genome, while red fields indicate

that the gene is not present. ∗ = Hypoxanthine phosphoribosyltransferase instead.

Table S19: Essential coenzyme synthesis housekeeping genes. The list is derived from Gill et al

2004. Green fields indicate the presence of the respective gene in that genome, while red fields

indicate that the gene is not present. ∗= putative nicotinate-nucleotide pyrophosphorylase instead.
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Figures

Figure S1: Flow cytometry gating strategy used for one bioreplicate of isolate SID-5a-2 for

the untreated and treated samples. First, events judged to be cells are gated away from debris.

Secondly, the cell gate is examined, and the cells better defined to remove the last of the debris.

From this “bacteria” gate the live and dead populations can be decided and gated accordingly.
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Figure S2: Flow cytometry gating strategy used for one bioreplicate of isolate R10.79 for the

untreated and treated samples. First, events judged to be cells are gated away from debris.

Secondly, the cell gate is examined, and the cells better defined to remove the last of the debris.

From this “bacteria” gate the live and dead populations can be decided and gated accordingly.
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Figure S3: Flow cytometry gating strategy used for one bioreplicate of isolate SID-6a-4 for

the untreated and treated samples. First, events judged to be cells are gated away from debris.

Secondly, the cell gate is examined, and the cells better defined to remove the last of the debris.

From this “bacteria” gate the live and dead populations can be decided and gated accordingly.
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Figure S4: Flow cytometry gating strategy used for one bioreplicate of isolate SID-6a-16 for

the untreated and treated samples. First, events judged to be cells are gated away from debris.

Secondly, the cell gate is examined, and the cells better defined to remove the last of the debris.

From this “bacteria” gate the live and dead populations can be decided and gated accordingly.
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Figure S5: Flow cytometry gating strategy used for one bioreplicate of isolate R10.79 for the

untreated and treated samples. First, events judged to be cells are gated away from debris.

Secondly, the cell gate is examined, and the cells better defined to remove the last of the debris.

From this “bacteria” gate the live and dead populations can be decided and gated accordingly.
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Chapter 4
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4 Investigation using the Ribosomal Database Project
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Introduction

The original objective of investigating the 16S rRNA sequences using the Ribosomal Database

Project (Cole et al., 2014) was to attempt to identify the isolates which were not classified to a

phylum or genus. Once this had been done a complete investigation of all 183 isolates was done

using the RDP software, partly out of interest and partly to see if the genus assignments were

accurate.

Methods

The 16S rRNA sequences of all 183 isolates were added to one fasta file and uploaded to the

Ribosomal Database Project website. From here the option “Seqmatch” was selected, the fasta

file added and the options “Type, Isolates, Both, Good and Nomenclatural” were selected.

Results

Table 1: Key for the colony descriptions described in the identity tables.
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Table 2: Identity tables for isolates whose closest relatives are Actinobacteria. Identities with only

one value have that percentage identity for both relatives. The blue fields show the respresentative

isolates used throughout this thesis.
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Table 3: Identity tables for isolates whose closest relatives are α-proteobacteria. Identities with

only one value have that percentage identity for both relatives. The blue fields show the respre-

sentative isolates used throughout this thesis.

Table 4: Identity tables for isolates whose closest relatives are β-proteobacteria. Identities with

only one value have that percentage identity for both relatives. The blue field shows the respre-

sentative isolate used throughout this thesis.
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Table 5: Identity tables for isolates whose closest relatives are γ-proteobacteria. Identities with

only one value have that percentage identity for both relatives. The blue field shows the respre-

sentative isolate used throughout this thesis.

Table 6: Identity tables for isolates whose closest relatives are Firmicutes. Identities with only

one value have that percentage identity for both relatives. The blue field shows the respresentative

isolate used throughout this thesis.

Table 7: Identity tables for isolates whose closest relatives are not assigned a phylum by BLAST.

Identities with only one value have that percentage identity for both relatives.
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Conclusion

The Ribosomal Database Project was able to identify 4 of 5 isolates, only SID-2a-1 could not be

identifed. This was likely due to the quality of the sequence. For the remaining 4 “Unknown”

PBS-1-30 was identifed as a Methylobacterium with 89.6% identity, PBS-2-6 was identifed as a

Micrococcus with 95.9% identity, SID-4-18 was identifed as a Nitrococcus with 90% identity, and

finally PBS-6-3 was identifed as a Rhodococcus, with 93.0% identity.

The results of the general investigation of the full isolate set showed that the genus assignment

was correct for all isolates, though species did change. For example, BLAST assigned the majority

of Pseudomonas isolates as Pseudomonas cedrina while the Ribosomal Database Project assigned

most of them to Pseudomonas orientalis. The overall image that was concluded from the BLAST

data was not changed by the results of this investigation, although based on the results for the

unknowns further investigation into their lineage can be started.
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Chapter 5
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5 Conclusion and Further Perspectives

This thesis examined the culturable bacterial community isolated from snow and air samples

in northeastern Greenland. 183 isolates were identified to species level using BLAST, with the

exception of 5 isolates that could not be identified to the phylum level, referred to as “Unknown”.

Four of these unknowns were able to be identified to species level using the Ribosomal Database

Project. For the single isolate that was not able to be identified a possible course of action could

be to perform a fresh DNA extraction and resequence the 16S rRNA gene.

The most abundant genera, defined by having greater than 10 isolates, were Pseudomonas,

Sphingomonas, Arthrobacter, Clavibacter, Massilia, Rhodococcus and Methylobacterium. From all

the genera with greater than 2 isolates one isolate was chosen to be a representative isolate used

for further work.

An examination into the distribution of the isolates in snow and air showed that in general the

various genera tended to be found either in snow or air, though Pseudomonas, Rhodococcus, Uncul-

tured bacteria and Microccocus were found in both environments. Clavibacter, Methylobacterium

and Paenibacillus, were found in both environments as well, though to a lesser degree as they

appeared to show a preference to snow (Clavibacter) and air (Methylobacterium, Paenibacillus).

None of the genera found in air were present for all time points, though Pseudomonas was the

most ubiquitous, found at 4 of the 7 time points. In regards to the Firmicutes both Bacillus and

Paenibacillus were present at two time points, timepoints 1 and 2, and 1 and 7, respectively, with

Cohnella was only present at time point 1, indicating that while this phylum is not as ubiquitous

as Pseudomonas the Firmicutes are at least abundant at time point 1. In respect to the sampling

sites the α-proteobacteria and the γ-proteobacteria were found in 6 out of 9 sites, while Firmicutes

and β-proteobacteria were only found in two.

The growth curve experiments revealed that all representative isolates, with the exception

of SID-3-4 (Rhodococcus), SID-1-5 (Rhodopseudomonas), SID-1-21 (Methylobacterium), PBS-1-2

(Bacillus) and SID-6a-39 (Microccocus) had sigmoid curves, indicating that they were growing at

optimal conditions. The fastest generation time was found in SID-5a-2 (Pseudomonas sp.) with 1

hour 6 minutes, while the slowest generation times were seen in SID-1-5, an isolate that had three

exponential phases, with one giving rise to a generation time of 12 hours and 19 minutes. Further

work in this area should be focused on the growth rates at atmospherically/ High Arctic relevant

temperatures, in addition to identifing the ideal conditions for those isolates that were not growing

optimally in this experiment.

Investigations into the freeze-thaw tolerance of select isolates revealed that only one of them,

SID-5a-2, was resistant to freeze-thaw damage, with no special protection being seen in ice nucle-

ation active or pigmented isolates. The results of the genome analysis revealed a single cold-shock
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gene cspA 4 that could be responsible for this resistance. This gene was only found in one other

isolate, SID-1-5, a Rhodopseudomonas that was not tested for freeze-thaw resistance. Thus, fu-

ture work should start with testing SID-1-5, for resistance to freeze-thaw stress. As the natural

conditions for these microbes involves several freeze-thaw cycles over the course of a season a

study testing the isolates for resistance to multiple stress events should be done, in addition to

investigating the other abundant genera identified during this thesis. To investigate the role of

cold-induced proteins in survival an experiment where the cells are cold-induced would be impor-

tant. Additionally, a comparison with a pigmented ice nucleation active bacterium could reveal if

there is a synergy between pigmentation and ice nucleation activity that was not discovered in the

freeze-thaw experiment performed in this thesis. Because it is difficult to determine the protection

offered by ice nucleation on the level of single cells an experiment that seperates ice nucleation

positive cells from the rest of the population, following up with freeze-thaw testing could determine

if ice nucleation offers any protection to individual cells.

The analysis of the representative isolates genomes revealed the presence of many stress-related

protection or repair genes in addition to enzymes neccesary for utilisation of substrates found

abundantly in the atmosphere. As most of the genomes were incomplete or possessed some degree

of contamination it would be prudent to decontaminate the genomes, or possibly choose different

trimming criteria, and reanalyse them to see if the genes described in this thesis are still present,

or become present in isolates where they were missing. Based on the data here the Microccocus

isolate SID-6a-39 was able to use the highest number of substrates, potentially giving this isolate

a benefit as it would not be as reliant on the presence of a particular substrate. The Rhodococcus

isolate SID-3-4 had the highest number of UV-repair and protection genes, possibly meaning that

this isolate is more tolerant of UV-stress than the other isolates. This can easily be tested by

performing a UV-radiation stress test to determine the death rate amongst the various isolates. In

a similar fashion an experiment to determine if the number of oxidation protection genes correlates

to increased survival could also be set up. In addition the Arthrobacter isolate SID-3-25 had the

highest number of cryoprotection genes, though these did not appear to provide this isolate with

resistance to freeze-thaw stress.

Freeze-thaw stress has been determined to be the most destructive of all the stress forms

investigated in this thesis, and it is for this reason, in addition to the fact that this isolate has

the fastest growth rate, that SID-5a-2 (Pseudomonas sp.) is the best adapted isolate of the

representative isolates investigated during this thesis to the extreme environments of the High

Arctic and atmosphere.
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