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Abstract

Antarctic meltwater ponds are unique unexplored biotopes characterized
by a high complexity of microbiota and affected by ever-changing
ecological factors. Cold-adapted bacteria isolated from Antarctic
meltwater ponds represent excellent model organisms to study climate
change induced stress adaptation. Moreover, these bacteria may possess
biotechnologically relevant properties and can be used for production of
valuable chemicals.

The main aim of this PhD work was to perform comprehensive phenotypic
characterization of newly isolated cold-adapted bacteria from unexplored
sea-affected meltwater ponds in the Thala Hills Oasis (Enderby Land, East
Antarctica). As a first step of the PhD work, physicochemical and biological
analysis of water from the studied meltwater ponds as well as isolation and
identification of bacteria, their physiological characterization and
evaluation of their antibiotic susceptibility was performed in Paper I. It has
been shown that the meltwater ponds have water with alkaline pH and can
be characterized by a relatively high bacterial activity. In total of twenty-
nine bacterial isolates were retrieved from the meltwater samples. By using
16S rRNA gene sequencing, the isolated bacteria were classified as
Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes, belonging
to 12 genera where Pseudomonas was the predominant genus. Many
isolates were psychrotrophic, capable of producing pigments and
extracellular enzymes, where lipases and proteases were prevalent.
Antibiotic susceptibility testing revealed a presence of resistance to at least
one antibiotic for most of the isolates and seven isolates showed multi-
resistance.

Alterations in cellular lipids are considered as one of the adaptation
strategies to harsh environmental conditions. Temperature is one of the
most important factors inducing tremendous biochemical changes in
bacterial cells. Temperature-induced changes of cellular lipids and other
biomolecules in the isolated Antarctic meltwater bacteria were studied in
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Paper Il. A distinct change in fatty acid profile for different Gram-groups,
phyla, genera, and species was observed. Notably, most bacteria increased
their lipid content when grown at lower temperatures. Fourier-transform
infrared spectroscopy (FTIR) analysis highlighted temperature-triggered
alterations in lipids, proteins and polysaccharides, where the most
significant changes were observed in the polysaccharide region at 1200-
900 cm™?, particularly for the peak at 1083 cm™, related to phosphodiester
groups mainly from phospholipids (for Gram-negative bacteria) and
teichoic /lipoteichoic acids (for Gram-positive bacteria).

In order to further understand temperature-induced cellular biochemical
responses in Antarctic meltwater bacteria, profiling of the total cellular
biochemical profile of bacteria grown at different temperatures and in
various forms of culture medium was performed in Paper Ill. The obtained
results showed that overall variability of cell chemistry was lower when
bacteria were cultivated on agar. The effect of temperature appeared to
be specie-specific with the biggest alterations detected for the bacteria
with a wide growth temperature range. Lipids were least affected while
polysaccharides were the most affected by the temperature.

In Paper | it was observed that several of the newly isolated cold-adapted
bacteria were pigmented. Therefore, in Paper IV pigment production was
studied using FT-Raman spectroscopy and reference analytical techniques.
High-throughput screening performed by FT-Raman indicated that from
twenty-nine tested bacteria seven Antarctic meltwater bacteria were
characterized by pigments production. Among pigments identified in the
meltwater bacteria, several have industrial importance — such as B-
carotene, canthaxanthin, lycopene, and zeaxanthin. A subset of the
pigment producing meltwater bacteria was further studied to evaluate
pigment production and biomass productivity under blue-light exposition.
Due to that bacterial pigments have been suggested to be used in solar
cells dyeing or dye-synthesized solar cells, a photostability of intact
pigment bacterial biomass was investigated.

Overall, this PhD work provided comprehensive knowledge on the
biochemical characterization and biotechnological potential of the



Antarctic meltwater pound bacteria. It was shown that isolates from
Antarctic MPs may have biotechnological potential and could be used as
bioindicators to track antibiotic resistance spreading and the impact of
human or animal presence in polar regions. This PhD work showed that
Antarctic meltwater bacteria change their total biochemical profile in
response to different temperatures and this change is species-specific.
Several meltwater bacterial isolates showed to be promising producers of
industrially relevant pigments. Finally, this PhD work showed remarkable
effectiveness of high-throughput FTIR and FT-Raman spectroscopy for
screenings, bioprospecting, and biochemical characterization of newly
isolated bacteria.



Norsk sammendrag

Antarktiske smeltevannsdammer er unike og uutforskede biotoper
kjennetegnet av hgy kompleksitet av mikrobiota og pavirket av stadig
skiftende gkologiske faktorer. Kaldtilpassede bakterier isolert fra Antarktis'
smeltevannsdammer representerer utmerkede modellorganismer for 3
studere tilpasning til klimaendringer. Videre kan disse bakteriene inneha
bioteknologisk relevante egenskaper og brukes til produksjon av verdifulle
kjemikalier.

Hovedmalet med denne doktorgradsoppgaven var a utfgre omfattende
fenotypisk karakterisering av nylig isolerte kaldtilpassede bakterier fra
uutforskede smeltevannsdammer som er pavirket av havet i Thala Hills
Oasis (Enderby Land, @st-Antarktis). Som det fgrste trinnet i
doktorgradsoppgaven ble fysisk-kjemisk og biologisk analyse av vann fra de
studerte smeltevannsdammene, samt isolasjon og identifikasjon av
bakterier, fysiologisk karakterisering og evaluering av deres
antibiotikaresistens utfgrt i Artikkel I. Det ble vist at smeltevannsdammene
har vann med alkalisk pH og kan kjennetegnes av en relativt hgy bakteriell
aktivitet. Totalt ble tjueni bakterieisolater isolert fra prgvene. Ved hjelp av
16S rRNA-genavlesning ble de isolerte bakteriene klassifisert som
Proteobakterier, Actinobakterier, Firmicutes og Bacteroidetes, som
tilhgrer tolv slekter, hvor Pseudomonas var den dominerende slekten.
Mange isolater var psykrotrofe, i stand til & produsere pigmenter og
ekstracellulzere enzymer, hvor lipaser og proteaser var mest fremtredende.
Testing for antibiotikaresistens avslgrte tilstedevaerelsen av resistens mot
minst ett antibiotikum for de fleste isolatene, og syv isolater viste
multiresistens.

Endringer i cellulzere lipider betraktes som en av tilpasningsstrategiene til
toffe miljgforhold. Temperatur er en av de viktigste faktorene som utlgser
betydelige biokjemiske endringer i bakterieceller. Temperaturinduserte
endringer i cellulzere lipider og andre biomolekyler i de isolerte Antarktis-
smeltevannsbakteriene ble studert i Artikkel Il. Det ble observert en tydelig
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endring i fettsyreprofilen for forskjellige Gram-grupper, filer, slekter og
arter. Spesielt gkte de fleste bakteriene lipidinnholdet nar de ble dyrket
ved lavere temperaturer. Fouriertransform infrargd spektroskopi (FTIR)
analyserte temperaturinduserte endringer i lipider, proteiner og
polysakkarider, der de mest betydningsfulle endringene ble observert i
polysakkaridomradet ved 1200-900 cm?, spesielt for toppen ved 1083 cm™
relatert til fosfodiestergrupper hovedsakelig fra fosfolipider (for Gram-
negative bakterier) og teikosyre/lipoteikosyre (for Gram-positive
bakterier).

For a bedre forsta temperaturinduserte celluleere biokjemiske responser
hos bakterier i antarktisk smeltevann, ble profilering av den totale
celluleere biokjemiske profilen til bakterier dyrket ved ulike temperaturer
og i ulike former for dyrkningsmedium utfgrt i Papir Ill. De oppnadde
resultatene viste at den generelle variasjonen i cellekjemien var lavere nar
bakteriene ble dyrket pa agar. Effekten av temperaturen syntes a vaere
arts-spesifikk, med de stgrste endringene pavist hos bakteriene med et
bredt temperaturomrade for vekst. Lipider ble minst pavirket, mens
polysakkarider var mest pavirket av temperaturen.

Som observert i Artikkel I, var noen bakterier pigmenterte, dette ble videre
undersgkt i Artikkel IV, der pigmentproduksjon ble studert ved hjelp av FT-
Raman spektroskopi og referanseanalytiske teknikker. Hgykapasitets-
screening utfgrt med FT-Raman indikerte at av de tjueni testede bakteriene
ble syv Antarktis-smeltevannsbakterier karakterisert av pigment-
produksjon. Blant pigmentene som ble identifisert i smeltevanns-
bakteriene, hadde flere industriell betydning, som p-karoten,
kanthaxantin, lycopen og zeaxantin. En del av de pigmentproduserende
smeltevannsbakteriene ble vytterligere studert for & evaluere
pigmentproduksjon og biomasseproduktivitet under eksponering for blatt
lys. Siden bakteriepigmenter har blitt foreslatt @ bli brukt i farging av
solceller eller solcelle-dyeing, ble fotostabiliteten til intakt
pigmentbakteriebiomasse undersgkt.

Totalt sett ga dette doktorgradsarbeidet omfattende kunnskap om den
biokjemiske karakteriseringen og bioteknologiske potensialet til Antarktis-
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smeltevannsbakterier. Det ble vist at isolater fra Antarktis'
smeltevannsdammer kan ha bioteknologisk potensiale og kan brukes som
bioindikatorer for & spore spredning av antibiotikaresistens og
innvirkningen av menneskers eller dyrs tilstedevaerelse i polaromradene.
Dette doktorgradsarbeidet viste at Antarktis-smeltevannsbakterier endrer
sin totale biokjemiske profil som svar pa forskjellige temperaturer, og
denne endringen er artsavhengig. Flere isolater av smeltevannsbakterier
viste seg a veere lovende produsenter av industrielt relevante pigmenter.
Til slutt viste denne doktorgradsstudien en bemerkelsesverdig effektivitet
av hgykapasitets FTIR og FT-Raman spektroskopi for screening,
bioprospektering og biokjemisk karakterisering av nylig isolerte bakterier.
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Aim of the thesis

The main aim of the thesis was to perform comprehensive phenotyping
and characterization of cold-adapted bacteria, newly isolated from
Antarctic meltwater ponds located in the Western part of Enderby Land,
East Antarctica.

The sub-goals were:

1. To perform an overall physiological characterization and antibiotic
susceptibility testing of cold-adapted bacteria (Paper )

2. To perform characterization of temperature-associated alterations in
lipids and other biomolecules in cold-adapted bacteria (Paper )

3. To perform global biochemical phenotyping using FTIR spectroscopy
of cold-adapted bacteria (Paper )

4. To characterize carotenoids producing Antarctic bacteria and
evaluate pigment stability using FT-Raman spectroscopy (Paper IV)
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Introduction

1 Introduction

1.1 Meltwater ponds — unique unexplored biotopes

Meltwater ponds (MPs) are temporary aquatic biotopes that form on the
surface of glaciers and ice sheets (ice shelf MPs) [1] or rugged terrain, often
between rocky ridges (terrestrial MPs) [2] when ice melts during the
warmer months in polar and alpine regions such as Antarctica, Arctica [3,
4], Greenland [5] and others cold regions [6] (Figure 1.1). MPs exhibit
considerable variation in size from small puddles to large, interconnected
water bodies depending on their location and presence of slopes, and can
be flowing, low-flowing, or non-flowing [7].

| g

Transition
Winter Summer

Figure 1.1. Formation of MPs

MPs are characterized by a high complexity of ever-changing ecological
factors, such as (i) abiotic (temperature, freeze-thaw cycles, nutrient
availability, abrupt chemical gradients, salinity, etc.), (ii) biotic (presence of
plants, animals, microorganisms), and (iii) anthropogenic. The
physicochemical (abiotic) factors affecting MPs vary widely depending on
the size of a pond, surrounding mineral formations, and weather
conditions. The most characteristic physicochemical abiotic factors [8-15]
affecting MPs include the following:

(1) Salinity: MPs can be salty, with a salinity that is often higher than in
seawater. The salinity of MPs is determined by the amount of salt in
surrounding ice and rocks, as well as the amount of freshwater
entering the pond.
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(2) pH: the pH of MPs varies widely, with values ranging from neutral to
alkaline (7-11.2) and it is influenced by the presence of organic matter,
amount of dissolved gases, and weather conditions.

(3) Temperature: The temperature of water in MPs varies significantly
depending on the depth of a pond and the season.

(4) Nutrients availability: Nutrients availability is essential for the MPs’
microbiota diversity, and it varies depending on the surrounding
geology and the amount of organic matter in the water. A presence of
birds (skuas) and marine mammals close to MPs can significantly affect
nutrients availability.

(5) Dissolved oxygen: The amount of dissolved oxygen in MPs is influenced
by temperature, salinity, and the number of photosynthetic organisms
occurring in the water.

(6) Turbidity: The number of suspended particles in water affects the
turbidity of MPs.

(7) Solar radiation: Light intensity affects the temperature, algae growth,
and chemical reactions in MPs, influencing their physicochemical
parameters. It can also impact ice melting rates, microbial activity, and
overall biological productivity in these aquatic biotopes.

MPs are often exposed to a series of biotic factors and are characterized by
the presence of various microorganisms, invertebrates, and even visiting
vertebrates like migratory birds [16] and mammals. Occasionally,
migratory birds and seals visit these ponds for water and food, introducing
nutrients and potentially affecting local ecology. Local human activities in
the Antarctic environment have the potential to cause significant impacts,
despite the continent's remote and pristine nature [17].

Antarctic MPs are affected by a high variety of abiotic and biotic factors
and, therefore, considered as unique biotopes to explore. During the last
decade, Antarctica has received a significant attention due to its
vulnerability to ice sheet instability [18]. MPs observed in the East
Antarctica in the areas of the McMurdo Ice Shelf (MIS) and Dry Valleys have
been extensively studied [8-10, 12-15, 19] (Figure 1.2). MPs located in the
north of the East Antarctica are not well explored. Most studies done so far
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focused on the glaciology or geology of MPs occurring from surface ice
melting on the Amery Ice Shelf [20], on Vestfold Hills [10] and Thala Hills
[7] (Figure 1.2). The microbial diversity of MPs in the north of East
Antarctica was studied to a very little extent.
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Figure 1.2. Antarctica regions with the studied MPs.

1.2 Microbiota of Antarctic meltwater ponds

Due to the exposure to a wide range of ecological factors, Antarctic MPs
are considered as biotopes with highly diverse microbiota of cold-adapted
psychrophilic and psychrotrophic microorganisms [12, 15, 21, 22].

According to previously reported studies which assessed the overall
microbial diversity using a cultivation-independent approach, bacteria are
the most prevalent group of microorganisms present in Antarctic
environments. The abundance of either fungi or archaea varies depending
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on the specific environmental sample being evaluated [23]. It has been
reported that Cyanobacteria and Proteobacteria are the predominant
type of microorganisms found in Antarctic MP mats and sediments, and
glacial meltwater [10, 14, 24, 25]. Interestingly, Cyanobacteria are
dominating also in Arctic [4] and other extreme ecosystems such as hot
springs and desert crusts [10]. Commonly reported microorganisms found
in MPs are cyanobacteria: Nostoc, Phormidium, Oscillatoria, Leptolyngbya
and Gloeocapsa [4, 10], bacteria: Actinobacteria, Bacteroidetes,
Acidobacteria, Firmicutes, Chloroflexi, Verrucomicrobia and
Planctomycetes [14, 26, 27], archaea: Euryarcheaota and Crenarcheota [4],
fungi: Ascomycota and Chytridiomycota [23, 28, 29], yeast: Cryptococcus
victoriae, Cryptococcus friedmannii, Leucosporidium scottii, and
Rhodotorula glacialis [30]. Overall, a high microbiota diversity was
reported between different ponds, and it was highly pond-specific [17].
Geochemically stratification inside of each meltwater ponds and especially
pH and conductivity gradients are key factors contributing to variations of
the bacterial community inside each pond [31].

Research on microbiota of the Antarctic meltwater ponds offers an
opportunity to gain insights into resilience of microbial life in extreme
environments. In order to understand the impact of climate change on the
Antarctic ice sheets, it is important to comprehend these distinctive
ecosystems. The significant variations observed in MPs’ geochemistry and
microbial diversity make these ponds exceptionally valuable as a scientific
resource for fundamental and applied microbiology and biotechnology.

In this PhD work microbiota of the nine MPs in the Thala Hills Oasis (Enderby
Land, East Antarctica) was studied with a focus on the isolation,
identification and comprehensive characterization of fast-growing
bacteria.

13 Metabolic plasticity of cold-adapted bacteria

Metabolic plasticity enables microorganisms to select their metabolic
mode according to environmental conditions and it’s a main driving force
in adaptation and survival of microorganisms in different environments
[32] (Figure 1.3). In polar regions, temperature is the most significant factor
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affecting microbial life due to its impact on biochemical reactions, gas
solubility, solute transport, and osmotic stress, leading to adverse effects
on cellular processes [33]. In addition to temperature, polar regions are
characterized by harsh UV radiation, limited water availability and nutrient
deficiency conditions [27, 34]. Antarctic bacteria thrive in these
environments characterized by these extreme and constantly changing
physicochemical and ecological conditions, they possess extraordinarily
high metabolic plasticity. Metabolic activity of cold-adapted bacteria is
expressed in a number of structural and biochemical changes [35]. The
examples of these changes are shown on the Figure 1.3.

L
ic.'.‘.

»
L]
[
]

[

*e,

Figure 1.3. Environmental factors affecting bacteria (A-Temperature, B- Solar
radiation, C-chemical gradients (nutrients, pH, salts), D-limited water availability,
E- interactions with other organisms) and examples of metabolic plasticity of cold-
adapted bacteria  (1-changes in peptidoglycan layer, 2-changes in
lipopolysaccharides, 3- changes in FA, 4- production of exopolysaccharides, 5-
synthesis of pigments, 6 - accumulation of osmolytes, 7- production of specific
proteins and changes in proteins activity.
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In the literature, the variation in the cellular and extracellular structures
such as changes in cell envelope are referred to as structural changes [36].
The bacterial cell envelope has a complex structure enabling efficient
protection of inner cellular structures and allowing to resist to certain
physicochemical stress factors [34, 36]. For example, Gram-positive cold-
adapted bacteria are often characterized by a thicker outer peptidoglycan
layer (Figure 1.3-1) and Gram-negative by changes in the composition and
fluidity of lipopolysaccharides and production of exopolysaccharides [36]
(Figure 1.3-2) that is enhancing their resistance against low temperatures
and protects from intracellular ice formation [34, 36]. It has been reported
that cold-adapted bacteria can produce unique polysaccharides as one of
the strategies to survive in extreme cold and nutrient-limited environments
[34, 36] (Figure 1.3-4). Extracellular polysaccharides or exopolysaccharides
(EPS) are secreted into the surrounding environment of bacterial cells and
can function as ice recrystallization inhibitors under cold temperatures
[37]. They form a protective matrix around the cells, providing resistance
to desiccation, freezing, and other environmental stress factors. EPS
production is vital for maintaining the integrity of microbial aggregates,
essential for bacterial survival [38]. In cold environments, EPS function as
osmo-protectants and providing cryoprotection [39]. EPS also play a crucial
role in enhancing biofilm formation, which in turn improves access to
nutrients and the survival of cells [34].

Among the biochemical changes, alterations in composition and/or
production of specific chemicals are typical for cold-adapted bacteria
(Figure 1.3-3). Lipids are one of the main temperature sensitive
biomolecules in bacterial cells which accounts approximately for 10— 15 %
(w/w) of cell dry weight [40]. They are localized mainly in the form of
phospholipids in the cell membrane [41] or can be accumulated in the form
of acyl glycerides, wax esters and/or free FA in lipid droplets in some
bacteria [42]. Lipids play multiple roles in bacterial cells. They have a role
in the regulation of membrane fluidity and selective membrane
permeability [43]. For cold-adapted bacteria, temperature-associated
alterations in the amount of lipids, in the ratio between different types of
lipids, and in the FA profile have been reported previously [44]. Thus, an
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increased production of saturated fatty acids (SFAs) and cyclopropane fatty
acids can increase rigidity and can lower permeability of the membrane
bilayer, while high presence of cis-unsaturated fatty acids (cis-UFAs) and
polyunsaturated fatty acids (PUFAs) lead to a higher fluidity and
permeability of the membrane [45]. Changes in branched-chain fatty acids
can affect membrane fluidity, where increase in anteiso-FA results in a
more fluid membrane structure than for iso-FA [45-47]. The ratio between
long- and short-chain FA can also regulate membrane fluidity under
unfavorable temperature conditions [47].

Production and accumulation of osmolytes (glycine betaine, trehalose,
glycerol, sucrose, mannitol etc.) (Figure 1.3-6), and various specific
proteins (Figure 1.3-7) appear also as a metabolic response to temperature
fluctuations for cold-adapted bacteria. Compatible osmolytes prevent cell
shrinkage and enhance osmotic balance [34]. Cold-adapted bacteria can
synthesize ice-binding proteins (Figure 1.3-8) that inhibit ice crystal growth
at lower freezing temperatures [37]. Cold shock proteins facilitate growth
at low temperatures, and they are activated during cold exposure [48].

As a response to extreme UV radiation conditions, low temperatures,
freezing and thawing cycles, bacteria from cold polar regions often exhibit
an ability to produce pigments, mainly carotenoids [49-53] followed by
violaceins, tetrapyrroles, indolic bichromes and heterocyclic biochromes,
and others [52] (Figure 1.3- 5). Carotenoids are the most diverse group of
natural pigments [54], most of carotenoids consist of eight isoprene units,
creating a C40 backbone with B-cyclization and their yellow-to-red color
results from a polyene chain's conjugated double bond system [54], which
absorbs blue light with a maximum capacity of 440 to 520 nm [55]. In
addition to C40 carotenoids, certain bacteria have the capacity to produce
C30 carotenoids and, to a lesser extent, carotenoids of varying chain
lengths, such as C45, C50, and C60 [54, 56]. Carotenoids play a crucial role
in the adaptability of polar cold-adapted bacteria, and they act as
photoprotectors, antioxidants, and they are involved in maintaining
membrane fluidity [62].
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1.4 Environmental importance and biotechnological potential
of cold-adapted bacteria from Antarctic meltwater ponds

Antarctic cold-adapted bacteria from MPs play an important role in carbon
and nutrient cycling [5, 57], by breaking down organic matter and
converting nitrogen- and phosphorus-containing compounds into forms
which can be used by organisms [5]. Additionally, they contribute to
weathering rock surfaces and releasing minerals into surrounding
environment [58]. These bacteria can influence ice melt rates through the
albedo effect [59]. They also can be involved in bioremediation,
detoxification of pollutants, and act as indicators of environmental
changes, helping researchers to assess ecosystem health and human
activities in the Antarctic ecosystem [60]. Furthermore, it is well known
that cold-adapted bacteria can be utilized as microbial cell factories for the
production of biotechnologically valuable bio-based chemicals [34, 52, 55,
61-65] (Figure 1.4), as for example:
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Figure 1.4. Biotechnological potential of Antarctic cold-adapted bacteria from MPs
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Fatty acids: Polyunsaturated fatty acids (PUFAs) have various
applications in food, pharmaceutical, and cosmetic industries.
Antarctic cold-adapted bacteria are known to produce a variety of
PUFAs. They can be a source of omega-3 FA, such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) [64]. Antarctic bacteria
from different genera, including Shewanella, Pseudoalteromonas,
Psychrobacter, Colwellia, Moritella have been identified as able to
produce PUFAs [66-68].

Extracellular polysaccharides: EPS are high molecular weight
biopolymers primarily composed of homo- or hetero-polysaccharides.
They can be either covalently bound (forming capsular polysaccharides
that protect cells) or loosely attached (as slime polysaccharides
released into the environment) to the cell surface [69]. For instance,
cold-adapted bacteria like Pseudoalteromonas, Winogradskyella,
Colwellia, Shewanella and Marinobacter are able to produce high
concentrations of EPSs at low temperatures [33, 69]. EPS are known for
emulsification, cryoprotection, biofilm formation, and heavy metal
binding properties and have a potential for being used in cosmetics,
environmental and food biotechnology as alternatives to conventional
commercial polymers [69].

Carotenoids: Carotenoids are pigments which can be naturally
synthesized by organisms including bacteria. Due to their potent
coloration, low toxicity, stability, and antioxidant properties, natural
carotenoids find commercial application in food, feed, cosmetics, and
pharmaceuticals [56]. Since Antarctic cold-adapted bacteria originate
from extreme environmental conditions including low temperatures,
high UV radiation, and nutrient limitations, it is particular interesting
to perform bioprospecting for carotenoids production. Some studies
have shown that bacteria isolated from Antarctic soil and marine
environments are capable of producing carotenoids, including
astaxanthin, zeaxanthin, canthaxanthin, decaprenoxanthin,
echinenone, beta-carotene, etc. [52]. Research on bacterial species
from Antarctica revealed a predominance of pigmented bacteria,
primarily belonging to the following genera: Agrococcus, Arthrobacter,
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Brachybacterium, Cryobacterium, Leifsonia, Micrococcus,
Paeniglutamicibacter, Rhodococcus, Salinibacterium,
Sphingobacterium and Flavobacterium [52, 55, 70-72].

Enzymes: Cold-adapted bacteria deploy highly catalytic enzymes to
thrive in low-temperature environments. Psychrophilic enzymes are
adapted to function in cold environments. At low temperatures they
show an about tenfold higher specific activity to compensate for slower
reaction rates. However, they are less stable and can unfold and
become inactive at milder temperatures. This high activity at low
temperatures is achieved by destabilizing the active site or the entire
protein, making the catalytic center more flexible [73]. Consequently,
cold-adapted bacteria favor highly active enzymes in frigid conditions
[33]. Antarctic bacteria are considered as a promising source of
biotechnologically attractive enzymes (e.g., proteases, lipases,
amylases, ureases, nucleases, B-galactosidases, and keratinases) [74-
78]. The bacterial isolates exhibiting the highest enzymatic activities
were identified as Pseudomonas, Psychrobacter, Arthrobacter,
Bacillus, Flavobacterium and Carnobacterium [63, 79, 80]. They exhibit
a potential to be used in various fields, including food processing,
pharmaceuticals, brewing, bioremediation, and molecular biology [73].
Polyhydroxyalkanoates (PHAs): PHAs are biodegradable polymers
produced by microorganisms, including Antarctic bacteria [61, 81].
They are produced as intracellular storage material under unbalanced
growth conditions in a high access of carbon and nitrogen limitation
[82]. PHAs structures vary and are composed of repeating units
(monomers) of 3-hydroxy fatty acid monomers connected by ester
bonds [83]. The properties of PHAs can be adjusted by varying
monomer composition, tailoring them for specific applications [84].
Potential PHAs producers belong mainly to Pseudomonas and
Janthinobacterium genera [61, 83, 85].

In this PhD work characterization of lipids, pigments, enzymatic activity and

total cellular biochemical profile of the fast-growing bacteria, newly
isolated from the MPs in the Thala Hills Oasis (Enderby Land, East
Antarctica) was performed.
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1.5 Isolation, identification and morpho-physiological
characterization of bacteria from Antarctic meltwater
ponds studied in the PhD work

1.5.1 Sampling sites of the meltwater ponds in Antarctica

Antarctic bacteria studied in this PhD work, were obtained from water
samples that were collected during the 5% Belarusian Antarctic Expedition
in the austral summer season (January 2013) from the middle part of the
water column of nine non-flowing MPs located in rock baths (0.1-3 m
diameter, 2-100 m distance from the shoreline, 0.1-0.5 m deep, and 0-10
m above sea level). The sampling sites were located 800 m from the
Belarussian Antarctic Station “Vechernyaya” and 2.7 km from the Adelie
penguin colony at the Azure Cape (67°39'22.7"S 46°10'30.2"E) of the
Vecherny region of the Thala Hills oasis in the central part of Enderby Land
(East Antarctica) (Figure 1.5).

ol
- -

hala Hills

)

Figure 1.5. Sampling sites. (A) Location of the Thala Hills oasis in the coastal area
of East Antarctica (marked by the red circle). (B-C) Satellite image of the eastern
part of the Thala Hills oasis (1—Adelie penguin colony area, 2—sampling sites area,
3—Ilocation of the Belarussian Antarctic Station “Vechernyaya” in the eastern part
of the Thala Hills oasis), (D) Photos of the studied MPs.

Physicochemical parameters (pH, TDS, temperature) were measured in situ
at different time points (11 January 2013, 14 January 2013, 17 January
2013, and 26 January 2013) using portable pH/Conductivity/TDS Testers.

11
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Bacterioplankton analysis involved collecting water samples in sterile
polythene tubes and preserving them with 4% formalin and subsequnetly
storing at 4 °C. For the quantitative bacterioplankton assessment the BN—
bacterial cell number x10° cells/mL was calculated for the samples sampled
11 January 2013 by using Equation 1:

a
BN=S ><106><ng>< 10 (1

where S is the filter area in mm; 10° is the recalculation of mm in um; a is
the sum of counted cells; s is the grid area in um; V is the volume of the
filtered sample in mL; and 10 is a number of fields of view. The number of
bacterial cells was determined via the acridine orange staining method [86]
using an epifluorescence microscope, and imaging data were processed
with Image-Pro Plus. The biomass was calculated according to the size of
each bacterial cell.

1.5.2 Cultivation approaches and media for isolation,
identification and characterization of Antarctic
bacteria

Cultivation approaches and systems. Cultivation of bacteria can be done
in solid and liquid media, in the presence or absence of oxygen and using
various cultivation systems such as Petri dishes, glass tubes, flasks,
microplates, bioreactors etc. Cultivation in Petri dishes uses solid media
solidified with agar and reveals distinct bacterial populations, each
originating from a single cell. Agar-based cultivation are often used for
isolation, colony characterization, antibiotic susceptibility testing,
enzymatic assays, screening for pigments production etc. [87]. The agar
plate screening method is time-consuming, low throughput, and low
precision in detecting the target molecules. In contrast, submerged
screening methods provide superior control over culture conditions,
leading to increased production of target molecules. They enable high-
throughput screening of numerous samples simultaneously. Furthermore,
these methods enhance specificity and sensitivity in identifying target
molecules compared to agar plate screening. Additionally, liquid media
screening mimics industrial submerged culture conditions, which is ideal

12
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for discovering potential microbes for industrial use [88]. Cultivation in
liguid media is characterized by the relatively faster growth of bacterial
cells and often used for biochemical characterization of bacteria as well as
for developing biotechnological production of bacteria-based chemicals
[89]. Currently, the use of microplates is considered as the most versatile
approach for cultivation as microplates allow performing high-throughput
studies [90]. There are mainly two types of microplates used for cultivation
of bacteria: (i) 100-well honeycomb microplates, which are used for the
cultivation in Bioscreen C (Oy Growth Curves Ab Ltd., Finland ) and
BioLector incubator systems (Beckman Coulter, USA); (ii) 96-, 24-, 12- and
6-well (low or deep) microtiter plates which can be used in a shaking
platform consisting of an incubator and shaker. An example for such a
system is the Duetz Microtiter plate cultivation system [91] (Duetz-MTPS)
(Enzyscreen, Netherlands) which was used in this PhD work for bacterial
screening and biochemical profiling (Figure 1.6). Each MTP is closed with a
composite sandwich cover, incorporating a soft silicone layer at the base,
a 0.3-micron expanded polytetrafluoroethylene (ePTFE) layer, and a
microfiber filter in the middle to facilitate efficient gas exchange.
Additionally, it features a stainless-steel lid equipped with pinholes at the
apex, as illustrated on Figure 1.6. The sandwich cover system serves the
dual purpose of minimizing solvent evaporation and preventing cross-
contamination between individual wells during the cultivation process. The
robust attachment of the sandwich cover to the microtiter plate is ensured
by a specialized clamp system (Figure 1.6). The culture volume of the
Duetz-MTPS exhibits flexibility, spanning from 0.1 mL in the case of a 96-
low well MTPs to 35 mL for 6-well MTPs. Recent studies have successfully
demonstrated the scalability of cultivations in the Duetz-MTPS to larger
systems, including Erlenmeyer shake flasks, 1.5 L and 25 L bioreactors [90].
One of the limitations of the Duetz-MTPS is the absence of integrated
monitoring capabilities for parameters such as pH, dissolved oxygen, and
optical density which is possible for flasks cultivation [92].

13
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Figure 1.6. Duetz MITPS system: microplate and sandwich cover layers.

In this PhD work, agar-based cultivation was used for the isolation,
morphological characterization and antibiotic susceptibility testing in
Paper I. Broth-based cultivation using Duetz-MTPS was performed for
explorative characterization and taxonomy-aligned comparison of
alterations in lipids and other biomolecules in Paper Il. The impact of
various temperatures and cultivation on two forms of BHI medium (agar
and broth-based) on total cellular biomolecular profiling of Antarctic
bacteria was evaluated in Paper lll. Duetz-MTPS system was used for high-
throughput screening and characterization of pigment producing bacteria
in Paper IV. Flask cultivation was used to get appropriate amounts of
biomass for pigments analysis and to cultivate bacteria under blue light
exposure in Paper IV.

In this PhD study, complex nutrient-rich media meat peptone agar (MPA)
was used for the isolation of bacteria and brain heart infusion agar (BHIA)
for morphological characterization in Paper I. BHIA and brain heart infusion
broth BHIB was used for the total cellular biomolecular profiling in Paper
lll. BHIB was used for profiling lipids and pigments in Paper Il, IV. Mueller-
Hinton Agar (MHA) was used for antimicrobial susceptibility assessments
in Paper I. A set of media with different substrates was used for the
detection of enzymatic activity of bacterial strains by the plate-method in
Paper l.

14
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1.5.3 Isolation and purification of bacteria from the
Antarctic MPs

For this PhD work, bacteria were isolated by collecting water samples from
the MPs in sterile tubes, stored at 4°C. Water samples were taken in
duplicates, and then plated in triplicates on MPA and cultivated for 14 days
at 5°C and 18°C for isolating psychrophilic and psychrotolerant bacteria,
respectively (Paper I). Single colonies with different morphology, size and
color, observed after 2-6 days of cultivation, were transferred onto new
MPA dishes for purification. Isolates forming single colonies after 2—6 days
of cultivation were considered fast-growing [93, 94].

In total, twenty-nine fast-growing bacteria with different colony types
(colony morphology, size, and pigmentation) were isolated from nine MPs
located in the Vecherny region of the Thala Hills oasis in the central part of
Enderby Land (East Antarctica) (Paper I). Fourteen isolates were isolated
after incubation at 5°C and fifteen isolates were isolated after incubation
at 18°C. For long-term storage, the isolated purified bacteria were grown
on MPA and the obtained single colonies were suspended in meat peptone
broth (MPB) and glycerol, and transferred into cryo-vials for the storage at
-80°C. All the isolates were deposited in the Belarusian Collection of Non-
pathogenic Microorganisms at the Institute of Microbiology of the National
Academy of Sciences of Belarus (Minsk, Belarus).

1.5.4 Identification of bacteria by 16S rRNA gene
sequencing

The 16S rRNA gene sequencing is a traditional approach for identification
of bacteria and archaea [95, 96]. The 16S rRNA gene is highly conserved
across bacterial species, but it also contains variable regions that can be
used to differentiate between different taxa [97]. By analyzing these
variable regions, evolutionary relationships between newly isolated
bacteria and previously identified reference strains can be identified. The
identification of newly isolated bacteria by 16S rRNA gene sequencing
involved the following steps [97]: (1) Cultivation of bacteria, (2) DNA
extraction, (3) Polymerase Chain Reaction (PCR) amplification of specific
gene regions (e.g., 16S rRNA [98]), (4) DNA sequencing (Sanger sequencing

15



Introduction

[99] and other methods [100]) and (5) Data analysis and comparing the
obtained nucleotide sequences of the 16S rRNA gene with the reference
databases to build phylogenetic trees. Databases such as SILVA (16S
Ribosomal RNA Sequences Database) [60], EZBioCloud 16S Database [61],
and NCBI GenBank (National Center for Biotechnology Information -
GenBank) can assist in taxonomic classification and identification. Once the
taxonomic classification and identification is complete, sequences of the
studied bacteria and their closest neighbors in the database can be
exported for visualization and building a phylogenetic tree. Molecular
Evolutionary Genetics Analysis (MEGA) software allows researchers to
align the 16S rRNA gene sequences and construct phylogenetic trees based
on different algorithms as for example Maximum Likelihood or Neighbor-
Joining (NJ) [101]. These trees are a model of the evolutionary relationships
between different taxa, suggesting phylogenetic relationships of the
studied bacteria.

In this PhD work, twenty-nine bacteria isolated from the Antarctic MPs
were cultured on MPA agar at 18°C for 7-10 days. DNA was extracted using
the Jena Biosciences' DNA Preparation Kit PP-206 and the 16S rDNA
fragment was amplified with universal bacterial primers 8f (5'-
AGAGTTTGATCCTGGCTCAG-3') and 1492r (5'-GGTTACCTTGTTACGACTT-3’).
Sequencing was performed using the Sanger method with Jena
Bioscience's DNA Cycle Sequencing Kit PCR-401S and Primers: 926R-seq (5'-
CCGTCAATTCATTTGAGTTT-3'), 336F-seq (5-ACGGYCCAGACTCCTACG-3'),
522R-seq  (5'-TATTACCGCGGCTGCTGGCAC-3'), and 918F-seq (5'-
ACTCAAAKGAATTGACGGG-3'). Sequencing products were analyzed with
the LI-COR Biosciences "4300 DNA Analyzer". The obtained 16S rRNA data
were preprocessed by editing and rendering in FASTA format using the e-
Segq™ software V. 3.1.10 (LI-COR Biosciences, Lincoln, NE, USA). The
obtained sequences were compared to those available in the EzBioCloud
database (Chunlab Inc., Seoul, Korea) [39] to choose reference sequences
for the phylogenetic analyses and to find similarities with the known strains
(Table 1.1). The phylogenetic tree was reconstructed using the MEGA 11
program [40] (Figure 1.7).
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Figure 1.7. Phylogenetic tree based on 16S rDNA sequences of the MPs isolates.
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Table 1.1. 16S rRNA gene sequence affiliation to the closest phylogenetic neighbors

of the bacteria isolated from Antarctic MPs.

Isolate . Gen Bank Nearest taxonomic neighbor by .
d Collection R . . Identity
code Pon number Accession EzBioCloud alignment (%)
Ne number (Organisms, Accession number) ?
TMP1! BIM B-1565 ON248060 Shewanella baltica NCTC 10735 100
TMP52 BIM B-1557 ON248064 Shewanella baltica NCTC 10735 99.72
TMP115 BIM B-1561 ON248069 Shewanella baltica NCTC 10735 99.66
Shewanella WE21 99.38
TMP145 BIM B-1563 ON248072
Shewanella baltica NCTC 10735 99.04
TMP63 BIM B-1558 ON248065 Acinetobacter Iwoffii NCTC 5866 99.79
TMP2? BIM B-1554 ON248061 Pseudomonas lundensis DSM 6252 99.86
TMP32 BIM B-1555 ON248062 Pseudomonas lundensis DSM 6252 99.86
TMP42 BIM B-1556 ON248063 Pseudomonas lundensis DSM 6252 99.79
TMP74 BIM B-1559 ON248066 Pseudomonas leptonychotis CCM 8849 99.93
TMP186 BIM B-1568 ON248076 Pseudomonas leptonychotis CCM 8849 100
TMP19¢ BIM B-1566 ON248077 Pseudomonas leptonychotis CCM 8849 100
TMP9* BIM B-1560 ON248067 Pseudomonas peli R-20805 99.52
TMP176 BIM B-1569 ON248075 Pseudomonas peli R-20805 99.38
TMP207 BIM B-1546 ON248078 Pseudomonas peli R-20805 99.52
TMP22° BIM B-1552 ON248080 Pseudomonas peli R-20805 99.52
TMP25° BIM B-1542 ON248083 Pseudomonas peli R-20805 99.52
TMP26° BIM B-1548 ON248084 Pseudomonas peli R-20805 99.11
TMP135 BIM B-1562 ON248071 Flavobacterium degerlachei DSM 15718 98.47
Sporosarcina globispora DSM 4 99.59
TMP104 BIM B-1539 ON248068
Sporosarcina psychrophila IAM 12468 99.59
Carnobacterium inhibens subsp. inhibens
5 -
TMP12 BIM B-1540 ON248070 DSM 13024 100
TMP27° BIM B-1541 ON248085 Carnobacterium funditum DSM 5970 100
TMP28° BIM B-1544 ON248086 Carnobacterium iners LMG 26642 99.86
TMP298 BIM B-1577 ON248087 Facklamia tabacinasalis CCUG 30090 99.46
Arthrobacter ERGS4:06 98.97
Arthrobacter PAMC25486 98.90
TMP155 BIM B-1549 ON248073
Arthrobacter alpinus DSM 22274 98.70
Arthrobacter glacialis HLT2-12-2 98.70
TMP24° BIM B-1543 ON248082 Arthrobacter agilis DSM 20550 100
Brachybacterium paraconglomeratum
6 -
TMP16 BIM B-1571 ON248074 LMG19861 99.93
TMP217 BIM B-1545 ON248079 Micrococcus luteus NCTC 2665 99.58
TMP23° BIM B-1547 ON248081 Agrococcus citreus IAM 15145 99.50
Leifsonia PHSC20C1 99.59
TMP308 BIM B-1567 ON248088
Leifsonia rubra CMS 76R 99.45
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1.5.5 Morpho-physiological characterization

Morpho-physiological characterization of newly isolated bacteria usually
involves determination of (i) cell and colony morphology, (ii) optimal
growth conditions (temperature, pH, NaCl), (iii) enzymatic activities, (iv)
carbon source utilization, (v) antibiotic susceptibility. The shape and size of
the bacterial cells can be observed by staining and subsequent microscopic
examination. Gram staining is commonly used to classify bacteria into
Gram-positive and Gram-negative groups based on the cell wall structure
[102]. The determination of the optimal growth conditions includes
cultivation of bacteria at different temperatures what is especially relevant
for cold- adapted bacteria in order to differentiate between psychrophiles
and psychrotrophs [103]. Enzymatic activity are assessed through
substrate breakdown and product formation evaluated by visual analysis,
spectrophotometry, fluorescence and radiolabeling [104]. The
susceptibility of bacteria to different antibiotics is determined by using disk
diffusion methods, minimum inhibitory concentration assays or genetic
methods [105-107]. The most traditional and widely used antibiotic
susceptibility testing methods predominantly rely on detecting antibiotic
resistance through the measurement of bacterial growth on the presence
of antibiotics [108]. Antibiotic resistance is a natural protective mechanism
in bacteria, and it can be exacerbated by to the transportation of antibiotic
resistant bacteria to Antarctic areas by atmospheric and oceanic currents
from outside the Antarctic region [109]. In addition, an increase in the
selective pressure of anthropogenic and animal activity in Antarctica may
result in the spread of resistant bacteria [60, 110], leading to the
appearance of multi-resistant strains in Antarctic region [60].

Morpho-physiological characterization of the Antarctic bacteria in this PhD
work included determination of cell morphology, optimal growth
conditions, enzymatic activity and susceptibility towards antibiotics (Figure
1.8), which is reported in Paper | and Paper Il. Cell morphology was
assessed via Gram staining and microscopy (Paper Il). Bacterial isolates
were cultured at 18°C on BHIA until single colonies were observed. Gram
staining was done following the protocol of the three-step Gram stain
procedure kit (Merck KGaA, Germany). The stained cells were examined
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using a Leica DM4 B light microscope with a 100x immersion lens. In order
to evaluate thermotolerance, the bacterial isolates were grown on BHIA at
4,10, 18, 25, 30, and 37 °C for up to 10 days with daily visual inspections of
the cultures (Paper 1). Various plate-based assays were employed to
evaluate production of extracellular enzymes using selective media (Paper

1).
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Figure 1.8. Schematic overview of the morpho-physiological characterization of the
Antarctic bacteria performed in this PhD work.

Antibiotic susceptibility was evaluated by applying the Kirby—Bauer disc
diffusion method [111] using Mueller—Hinton agar (Merck, Darmstadt,
Germany) and commercial disks for susceptibility testing (Bio-Rad,
Hercules, CA, USA) (Paper I). Antibiotic susceptibility tests involved 18
antibiotics and 5 antibacterial agents. The strains Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, and Staphylococcus aureus
ATCC 29213 were used as controls. The data analysis for the control
cultures was performed according to the breakpoints established by the
European Committee on Antimicrobial Susceptibility Testing [105] and
Clinical and Laboratory Standards Institute [106] documents. The data
analysis of the susceptibility testing of the Antarctic bacterial isolates was
performed as described by Daniela et al. [60].
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1.6 Targeted and total cellular biochemical profiling

Biochemical characterization of microorganisms can be targeted or non-
targeted. For the targeted characterization a wide range of analytical
techniques can be applied depending on the chemical of interest. Among
targeted analytical techniques, the following are considered as reference:
(i) High-Performance Liquid Chromatography-Mass Spectrometry (HPLC-
MS) is used for the analysis of polysaccharides and pigments [112, 113], (ii)
gas chromatography (GC) is used for the analysis of lipids, lipidic
compounds and polyhydroxyalkanoates [114, 115], (iii) matrix-assisted
laser desorption ionization—time of flight mass spectrometry (MALDI-ToF
MS) is used for the analysis of protein profile [116]. The choice of technique
depends on the type of analysis required and the nature of the sample.
Non-targeted characterization provides a comprehensive analysis of the
entire sample without predefining the analytes and allowing to obtain a
total cellular biochemical profile in a single measurement run. Vibrational
spectroscopy has been positioned as a powerful technologies for non-
targeted biochemical profiling and investigation of microorganisms [117].

In this PhD work, bacterial biomass was separated from the growth
medium after cultivation using centrifugation, followed by washing and
freeze-drying. The prepared biomass was then used for targeted and non-
targeted biochemical characterization. Characterization of the total lipid
content and FA profile was done using GC-FID (Paper Il). The pigment
profile was assessed using HPLC-MS (Paper IV). FTIR spectroscopy was used
for the explorative characterization and taxonomy-aligned comparison of
alterations of lipids and other biomolecules in Paper Il, and global cellular
biochemical profiling in Paper Illl. Screening for pigment production and
characterization of pigment profile and photostability of Antarctic bacteria
from MPs was done by FT-Raman spectroscopy in Paper IV.

1.6.1 Reference analysis of lipids and pigments

In this PhD work, prior to lipid and pigment analysis using reference wet-
chemistry techniques, the targeted molecules were extracted using a
previously described method for lipids [66] with some modifications and
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for previously described method for pigments [118]. Thin layer
chromatography (TLC) was used to separate single pigments.

Analysis of lipids (Paper ll): For lipid analysis, the extracted lipids were
converted into fatty acid methyl esters (FAME) according to El Razak et al.
[66]. Gas chromatography equipped with a flame ionization detector (GC-
FID) was utilized for the estimation of the total lipid content and FAs
profile. For the identification and quantification of FAs, the C4-C24 FAME
mixture (Supelco, St. Louis, MO, USA) and the bacterial acid methyl esters
(BAME) mixture (Matreya LLC, High Tech Road, State College, PA 16803
USA) were used as an external standard, in addition to the C19:0 1,2-
dinonadecanoyl-sn-glycero-3-phosphocholine internal standard (IS) as was
previously described [119]. For the estimation of the FA profile, all
significant peaks in the chromatogram were automatically integrated by
the software Agilent OpenLAB CDS (EZChrom Edition, USA). The calculation
of the relative response factor (RRF) was done using FA concentration from
the C4-C24 FAME mix that is given by the manufacturer according to:

areaFA cC19:0
RRFy, = FAMEMIX FAME MIX ).
¢ FApame mix area C19: 0papmg mi1x

The estimation of weight of individual FAs was based on peak area, relative
response factor (RRF) and C19:0 internal standard as follows:

weight C19:0 (IS) area FAsqmpie
X
area C19:0 (IS) RRFg,

weigh FAgsampre = 3).

To estimate weight percentages of single FA for each sample, the weights
of each FA was used according to

weight FAsampie
Y. weight FA — weight €19:0 (IS)

% F Asample =

4

sample

The total weight of FAs in the sample was adjusted by adding the weight of
the internal standard. The weight percentage of FAME content in the
sample (L/X %) was calculated according to:
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L Y. weight FA mpre — Weight €19:0 (IS)

— o= 5
X % weight of dry biomass ®)

The total lipid content of bacterial biomass was estimated in percentage
(%) as a sum of FAMEs (the weight of C19:0 was subtracted) divided by the
weight of freeze-dried biomass. In addition to total lipid content and fatty
acid profile, parameters related to fatty acids structural characteristics
were calculated and for this detected fatty acids were grouped into the
following groups: (1) PUFAs (summed polyunsaturated fatty acids), (2) n-
SFAs (summed non-branched saturated fatty acids), (3) br-SFAs (summed
branched saturated fatty acids), (4) n-MUFAs (summed non-branched
monounsaturated fatty acids), (5) hydroxy-FAs (summed hydroxy fatty
acids), (6) cyclic-FAs (summed cyclic fatty acids), (7) summed cis-FAs/trans-
FAs and (8) iso-FAs /anteiso-FAs [45].

Analysis of pigments (Paper IV): The extracted pigments were analysed by
HPLC-MS. The samples in a volume of 5 pL were injected into a Thermo
Fisher Scientific Hypersil GOLD 1.9 um HPLC analytical column. The stepped
linear gradient of buffers A (0.1% formic acid (VWR chemicals, USA) in
water) and B (0.1% formic acid and 99.9% acetonitrile) (Sigma-Aldrich,
Germany) was distributed as follows: 00-05 min — 50% buffer A and 50%
buffer B, 05-40 min — gradient from 50-100% buffer B, 40-45 min — 100%
buffer B. The separation of components was monitored using a photodiode
array detector at the 190-600 nm range and a mass spectrometer tandem
quadrupole-time-of-flight at the 50-1700 m/z range. A positive
electrospray ionization mode with a time-of-flight detector was used.

1.6.2 Biochemical profiling by vibrational spectroscopy

Traditional analytical approaches for the chemical analysis of bacterial
metabolites, such as liquid or gas chromatography, offer detailed
information on individual analytes but these methods are often time-
consuming and require extraction protocols, making them suboptimal for
high-throughput screening. In this PhD project, both traditional analytical
methods for identification of lipids (Paper Il) and pigments (Paper IV) in
combination with two vibrational spectroscopy techniques —FTIR
spectroscopy and FT-Raman spectroscopy, which provide complementary
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biochemical information were used. FTIR and IR-Raman spectroscopy was
previously applied for analysis of bacteria [40, 117, 120-125] including
some studies performed on Antarctic bacteria: (i) for detection and
characterization of exopolysaccharides [38], biosurfactants [126],
nanoparticles etc. (ii) analysis of low-temperatures degradation of
microplastic [127], feather [79], and petroleum [128].

In this PhD work FTIR spectroscopy was used for biochemical
characterization of bacteria isolated from the Antarctic MPs (Paper II,
Paper IllI) and FT-Raman spectroscopy was used for analysis of pigments
production and photostability of pigments (Paper 1V). Vibrational
spectroscopy is an analytical technology that enables high-throughput
biochemical fingerprinting and quantitative or semi-quantitative analysis
of all major intracellular and extracellular bacteria metabolites in a one
measurement run. Notably, vibrational spectroscopy analysis requires little
to no sample preparation [117].

The main principle of vibrational spectroscopy is based on the interaction
between light and vibrational modes of molecules. Molecules can absorb
mid-infrared radiation (FTIR), where the absorbed energy or frequency is
characteristic for molecular bonds and structure of molecules. In FT-Raman
spectroscopy a near-infrared laser is used, where molecules interact with
the laser radiation such that the molecule either absorbs part of the
incoming radiation or transfers part of the molecule's vibrational energy to
the incoming radiation. In both cases, in FTIR and FT-Raman spectroscopy,
the interactions between the radiation and the molecule reveal specific
information about molecular vibrations and structures [124, 129].

Fourier Transform infrared spectroscopy (FTIR) technique: In mid- infrared
(mid -IR) spectroscopy, a broad spectrum of infrared light is passed through
a sample. A sample absorbs specific frequencies of infrared radiation that
correspond to the vibrational energy levels of the molecules present in the
sample. The fundamental absorption phenomena related to molecular
vibrations appear in the so-called mid-IR spectral region of 4000-400 cm™
(2.5 to 25 micrometer), which is the region mostly covered by FTIR
techniques.
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During an FTIR transmission measurements, infrared radiation is directed
through a thin sample of few micrometers. Within this process, the IR
radiation is partially absorbed by the chemical bonds of the molecules
within the sample. The acquired spectrum is typically represented in a
unitless parameter called "absorbance," which is plotted against
wavenumbers (cm™). Distinct absorbance bands correspond to specific
chemical constituents within the sample. The precise position of these
bands and the probability of absorption depends on the polarity and
strength of chemical bonds and can be affected by the surrounding
molecular environment. As a result, the FTIR spectrum reflects both
intermolecular and intramolecular influences [130].

The measured signal was represented as the absorbance (A), since the
absorbance is approximately proportional to the concentration of chemical
components present in the sample. The absorbance is calculated as
(Equation 6):

1
A= log? (6)

where T denotes transmittance. The transmittance is the ratio of the
intensity of the IR beam after it has passed through the sample (ls) to the
intensity of the IR beam before entering the sample (Ir) (Equation 7):

T=2  (7)

IR

The initial IR beam intensity before interacting with the sample can be
established through free channel measurements, which are conducted
without the sample. A Fourier transform spectrometer has its name from
the fact that it uses a principle that requires a Fourier transform of the
measured signal, the so-called interferogram to obtain the intensity.

The absorbed energy causes the molecular bonds to vibrate, resulting in
characteristic absorption bands in the infrared spectrum. Different types of
vibrational modes can be observed in the infrared spectrum [129]:

(i) Stretching vibrations, which occur when the bond length between
two atoms changes.
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(i) Bending vibrations (deformations), which occur when there is a
change in the bond angle between three or more atoms. They may
appear as scissoring, bending in or out of plane, rocking and

wagging.

The positions and intensities of the absorption peaks provide descriptive
information about the functional groups present in the molecule and its
overall structure. A vibrational transition is infrared active, if the molecule
changes the dipole moment during the vibration. Thus, infrared
spectroscopy is highly sensitive to vibrations of polar functional groups,
such as carbonyl (C=0), hydroxyl (O-H), and amino (N-H) groups .

In this PhD work, for performing cellular biochemical profiling by FTIR
spectroscopy (Paper Il and Paper lll), bacterial biomass was separated
from the growth medium by centrifugation and washed with distilled water
three times (Figure 1.10). 10 uL of the homogenized bacterial suspension
was pipetted onto the IR-light-transparent silicon 384-well silica
microplates (Bruker Optics GmbH, Ettlingen, Germany) in three technical
replicates, and dried at room temperature for at least 2 hours before the
analysis (Figure 1.10). FTIR transmittance spectra were measured using a
high-throughput screening extension unit (HTS-XT) coupled to the Vertex
70 FTIR spectrometer (both Bruker Optik, Germany). The FTIR system was
equipped with a globar mid-IR source and a deuterated L-alanine doped
triglycine sulfate (DLaTGS) detector. The HTS-FTIR spectra were recorded
with a total of 64 scans, using Blackman-Harris 3-Term apodization,
spectral resolution of 6 cm™, and digital spacing of 1.928 cm™, over the
range of 4000-400 cm, and an aperture of 6 mm.
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FTIR-HTS measurement
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Figure 1.10. The workflow of biomass preparation and FTIR-HTS measurement.

Fourier Transform Raman Spectroscopy (FT-Raman): In FT-Raman
spectroscopy, monochromatic light emerging from an excitation laser in
the near infrared — usually at 1064 nm is directed onto the sample [129].
When the photons interact with the molecules, most of them scatter
elastically, resulting in no change in their energy. However, a small fraction
of photons undergoes inelastic scattering, which is the so-called Raman
effect, and which means they either gain or lose energy due to the
interactions with molecules. The Raman effect is based on the energy
difference between the incident photons and the scattered photons, which
corresponds to the vibrational energy change of the molecules [129]. The
Raman spectrum is obtained by measuring the intensity of scattered light
at different frequencies, relative to the incident light. A vibrational
transition is Raman active, if the molecule changes polarizability during the
vibration.

In this PhD work, FT-Raman spectroscopy was applied to perform semi-
guantitative screening of pigment production in Antarctic bacteria and
library-dependent analysis using an in-house library of pigments for
comparison with pigment profiles in pigment producing bacteria (Paper
IV). Prior FT-Raman analysis, bacterial biomass was freeze-dried (Figure
1.11A). Approximately 5-10 mg of the biomass was transferred to flat-
bottom 400 uL glass inserts (Agilent, USA), covering the bottom of the vial.
The glass inserts were then placed in a 96-well multi-well holder, and
measurements were conducted using a high-throughput setting stage
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measurement accessory. To perform FT-Raman analysis of the pigments’
extracts, the extracts were deposited on TLC plates, where single pigments
were separated. The separated pigments and standards were measured by
FT-Raman (Figure 1.11B). After the solvent was evaporated, the plate was
placed on a Z-motorized stage measurement accessory for further
measurements (Figure 1.11C). Measurements were performed using a
MultiRAM FT-Raman spectrometer (Bruker Optic GmbH, Germany) with an
neodymium-doped yttrium aluminum garnet (Nd:YAG) 1064 nm excitation
laser. The spectra were recorded in the region between 3785 —45 cm™* with
a spectral resolution of 8 cm™ and with 2048 scans per sample. MultiRAM
FT-Raman spectrometer (Bruker Optik GmbH, Germany) equipped
germanium detector cooled with liquid nitrogen.

A
FT-Raman
- . ut .
B Secattered light
Frecze dry ITigh-throughput E crectie
hiomass stage —
B ] ; --_.‘.‘.‘})
FT-Raman
Pure standards/ E Scatlered light
pigment extract | — —@—@ —— ‘E’ 3
Separateds©
e pigment .b
(;x__,___,__r—" from cxtract
F FT-Raman l:l
—gg | to |
= N - ‘i’\\:
Pigment . 2 .
extract ———e— TLC —-——e— j Scattered light

Figure 1.11. Sample preparation for TLC coupled with FT-Raman spectroscopy.
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The comparison of FTIR and FT-Raman spectroscopies

Both infrared and Raman spectroscopy methods are highly
complementary, providing a comprehensive analysis of molecular
vibrations and structures (Figure 1.12, Table 1.2). Although there can be
overlap in the vibrational modes captured by Raman and IR spectroscopy,
Raman spectroscopy is most effective for detecting vibrations within non-
polar groups, while IR spectroscopy is most sensitive for the vibrations of
polar groups [129].
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Figure 1.12. Representative FTIR-HTS and FT-Raman spectra of bacterial biomass.

Table 1.2 — Band assignment for the FTIR and FT-Raman. Peak frequencies have
been obtained from second derivative spectra. Abbreviations: asym,
antisymmetric; sym, symmetric; str, stretching; defederation [120, 121, 123, 131-
134].

FTIR-HTS [FT-Raman| Molecular vibration Cell component
cm? cmt
Lipids
3006 3008 =C-H str Polyunsaturated lipids
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2960/2875 [2933/2895 -C-H (CH3) str Mainly unsaturated lipids, little
2925 /2853 | 2855 -C-H (CH3) str contribution from proteins,
carbohydrates, nucleic acids
1742 1740 >C= O str Acyl glycerides, esters, lipids
Proteins
1693
1656 1660 "C=Ostr Amide |
C=Cstr
1636
1548 C-N-H def Amid Il
1311 1310-1250 C-N-H def Amide Ill band
Mixed
1466 1460-1440 CHy def Lipids and protein
1453 CH3 def
1240 P=0 asymmetric str. of |Phosphodiesters, phospholipids, nucleic
1222 1165 >P0O; acids
Carbohydrates
1083 C-0 str of glycogen PO~2 |Phosphodiesters, phospholipids, nucleic
symmetric str acids, teichoic acids, glycogen
1200-1000 |1200-1150|C-O-C str, C-O-H def, COH Carbohydrates
Carotenoids
1500-1550 C=C str.
Not 17001120 C-Cstr. Carotenoids
detectable
1000-1010 C-CHs str

1.7 Data analysis

In this PhD work the following types of data were generated: (i) univariate
data such as biomass weight (g/L), ratio values, antibiotic susceptibility
zones (mm) (Paper I- IV), and (ii) multivariate data such as genetic data
(Paper 1), GC-FID data of fatty acid profile and total lipid content (%) (Paper
Il) and FTIR and FT-Raman spectral data (Paper II-1V).

1.7.1 Analysis of univariate data

For the univariate data the average of biological replicates was calculated,
and the standard deviation was estimated.

1.7.2 Analysis of multivariate data

Principal component analysis (PCA), cluster analysis and correlation
analysis were employed to analyze complex GC-FID data and spectral data
to uncover patterns, correlations, and relationships between the measured
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variables [135]. Multivariate spectral data require preprocessing prior the
analysis to remove unwanted variation.

Preprocessing

GC -FID data preprocessing include normalization by using autoscaling with
mean-centring, followed by the division of each column (variable) by the
standard deviation.

Different preprocessing methods were used for the elimination of physical
effects and unwanted variations from the spectral data, ensuring that only
chemical information is extracted for further analysis. By addressing
baseline shifts, mitigating background noise, and compensating for
scattering effects, preprocessing serves the purpose of eliminating
extraneous non-chemical factors that may obscure or distort the genuine
spectral signatures [136]. The specific preprocessing procedures applied in
IR and Raman spectroscopy are contingent upon the data's characteristics
and the nature of the sample but most pre-processing methods used for IR
spectra are generally applicable to Raman spectra [137].

In the context of infrared spectra preprocessing, techniques such as
Extended Multiplicative Signal Correction (EMSC) are used to enhance data
quality [138]. EMSC effectively rectifies baseline offsets and normalizes
spectra by scaling facilitating the identification of chemical differences
between samples. The implementation of filters like the Savitzky-Golay
filter achieves noise reduction without compromising essential spectral
features [139]. The selection of specific wavelengths or regions of interest
narrows the focus on the biomolecules of interest [140]. Detection and
removal of outliers enhances the reliability of the dataset [137].
Furthermore, the application of second derivative transformation
improves baseline correction by removing constant background signals,
enhances peak resolution and aids in distinguishing overlapping bands
[137].

In this PhD work before conducting data analysis, quality test (Figure 1.13A)
was performed on the spectra using a test developed by Tafintseva et al.
[141] for FTIR spectra (Paper lI-1ll). To ensure the quality of the FT-Raman
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spectra, a quality assessment was conducted as follows: Peak maximum
values within the biomass region (1430-1470 cm-1) and the non-
informative region (1800-2000 cm-1) were identified and calculated the
ratio between these maximum values (Paper IV). Spectra with low signal-
to-noise ratio were removed from analysis (Paper IV). Spectra that passed
the quality test were preprocessed in the following way (Paper 1I-1V): (1)
averaging of technical replicates for each sample by calculating arithmetic
mean in Paper lll; (2) applying Savitzky-Golay algorithm with second
polynomial degree and different window sizes depending on the spectral
region where 9 points were used for lipid region, 19 points for protein
region and 13 for carbohydrate region or 11 points for the whole spectral
region for FTIR spectra (Paper Il, lll) or area normalization for FT-Raman
spectra (Paper IV) (Figure 1.13A); (3) splitting the data according to the
informative regions based on the type of macromolecules: 3050-2800 cm™
and 1800-1700 cm™ for lipids, 1700—-1500 cm™ for proteins, mixed region
at 1500-1200 cm™ and 1200-700 cm™ for polysaccharides for FTIR spectra
(Paper Ill) or using the whole spectral region (Paper Il and IV) (4) EMSC was
applied for second-derivative spectra for each region separately to
separate informative signals from physical effects such as variability due to
light scattering or sample thickness for FTIR spectra (Paper II, lll).

After preprocessing, ratio of peak intensities and multivariate data analysis
techniques such as PCA and correlation PCA analysis were applied in Paper
lI-IV to analyze the total cellular biochemical profile of the studied bacteria
(Figure 1.13B). For PCA, the complete mid-infrared region (Paper Il) as well
as single spectral regions of lipids, proteins and polysaccharides were used
(Paper Ill). Correlation analysis between variables and PCA scores was used
to investigate the temperature effect on biochemical profile measured by
FTIR-HTS spectroscopy in Paper lll that resulted in correlation loading plots
showing a subset of the most relevant spectral variables (peaks) and
temperature. Pearson correlation coefficient (r) was calculated to examine
the relationship between the L/P ratio and total lipid content in Paper Il
(Figure 1.13B).
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Assessment of relative peak heights. Ratio of peak intensities at specific
wavelengths facilitates a deeper understanding of relative chemical
composition of a sample [142]. This is valuable for studying drug effects,
stress responses, or adaptation mechanisms [122, 123, 143] (Figure 1.13B).
For the evaluation of temperature-induced changes in bacterial cells, ratios
between lipids, polysaccharides and proteins were estimated using FTIR
spectra in Paper Il. The protein Amide | peak at 1656 cm™ was selected as
a relatively stable reference band due to the possibly low variation of
protein content in bacterial cells. Ratiometric analysis was used to evaluate
effect of temperature and light on pigments production in Paper IV. For
estimating the relative content of pigments, the ratio between peak
maxima in the range of 1500-1540 cm™ (indicating the presence of carbon-
carbon double bonds within the carotenoid molecule) and peak maxima of
the biomass in the range of 1430-1470 cm™ (related to total biomass) was
calculated.

Principal Component Analysis (PCA). PCA is a widely used unsupervised
data analysis method for exploring multivariate data, primarily employed
to reveal underlying patterns [144]. Its objective is to visually represent the
positions of data points in fewer dimensions, preserving maximum
information, and investigating relationships among dependent variables
[144]. Score plots visualize data points in the reduced space, highlighting
clustering and outliers. A loading plot in PCA displays the relationships
between the original variables and the PC. Each principal component is
represented as a vector pointing to the direction of its highest variation in
the space of the original variables. The contribution of each variable to the
vector indicates the variable's contribution to the principal component's
variance. Loading plots help to identify which original variables are driving
the observed patterns and they provide insights into the underlying
structure of the data. Correlation loading plots display the variable impact
on PC, aiding in identifying influential factors.

The Unscrambler, V10.01 (CAMO PROCESS AS, Oslo, Norway) and
algorithms in Matlab, V12.a (The Mathworks, Inc., Natick, MA) were used
to perform the analysis in Paper lll. Quasar or Orange-Spectroscopy data
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mining toolbox version 3.31.1 (University of Ljubljana, Ljubljana, Slovenia)
was used for the preprocessing spectral analysis, ratiometric analysis, PCA
analysis [145-147] in Paper lI-IV.
Specetral preprocessing
A FTIR-IITS IR-Raman

Raw spectrum

Quality test
Baseline correction

2nd derivative (SG filter) . Arca normalization
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Figure 1.13. Overview of A- spectral preprocessing methods and B- data analysis
methods used in the PhD work.
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2 Main results and discussion

2.1 Paper |: Isolation, Physiological Characterization, and
Antibiotic Susceptibility Testing of Fast-Growing Bacteria
from the Sea-Affected Temporary Meltwater Ponds in the
Thala Hills Oasis (Enderby Land, East Antarctica)

Paper | presents an assessment of bacterial diversity for nine temporary
meltwater ponds located in the Vecherniy district of the Tala Hills oasis in
the Western part of Enderby Land in East Antarctica. This study includes
physicochemical and biological analysis of water samples and analyses of
the genotypic and physiological traits of twenty-nine fast-growing bacteria
isolated from these ponds. Paper | also includes a large study on the
antibiotic susceptibility using eighteen antibiotics (3 of which were used at
two concentrations) and five antibacterial agents.

The 16S rRNA gene was amplified and sequenced, and the resulting
sequences were compared to databases for the taxonomic classification
and phylogenetic tree construction. The isolated Antarctic meltwater
bacteria were identified as related to four phyla, Proteobacteria,
Actinobacteria, Firmicutes, and Bacteroidetes, and represented by twelve
genera. Proteobacteria was the first predominant phylum among the
isolates, and it was represented by three genera: Pseudomonas,
Shewanella, and Acinetobacter. Actinobacteria was the second
predominant phylum, and it was represented by five genera: Arthrobacter,
Brachybacterium, Micrococcus, Agrococcus, and Leifsonia. The Firmicutes
phylum was represented by three genera: Carnobacterium, Sporosarcina,
and Facklamia. The Bacteroidetes phylum was represented by only one
isolate belonging to the genus Flavobacterium.

For the majority of the isolates the optimal growth temperature was 18°C,
while many isolates tolerated 4°C to 25°C, 30°C, and 37°C. Among various
tested enzymatic activities, lipolytic and proteolytic activities were the
most predominant. Some isolates expressed deoxyribonuclease, amylase
activity and B-galactosidase and catalase activity. The highest enzymatic
activity was detected for Brachybacterium paraconglomeratum BIM B-
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1571, Micrococcus luteus BIM B-1545, for several Pseudomonas lundensis
and for Shewanella baltica isolates.

Evaluation of antibiotic susceptibility was performed using the Kirby-Bauer
disk diffusion method at temperatures 18°C and 25°C for eighteen
antibiotics. Twenty-five isolates were resistant to at least one antibiotic,
and seven isolates showed different levels of multi-resistance (Figure 2.1).
Many isolates (>10) were resistant to ampicillin, cefuroxime, amoxicillin-
clavulanic acid, and trimethoprim. A few isolates (<3) were resistant to
imipenem, ciprofloxacin, high concentrations of rifampicin 30 pug, 120 pg of
gentamicin, 300 pg of streptomycin, and doxycycline. None of the isolates
was resistant to a high concentration of streptomycin. Most of the Gram-
negative isolates were resistant to B-lactam-type antibiotics such as
ampicillin, amoxicillin-clavulanic acid, cefuroxime, and trimethoprim.
Among the Gram-negative isolates, Acinetobacter Iwoffii BIM B-1558 and
all Pseudomonas lundensis isolates showed multiple antibiotic resistance
and were resistant to ten and more antibiotics. For Gram-positive isolates,
the highest level of resistance was detected against aminoglycoside
antibiotics (tobramycin, kanamycin, and low concentrations of
streptomycin) and trimethoprim. Gram-positive bacterial isolates such as
Brachybacterium paraconglomeratum BIM B-1571, Agrococcus citreus BIM
B-1547, Carnobacterium inhibens BIM B-1540, and Facklamia tabacinasalis
BIM B-1577 were resistant to five and more antibiotics, mostly
aminoglycosides and trimethoprim. The isolates Pseudomonas peli BIM B-
1560 and BIM B-1542 and Sporosarcina sp. BIM B-1539 were susceptible
to all tested antibiotics (Figure 2.1).
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Figure 2.1. Antimicrobial susceptibility profiles of bacterial isolates from MPs at 18
and 25°C.
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2.2 Paper Il: Explorative characterization and taxonomy-
aligned comparison of alterations of lipids and other
biomolecules in Antarctic bacteria grown at different
temperatures

In Paper Il an exploratory characterization and taxonomy-aligned
comparison of temperature-induced changes in cellular biomolecules,
including lipids, proteins, and polysaccharides for the newly isolated cold-
adapted meltwater bacteria was conducted.

The effect of temperature on the total lipid content in bacterial cells was
species-specific. The majority of the isolates showed an increase in total
lipid content at lower temperatures. The total lipid content differed
significantly for two Gram groups, where Gram-negative bacteria exhibited
in average a higher total lipid content compared to Gram-positive bacteria.
Proteobacteria displayed the highest total lipid content. The main
variability in total lipid content was observed among different species
(Figure 2.2). It was observed that total lipid content in bacteria related to
genus Pseudomonas considerably varied from 6 to 19 % w/w between
different species and was high for Pseudomonas peli strains from 14% up
to 19%.

The analysis of the structural characteristics of the fatty acid profile showed
that all Gram-positive Actinobacteria and Firmicutes from genera
Facklamia and Carnobacterium had br-SFAs as a major group of fatty acids,
while Gram-negative Proteobacteria, except Shewanella, had n-MUFAs
and n-SFAs at all studied temperatures. Interestingly, bacteria from genera
Shewanella and Flavobacterium had br-SFAs present in their profile, which
were not detected for other Gram-negative bacteria (Figure 2.3).
Temperature induced changes of the fatty acid profile were registered for
all studied bacteria. Gram-positive bacteria demonstrated alterations in
both quantity and type (anteiso-/iso-) of methyl branching, as well as
changes in chain length and unsaturation, while Gram-negative bacteria
showed alterations only in unsaturation and acyl chain length when grown
at low temperature.
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Long-chain fatty acids (LCFAs) were predominant (60-98%) in all studied
Antarctic bacteria, while medium-chain fatty acids (MCLFAs) were found in
smaller amounts (3-11%) in some Pseudomonas and Flavobacterium
isolates and increased at higher growth temperatures. Very long-chain
fatty acids (VLCFAs) were detected in lowest amount (up to 7%) mainly for
Actinobacteria grown at higher temperatures, and short-chain fatty acids
(SCFAs) were present in negligible amount.

FTIR analysis of the intact bacterial biomass obtained from cultivation at
different temperatures indicated the impact of temperature on the whole
cellular biochemical profile, where the most pronounced changes were
recorded for the mixed spectral region at 1500-900 cm™ where peaks
related to carbohydrates, nucleic acids and phosphates are present. The
effect of temperature on this spectral region was considerable for all
taxonomic groups. Thus, an increase in intensity for several peaks in the
mixed region (1400 cm™, 1240 cm™ and 1083 cm™) along with temperature
decrease was recorded for the majority of Proteobacteria, Bacteroidetes
and Actinobacteria isolates, while changes for Firmicutes were less intense
(Figure 2.4). The most significant changes in the mixed spectral region were
detected for Pseudomonas, Shewanella, Acinetobacter and Leifsonia. FTIR
spectra of nearly all bacteria showed alterations in a peak at 1083 cm*
related to phosphodiester groups mainly from phospholipids (for Gram-
negative bacteria) and teichoic /lipoteichoic acids (for Gram-positive
bacteria), which was significantly higher for lower temperatures. The ester
peak at 1743 cm™ was increased for lower temperature for Gram-positive
Actinobacteria. Temperature-induced changes in the protein region (1700-
1500 cm™) were mainly associated with a shift of Amide | peak at 1640 cm"
! related to B-sheet structures of proteins. A shift of the Amide | peak at
1640 cm™ to lower wavenumbers was recorded for Proteobacteria from
the genera Shewanella and Pseudomonas and from Firmicutes isolates
from the genus Carnobacterium grown at higher growth temperature.
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2.3 Paper lll: Global biochemical profiling of fast-growing
Antarctic bacteria isolated from meltwater ponds by high-
throughput FTIR spectroscopy

In Paper lll a characterization of the total cellular biochemical profile of the
Antarctic meltwater bacteria grown in different cultivation media and at
different temperatures was performed by FTIR spectroscopy.

FTIR profiling revealed distinct chemical differences in biochemical profile
for the bacteria grown on agar and broth, where agar provided better
phylogeny-aligned clustering than broth (Figure 2.5). Lipid spectral region
showed to be the most discriminative and provided the best phylogeny-
aligned clustering. Cultivation on agar also provided the most stable
biochemical profile characterized by the low variability. FTIR biochemical
spectral profiles distinguished significant chemical variations between
Gram groups, notably in lipid content and phosphodiesters. Additionally,
variations in protein structure were observed, with Gram-positive bacteria
exhibiting higher intensities in a-helical and B-pleated sheet structures.

The effect of temperature on the profile was lower than effect of media
and provided better phylogeny-aligned clustering (Figure 2.6). The impact
of temperature on the cellular biochemical profile of the studied bacteria
was specie-specific, where polysaccharides were the most affected cellular
component while lipids stayed the most unchanged. The most consistent
FTIR biochemical profile for all studied species was at 18°C while growth at
25°C triggered changes for Pseudomonas, Flavobacterium and
Arthrobacter strains where each specie had specific responses. The growth
at higher temperatures 30°C and 37°C was affecting only bacteria from
genus Shewanella and Pseudomonas lundensis, with Acinetobacter Iwoffii
BIM B — 1558 strains, respectively, where the main changes were
associated with proteins and polysaccharides (Figure 2.7A). Low
temperatures 4°C and 10°C showed to have the highest effect on the
majority of studied species, except all Pseudomonas species, Arthrobacter
alpinus BIM B — 1549, Carnobacterium iners BIM B — 1544 (Figure 2.7B).
Correlation analysis showed that Micrococcus luteus BIM B — 1545 and
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Leifsonia sp. BIM B — 1567 have consistent biochemical profile not affected
by the temperature (Figure 2.7C).
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24 Paper IV: Screening for pigment production and
characterization of pigment profile and photostability in
cold-adapted Antarctic bacteria using FT-Raman
spectroscopy

In Paper IV, screening for pigment production and characterization of the
pigment profile and photostability of intact pigmented biomass was
performed. FT-Raman spectroscopy combined with PCA, and analysis of
relative band intensities was used to identify pigment producing Antarctic
meltwater bacteria. For estimating the relative content of pigments,
carotenoid-to-biomass ratio (C/B) was calculated. Specifically, the ratio
between peak maxima in the range of 1500-1540 cm™ (related to C=C
stretching in polyene chain of carotenoids) and peak maxima in the range
of 1430-1470 cm™ (related to CH, and CHs deformations of lipids, proteins,
and carbohydrates, thus serving as proxy signal for total biomass) was
calculated (Figure 2.8). Among the studied twenty-nine bacterial strains,
production of pigments was detected for six strains related to the
Actinobacteria phylum (Agrococcus, Arthrobacter, Brachybacterium,
Leifsonia, Micrococcus) and one genus of the Bacteroidetes phylum
(Flavobacterium) (Figure 2.8). Growth of bacteria at different temperatures
resulted in a species-specific effect where for Flavobacterium degerlachei
BIM B-1562, Arthrobacter sp. BIM B-1549, Leifsonia sp. BIM B-1567 relative
pigment content increased with temperature increase, and the opposite
was observed for the other studied bacteria (Figure 2.8). The pigment
profile detected by FT-Raman was based on the position of peak maxima
of the C=C stretching vibrations in carotenoids, and it was species-specific.
Reference HPLC-MS analysis revealed the presence of a complex
carotenoid profile of Antarctic bacteria. For example, Flavobacterium
degerlachei BIM B-1562 from the Bacteroidetes phylum, showed a
distinctive pigment profile characterized by the presence of C40
ehinenone, canthaxanthin, and zeaxanthin as the main carotenoids.
Leifsonia rubra BIM B-1567 exhibited C40 lycopene and phytoene as the
main carotenoids. The strain Agrococcus citreus BIM B-1547 exhibited
relatively low levels of carotenoids, with only C45 and C50 variants being
detected
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Based on FT-Raman screening and HPLC-MS data, five bacterial isolates
have been identified as promising pigment producers marked with stars in
Figure 2.8. These isolates were further tested for their biomass production
and the induction of pigment production when they are exposed to blue
light. It has been observed that blue light induced pigment production in
all tested bacterial isolates except Arthrobacter sp. BIM B-1549 (Figure 2.9).
According to the results for biomass productivity and relative pigment
content estimated as carotenoids/biomass ratio using FT-Raman spectra,
the most promising pigment producers were Flavobacterium degerlachei
BIM B-1562, Arthrobacter sp. BIM B-1549 and Leifsonia rubra BIM B-1567

(Figure 2.9).

Pronounced photodegradation effects on pigments was observed in the
pigmented bacterial biomass after exposure to light with 900 lux for 60
hours. The results from photostability testing showed that the lowest
degradation rate of pigment was observed for Arthrobacter agilis BIM B-
1543, where C50 carotenoids are predominant (Figure 2.10). FT-Raman
showed to be a powerful analytical tool to assess both relative pigment
content and the pigment profile using a spectral library of pigment
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Figure 2.8. Analysis of relative band ratios in FT-Raman spectra of pigmented
bacterial biomass obtained after cultivation at different temperatures (blue — 5°C,
yellow — 15°C, and orange — 25°C). Genera: Agr-Agrococcus, Art-Arthrobacter, Bra-
Brachybacterium, Fla-Flavobacterium, Lei-Leifsonia, Mic-Micrococcus, Pse-
Pseudomonas, She-Shewanella. * - strains selected for detail analysis.
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Figure 2.9. Relative pigment amount at 15°C under blue light exposure and no light
exposition (control) measured by quantifying the C/P ratio of the freeze-dried
biomass and biomass production (g/L) at 15°C. Genera: Fla-Flavobacterium, Agr-
Agrococcus, Art-Arthrobacter, Lei-Leifsonia.
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3 Conclusion and future prospects

In this PhD work, for the first time, isolation, identification and global
phenotypic characterization of twenty-nine newly isolated cold-adapted
bacteria from temporary meltwater ponds located in the Western part of
Enderby Land, East Antarctica was performed. The impact of temperature
on cellular lipids, pigments and total cellular biochemical profile of the
isolated Antarctic meltwater bacteria was in a special focus of this PhD
work. Vibrational spectroscopy techniques FT-IR and FT-Raman
spectroscopy were used for biochemical profiling, library-independent
estimation of the relative total piment content and library-dependent
estimation of pigment profile.

The physiological characterization and evaluation of antibiotic
susceptibility performed in Paper | showed that the isolated meltwater
bacteria are psychrotrophic, can possess multiple enzymatic activities and
some of them have antibiotic multi-resistance. The recorded physiological
characteristics and antibiotic resistance may be associated with animal
activity close to the meltwater ponds. The fact that several isolated
bacteria showed a high level of multi-resistance would be important to
consider when predicting the effect of climate change and anthropogenic
activity in Antarctic regions.

This PhD work showed that the cellular response of the meltwater bacteria
to temperature fluctuation in Antarctica is driven by changes in alteration
in many biochemical components of their cells. Thus, in Paper Il it was
shown that changes in lipids as well as proteins, phosphorus containing
compounds and polysaccharides were triggered by temperature
fluctuations. Thus, it was observed that the changes in lipids and proteins
are more specie-specific, while changes in carbohydrates, nucleic acids and
phosphates were detected for all taxonomy groups. Additionally high lipids
amount up to 19% was reported for some Pseudomonas peli strains that
could have a possible biotechnological potential. Paper lll, for the first
time, reports the total cellular biochemical profile of the Antarctic
meltwater bacteria as well as its variation under different cultivation
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conditions. The results suggest that agar is the best form of BHI medium
for understanding biochemical nature of phylogenetic relations and
studying effect of abiotic factors on cell chemistry. Temperature-induced
changes in biochemical composition were species-specific, with the most
significant effects observed in bacteria with a broad growth temperature
range. Interestingly, the biochemical profile of Micrococcus luteus BIM B —
1545 was little affected by temperature but extensively affected by the
form of cultivation medium.

Paper IV demonstrated the importance of screening and studying polar
bacteria for identifying new potential pigment producers. Some Antarctic
bacteria related to Flavobacterium, Arthrobacter and Leifsonia genera
exhibited the high levels of pigment content achieved under non-optimized
cultivation conditions. Interesting observation was made for Arthrobacter
agilis BIM B-1543 showed that the lowest degradation rate of pigment
what could be important for considering of using it for solar cells. In
addition, it was demonstrated that FT-Raman spectroscopy is a truly
powerful analytical tool for both semi-qualitative screenings and
descriptive analysis of pigmented microorganisms.

Overall, the findings from this PhD work have a significant contribution to
understanding microbiota of polar regions. This work deepens our
understanding of the importance and potential of Antarctic bacteria and
sheds light on their cellular responses to temperature which is considered
as one of the main environmental factors affecting survival and adaptation
of microorganisms. In addition, this PhD work clearly demonstrates the
analytical benefits and potential of vibrational spectroscopy techniques for
total biochemical characterization as well as semi-quantitative chemical
analysis of single biochemical components in bacterial cells. The
comprehensive knowledge obtained in this PhD work can be used as a
background to further explore some of the isolated Antarctic meltwater
bacteria, for example, for production of pigments and lipids. More research
to uncover the genetic and metabolic basis of multi-resistance for some
isolates needs to be performed in order to understand the consequences
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and potential risks that may arise when these isolates spread due to a
climate change.

50



4

10.

11.

References

Kingslake, ]., J.C. Ely, L. Das, and R.E. Bell, Widespread movement
of meltwater onto and across Antarctic ice shelves. Nature, 2017.
544(7650): p. 349-352.

Kakareka, S.V,, et al., Chemical characteristics of antarctic lakes
of the Thala Hills. Arctic and Antarctic Research, 2019. 65(4): p.
422-437.

Aspmo, K., etal., Mercury in the atmosphere, snow and melt water
ponds in the North Atlantic Ocean during Arctic summer.
Environmental science & technology, 2006. 40(13): p. 4083-
4089.

Jungblut, A.D., D. Mueller, and W.F. Vincent, Arctic ice shelf
ecosystems. Arctic ice shelves and ice islands, 2017: p. 227-260.
Wilkins, D., et al., Key microbial drivers in Antarctic aquatic
environments. FEMS Microbiology Reviews, 2013.37(3): p. 303-
335.

Liu, Y, et al,, Culturable bacteria in glacial meltwater at 6,350 m
on the East Rongbuk Glacier, Mount Everest. Extremophiles,
2009.13: p. 89-99.

Miamin, V.E., et al., Microbiology investigation in the Vechernyy
region, Tala Hills (East Antarctica), Belarus State University
Annual, 2014. 9: p. 58-67.

De Mora, S., RF. Whitehead, and M. Gregory, The chemical
composition of glacial melt water ponds and streams on the
McMurdo Ice Shelf, Antarctica. Antarctic Science, 1994. 6(1): p.
17-27.

Healy, M., ]. Webster-Brown, K. Brown, and V. Lane, Chemistry
and stratification of Antarctic meltwater ponds II: Inland ponds
in the McMurdo Dry Valleys, Victoria Land. Antarctic Science,
2006.18(4): p. 525-533.

Jungblut, A.D., et al, Diversity within cyanobacterial mat
communities in variable salinity meltwater ponds of McMurdo Ice
Shelf, Antarctica. Environmental microbiology, 2005. 7(4): p.
519-529.

Schmidt, S., et al., Limnological properties of Antarctic ponds
during winter freezing. Antarctic Science, 1991. 3(4): p. 379-
388.

51



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Main results and discussion

Wait, B, et al, PChemistry and stratification of Antarctic
meltwater ponds I: coastal ponds near Bratina Island, McMurdo
Ice Shelf. Antarctic Science, 2006. 18(4): p. 515-524.

Archer, S.D., LR. McDonald, C.W. Herbold, and S.C. Cary,
Characterisation of bacterioplankton communities in the
meltwater ponds of Bratina Island, Victoria Land, Antarctica.
FEMS Microbiology Ecology, 2014. 89(2): p. 451-464.

Archer, S.D., et al., Benthic microbial communities of coastal
terrestrial and ice shelf Antarctic meltwater ponds. Frontiers in
microbiology, 2015. 6: p. 485.

Wait, B., R. Nokes, and J. Webster-Brown, Freeze-thaw dynamics
and the implications for stratification and brine geochemistry in
meltwater ponds on the McMurdo Ice Shelf, Antarctica. Antarctic
Science, 2009. 21(3): p. 243-254.

Keatley, B.E,, et al.,, Impacts of seabird-derived nutrients on water
quality and diatom assemblages from Cape Vera, Devon Island,
Canadian High Arctic. Hydrobiologia, 2009. 621: p. 191-205.
Tin, T., et al,, Impacts of local human activities on the Antarctic
environment. Antarctic Science, 2009. 21(1): p. 3-33.

Noble, T., et al., The sensitivity of the Antarctic ice sheet to a
changing climate: past, present, and future. Reviews of
Geophysics, 2020. 58(4): p. e2019RG000663.

Jackson, E.E., I. Hawes, and A.D. Jungblut, 16S rRNA gene and 18S
rRNA gene diversity in microbial mat communities in meltwater
ponds on the McMurdo Ice Shelf, Antarctica. Polar Biology, 2021.
44(4): p. 823-836.

Spergel, ].]., et al,, Surface meltwater drainage and ponding on
Amery Ice Shelf, East Antarctica, 1973-2019. Journal of
Glaciology, 2021. 67(266): p. 985-998.

Dieser, M., et al., Physicochemical and biological dynamics in a
coastal Antarctic lake as it transitions from frozen to open water.
Antarctic Science, 2013. 25(5): p. 663-675.

Hogg, LD, et al, Biotic interactions in Antarctic terrestrial
ecosystems: are they a factor? Soil Biology and Biochemistry,
2006.38(10): p. 3035-3040.

Rosa, L.H., Fungi of antarctica: Diversity, ecology and
biotechnological applications. 2019: Springer.

Kleinteich, |, et al,, Diversity of toxin and non-toxin containing
cyanobacterial mats of meltwater ponds on the Antarctic
Peninsula: a pyrosequencing approach. Antarctic Science, 2014.
26(5): p. 521-532.

52



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vincent, W.F., Cyanobacterial dominance in the polar regions, in
The ecology of cyanobacteria: Their diversity in time and space.
2000, Springer. p. 321-340.

Smith, H.J,, et al,, Relationship between dissolved organic matter
quality and microbial community composition across polar
glacial environments. FEMS Microbiology Ecology, 2018. 94(7):
p. fiy090.

Maccario, L., L. Sanguino, T.M. Vogel, and C. Larose, Snow and ice
ecosystems: not so extreme. Research in microbiology, 2015.
166(10): p. 782-795.

Baublis, J.A., R.A. Wharton Jr, and P.A. Volz, Diversity of micro-
fungi in an Antarctic dry valley. Journal of Basic Microbiology,
1991.31(1): p. 1-12.

llicic, D., et al.,, Antarctic glacial meltwater impacts the diversity
of fungal parasites associated with Benthic diatoms in shallow
coastal zones. Frontiers in microbiology, 2022. 13: p. 805694.
Ferreira, E.M.S., F.M.P. de Sousa, L.H. Rosa, and R.S. Pimenta,
Taxonomy and richness of yeasts associated with angiosperms,
bryophytes, and meltwater biofilms collected in the Antarctic
Peninsula. Extremophiles, 2019. 23: p. 151-159.

Archer, S.D.J.,, LR. McDonald, C.W. Herbold, and S.C. Cary,
Characterisation of bacterioplankton communities in the
meltwater ponds of Bratina Island, Victoria Land, Antarctica.
FEMS Microbiology Ecology, 2014. 89(2): p. 451-464.

Comte, ], L. Fauteux, and P.A.d. Giorgio, Links between metabolic
plasticity —and  functional redundancy in freshwater
bacterioplankton communities. Frontiers in microbiology, 2013.
4:p.112.

Lauritano, C., C. Rizzo, A. Lo Giudice, and M. Saggiomo,
Physiological and molecular responses to main environmental
stressors of microalgae and bacteria in polar marine
environments. Microorganisms, 2020. 8(12): p. 1957.
Ramasamy, K.P., et al., Comprehensive insights on environmental
adaptation strategies in Antarctic bacteria and biotechnological
applications of cold adapted molecules. Frontiers in
Microbiology, 2023. 14: p. 1197797.

Dasila, H., D. Maithani, D.C. Suyal, and P. Debbarma, Cold-
Adapted  Microorganisms:  Survival  Strategies  and
Biotechnological Significance. Survival Strategies in Cold-
adapted Microorganisms, 2022: p. 357-378.

53



36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

Main results and discussion

Tribelli, P.M. and N.I. Lépez, Reporting key features in cold-
adapted bacteria. Life, 2018. 8(1): p. 8.

Rizzo, C. and A. Lo Giudice, Life from a Snowflake: Diversity and
Adaptation of Cold-Loving Bacteria among Ice Crystals. Crystals,
2022.12(3): p. 312.

Mancuso Nichols, C,, et al., Production of exopolysaccharides by
Antarctic marine bacterial isolates. Journal of Applied
Microbiology, 2004. 96(5): p- 1057-1066.

Deming, ].W. and ].N. Young, The role of exopolysaccharides in
microbial adaptation to cold habitats. Psychrophiles: from
biodiversity to biotechnology, 2017: p. 259-284.

Naumann, D., Infrared spectroscopy in microbiology.
Encyclopedia of analytical chemistry, 2000. 102: p. 131.
Sohlenkamp, C. and O. Geiger, Bacterial membrane lipids:
diversity in structures and pathways. FEMS microbiology
reviews, 2016.40(1): p. 133-159.

Wailtermann, M., et al, Mechanism of lipid-body formation in
prokaryotes: how bacteria fatten up. Molecular microbiology,
2005.55(3): p. 750-763.

Chattopadhyay, M. and M. Jagannadham, Maintenance of
membrane fluidity in Antarctic bacteria. Polar Biology, 2001.
24(5): p. 386-388.

Hassan, N., et al., Temperature driven membrane lipid adaptation
in glacial psychrophilic bacteria. Frontiers in Microbiology,
2020.11: p. 824.

Mez6, E., et al,, Effect of Culture Conditions on Fatty Acid Profiles
of Bacteria and Lipopolysaccharides of the Genus
Pseudomonas—GC-MS Analysis on lonic Liquid-Based Column.
Molecules, 2022. 27(20): p. 6930.

Russell, N., Functions of lipids: structural roles and membrane
functions. Microbial lipids, 1989. 2: p. 279-365.

Denich, T., L. Beaudette, H. Lee, and ]. Trevors, Effect of selected
environmental and physico-chemical factors on bacterial
cytoplasmic membranes. Journal of microbiological methods,
2003.52(2): p. 149-182.

Phadtare, S., J. Alsina, and M. Inouye, Cold-shock response and
cold-shock proteins. Current opinion in microbiology, 1999.
2(2): p. 175-180.

54



49,

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Dieser, M., M. Greenwood, and C.M. Foreman, Carotenoid
Pigmentation in Antarctic Heterotrophic Bacteria as a Strategy
to Withstand Environmental Stresses. Arctic, Antarctic, and
Alpine Research, 2010. 42(4): p. 396-405.

Fong, N.J.C., M.L. Burgess, K.D. Barrow, and D.R. Glenn,
Carotenoid accumulation in the psychrotrophic bacterium
Arthrobacter agilis in response to thermal and salt stress. Applied
Microbiology and Biotechnology, 2001. 56(5-6): p. 750-756.
Ordenes-Aenishanslins, N., et al,, Pigments from UV-resistant
Antarctic bacteria as photosensitizers in dye sensitized solar cells.
Journal of Photochemistry and Photobiology B: Biology, 2016.
162:p.707-714.

Silva, T.R.E,, et al., Pigments from Antarctic bacteria and their
biotechnological applications. Critical Reviews in Biotechnology,
2021.41(6): p. 809-826.

Styczynski, M., et al., Genome-based insights into the production
of carotenoids by Antarctic bacteria, Planococcus sp. ANT_H30
and Rhodococcus sp. ANT_H53B. Molecules, 2020. 25(19): p.
4357.

Maoka, T., Carotenoids as natural functional pigments. Journal of
natural medicines, 2020. 74(1): p. 1-16.

Sajjad, W., et al., Pigment production by cold-adapted bacteria
and fungi: colorful tale of cryosphere with wide range
applications. Extremophiles, 2020. 24(4): p. 447-473.

Lépez, G.-D., et al, Bacterial carotenoids: Extraction,
characterization, and applications. Critical Reviews in Analytical
Chemistry, 2023. 53(6): p. 1239-1262.

Smith, H.J,, et al., Microbial formation of labile organic carbon in
Antarctic glacial environments. Nature Geoscience, 2017. 10(5):
p.- 356-359.

Sajjad, W., et al., Endolithic microbes of rocks, their community,
function and survival strategies. International Biodeterioration
& Biodegradation, 2022. 169: p. 105387.

Huovinen, P., J. Ramirez, and I. Gémez, Remote sensing of albedo-
reducing snow algae and impurities in the Maritime Antarctica.
ISPRS Journal of Photogrammetry and Remote Sensing, 2018.
146: p. 507-517.

Daniela Jara, et al., Antibiotic resistance in bacterial isolates from
freshwater samples in Fildes Peninsula, King George Island,
Antarctica. Scientific Reports, 2020. 10(1).

55



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Main results and discussion

Ciesielski, S., et al., The diversity of bacteria isolated from
Antarctic freshwater reservoirs possessing the ability to produce
polyhydroxyalkanoates. Current microbiology, 2014. 69: p. 594-
603.

Al-Maqtari, Q.A., A. Waleed, and A.A. Mahdji, Cold-active enzymes
and their applications in industrial fields-A review. Int. ]. Res.
Agric. Sci, 2019. 6(4): p. 2348-3997.

Loperena, L. et al, Extracellular enzymes produced by
microorganisms isolated from maritime Antarctica. World
journal of microbiology and biotechnology, 2012. 28: p. 2249-
2256.

Jadhav, V.V, etal,, Fatty acid profiles of PUFA producing Antarctic
bacteria: correlation with RAPD analysis. Annals of
microbiology, 2010. 60: p. 693-699.

Nichols, D., et al., Developments with Antarctic microorganisms:
culture collections, bioactivity screening, taxonomy, PUFA
production and cold-adapted enzymes. Current Opinion in
Biotechnology, 1999. 10(3): p. 240-246.

El Razak, A.A.,, A.C. Ward, and ]. Glassey, Screening of Marine
Bacterial Producers of Polyunsaturated Fatty Acids and
Optimisation of Production. Microbial Ecology, 2014. 67(2): p.
454-464.

Nichols, D.S., P.D. Nichols, and T.A. McMeekin, Polyunsaturated
fatty acids in Antarctic bacteria. Antarctic Science, 1993. 5(2): p.
149-160.

Russell, N.J. and D.S. Nichols, Polyunsaturated fatty acids in
marine bacteria—a dogma rewritten. Microbiology, 1999.
145(4): p. 767-779.

Caruso, C., et al,, Production and biotechnological potential of
extracellular polymeric substances from sponge-associated
Antarctic bacteria. Applied and environmental microbiology,
2018.84(4): p.-e01624-17.

Leiva, S., et al., Diversity of pigmented Gram-positive bacteria
associated with marine macroalgae from Antarctica. FEMS
Microbiology Letters, 2015. 362(24): p. fnv206.

Vila, E., et al., Carotenoids from heterotrophic bacteria isolated
from fildes peninsula, king george island, antarctica.
Biotechnology Reports, 2019. 21: p. e00306.

56



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Jagannadham, M.V, et al, Carotenoids of an Antarctic
psychrotolerant bacterium, Sphingobacterium antarcticus, and a
mesophilic bacterium, Sphingobacterium multivorum. Archives
of microbiology, 2000. 173: p. 418-424.

Hamid, B., et al, Cold-active enzymes and their potential
industrial applications—A Review. Molecules, 2022. 27(18): p.
5885.

Ferrés, 1., V. Amarelle, F. Noya, and E. Fabiano, Identification of
Antarctic culturable bacteria able to produce diverse enzymes of
potential biotechnological interest. Advances in Polar Science,
2015.26: p. 71-79.

Morozova, 0.V, et al., Antibiotic resistance and cold-adaptive
enzymes of antarctic culturable bacteria from King George
Island. Polar Science, 2022. 31: p. 100756.

Piegza, M., W. Laba, and M. Kacaniova, New Arctic Bacterial
Isolates with Relevant Enzymatic Potential. Molecules, 2020.
25(17): p. 3930.

Rizzo, C., et al., Cultivable Bacterial Communities in Brines from
Perennially Ice-Covered and Pristine Antarctic Lakes: Ecological
and Biotechnological Implications. Microorganisms, 2020. 8(6):
p. 819.

Santiago, M., C.A. Ramirez-Sarmiento, R.A. Zamora, and L.P.
Parra, Discovery, molecular mechanisms, and industrial
applications of cold-active enzymes. Frontiers in microbiology,
2016. 7: p. 1408.

Smirnova, M., et al., New cold-adapted bacteria for efficient
hydrolysis of feather waste at low temperature. Bioresource
Technology Reports, 2023: p. 101530.

Lo Giudice, A. and C. Rizzo, Bacteria associated with marine
benthic invertebrates from polar environments: unexplored
frontiers for biodiscovery? Diversity, 2018. 10(3): p. 80.
Smirnova, M., et al, Temperature- and Nutrients-Induced
Phenotypic Changes of Antarctic Green Snow Bacteria Probed by
High-Throughput FTIR Spectroscopy. Biology, 2022. 11(6): p.
890.

Ayub, N.D., P.M. Tribelli, and N.I. Lépez, Polyhydroxyalkanoates
are essential for maintenance of redox state in the Antarctic
bacterium Pseudomonas sp. 14-3 during low temperature
adaptation. Extremophiles, 2009. 13: p. 59-66.

57



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

Main results and discussion

Anderson, A.]. and E. Dawes, Occurrence, metabolism, metabolic
role, and industrial uses of bacterial polyhydroxyalkanoates.
Microbiological reviews, 1990. 54(4): p. 450-472.

Chai, ].M,, et al., Surface-modified highly biocompatible bacterial-
poly (3-hydroxybutyrate-co-4-hydroxybutyrate): a review on the
promising next-generation biomaterial. Polymers, 2020. 13(1):
p.51.

Goh, Y.S. and LK.P. Tan, Polyhydroxyalkanoate production by
antarctic soil bacteria isolated from Casey Station and Signy
Island. Microbiological research, 2012. 167(4): p. 211-219.
Hobbie, J.E., R.J. Daley, and S. Jasper, Use of nuclepore filters for
counting bacteria by fluorescence microscopy. Applied and
environmental microbiology, 1977. 33(5): p. 1225-1228.
Sanders, E.R., Aseptic laboratory techniques: plating methods.
JoVE (Journal of Visualized Experiments), 2012(63): p. e3064.
Ali, N.S.,, F. Huang, W. Qin, and T.C. Yang, A high throughput
screening process and quick isolation of novel lignin-degrading
microbes from large number of natural biomasses. Biotechnology
Reports, 2023. 39: p. e00809.

Bonnet, M., J.C. Lagier, D. Raoult, and S. Khelaifia, Bacterial
culture through selective and non-selective conditions: the
evolution of culture media in clinical microbiology. New
microbes and new infections, 2020. 34: p. 100622.

Kosa, G, et al., Assessment of the scalability of a microtiter plate
system for screening of oleaginous microorganisms. Applied
Microbiology and Biotechnology, 2018. 102(11): p. 4915-4925.
Duetz, W.A,, et al., Methods for Intense Aeration, Growth, Storage,
and Replication of Bacterial Strains in Microtiter Plates. Applied
and Environmental Microbiology, 2000. 66(6): p. 2641-2646.
Schneider, K., V. Schiitz, G.T. John, and E. Heinzle, Optical device
for parallel online measurement of dissolved oxygen and pH in
shake flask cultures. Bioprocess and biosystems engineering,
2010.33: p. 541-547.

Kato, S., et al., Isolation of previously uncultured slow-growing
bacteria by using a simple modification in the preparation of agar
media. Applied and environmental microbiology, 2018. 84(19):
p.e00807-18.

Smirnova, M., et al., Isolation and characterization of fast-
growing green snhow bacteria from coastal East Antarctica.
MicrobiologyOpen, 2021. 10(1).

58



95.

96.

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kim, M. and J. Chun, 165 rRNA gene-based identification of
bacteria and archaea using the EzTaxon server, in Methods in
microbiology. 2014, Elsevier. p. 61-74.

Janda, J.M. and S.L. Abbott, 165 rRNA gene sequencing for
bacterial identification in the diagnostic laboratory: pluses,
perils, and pitfalls. Journal of clinical microbiology, 2007. 45(9):
p.2761-2764.

Clarridge 111, J.E., Impact of 16S rRNA gene sequence analysis for
identification of bacteria on clinical microbiology and infectious
diseases. Clinical microbiology reviews, 2004. 17(4): p. 840-
862.

Lane, D., 16S/23S rRNA sequencing. Nucleic acid techniques in
bacterial systematics, 1991.

Sanger, F., S. Nicklen, and A.R. Coulson, DNA sequencing with
chain-terminating inhibitors. Proceedings of the national
academy of sciences, 1977. 74(12): p. 5463-5467.

Satam, H., et al., Next-generation sequencing technology: Current
trends and advancements. Biology, 2023. 12(7): p. 997.
Tamura, K., G. Stecher, and S. Kumar, MEGA11: molecular
evolutionary genetics analysis version 11. Molecular biology and
evolution, 2021. 38(7): p. 3022-3027.

Beveridge, T.]., Use of the Gram stain in microbiology. Biotechnic
& Histochemistry, 2001. 76(3): p. 111-118.

Morita, R.Y., Psychrophilic bacteria. Bacteriological reviews,
1975.39(2): p. 144-167.

Gunjal, A., M. Waghmode, N. Patil, and N. Nawani, Significance of
soil enzymes in agriculture, in Smart bioremediation
technologies. 2019, Elsevier. p. 159-168.

The European Committee on Antimicrobial Susceptibility Testing.
Breakpoint tables for interpretation of MICs and zone diameters,
version 12.0, 2022. http://www.eucast.org.”. 30 May 2022].

CLSI document M100. In Performance Standards for
Antimicrobial. Susceptibility Tests, 30th ed.; Wayne, PA, USA,
2020, CLSI: Clinical and Laboratory Standards InstituteCLSI:
Clinical and Laboratory Standards Institute

Cockerill III, F.R., Genetic methods for assessing antimicrobial
resistance. Antimicrobial agents and chemotherapy, 1999.
43(2): p. 199-212.

March-Rossell6, G.A., Rapid methods for detection of bacterial
resistance to antibiotics. Enfermedades infecciosas y
microbiologia clinica (English ed.), 2017. 35(3): p. 182-188.

59


http://www.eucast.org/

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Main results and discussion

Martinez, ].L., Natural antibiotic resistance and contamination by
antibiotic resistance determinants: the two ages in the evolution
of resistance to antimicrobials. Frontiers in microbiology, 2012.
3:p. 1.

Van Goethem, M.W., et al,, A reservoir of ‘historical’ antibiotic
resistance genes in remote pristine Antarctic soils. Microbiome,
2018.6(1).

Bauer, A.W., W.M. Kirby, J.C. Sherris, and M. Turck, Antibiotic
susceptibility testing by a standardized single disk method. Am ]
Clin Pathol, 1966. 45(4): p. 493-6.

Schoner, T.A, et al,, Aryl polyenes, a highly abundant class of
bacterial natural products, are functionally related to
antioxidative carotenoids. ChemBioChem, 2016. 17(3): p. 247-
253.

Asker, D., High throughput screening and profiling of high-value
carotenoids from a wide diversity of bacteria in surface seawater.
Food chemistry, 2018. 261: p. 103-111.

Godbole, S., Methods for identification, quantification and
characterization of  polyhydroxyalkanoates-a review.
International Journal of Bioassays, 2016. 5(4): p. 2016.

Sasser, M., Identification of bacteria by gas chromatography of
cellular fatty acids. 1990, MIDI technical note 101. Newark, DE:
MIDI inc.

Angeletti, S., Matrix assisted laser desorption time of flight mass
spectrometry (MALDI-TOF MS) in clinical microbiology. Journal
of microbiological methods, 2017. 138: p. 20-29.

Harz, M., P. Roésch, and ]. Popp, Vibrational spectroscopy—A
powerful tool for the rapid identification of microbial cells at the
single-cell level. Cytometry Part A: The Journal of the
International Society for Analytical Cytology, 2009. 75(2): p.
104-113.

Byrtusovi, D., et al., Rhodotorula kratochvilovae CCY 20-2-26—
The source of multifunctional metabolites. Microorganisms,
2021.9(6): p. 1280.

Quideau, S.A. et al, Extraction and Analysis of Microbial
Phospholipid Fatty Acids in Soils. Journal of Visualized
Experiments, 2016(114).

Garip, S., A.C. Gozen, and F. Severcan, Use of Fourier transform
infrared spectroscopy for rapid comparative analysis of Bacillus
and Micrococcus isolates. Food Chemistry, 2009. 113(4): p.
1301-1307.

60



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Girardeau, A. et al, Insights into lactic acid bacteria
cryoresistance using FTIR microspectroscopy. Analytical and
Bioanalytical Chemistry, 2022. 414(3): p. 1425-1443.

Jehli¢ka, ., et al., Potential and limits of Raman spectroscopy for
carotenoid detection in microorganisms: implications for
astrobiology. Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 2014.
372(2030): p. 20140199.

Kochan, K,, et al., Vibrational spectroscopy as a sensitive probe for
the chemistry of intra-phase bacterial growth. Sensors, 2020.
20(12): p. 3452.

Siebert, F. and P. Hildebrandt, Vibrational spectroscopy in life
science. 2008: John Wiley & Sons.

Zarnowiec, P., L. Lechowicz, G. Czerwonka, and W. Kaca, Fourier
transform infrared spectroscopy (FTIR) as a tool for the
identification and differentiation of pathogenic bacteria. Current
medicinal chemistry, 2015. 22(14): p. 1710-1718.

Jadhav, V.V, et al., Studies on biosurfactant from Oceanobacillus
sp. BRI 10 isolated from Antarctic sea water. Desalination, 2013.
318: p. 64-71.

Habib, S., et al., Biodeterioration of untreated polypropylene
microplastic particles by Antarctic bacteria. Polymers, 2020.
12(11): p. 2616.

Yi-bin, W,, et al, Low-temperature degradation mechanism
analysis of petroleum hydrocarbon-degrading Antarctic
psychrophilic strains. ] Pure Appl Microbiol, 2014. 8(1): p. 47-
53.

Larkin, P., Infrared and Raman spectroscopy: principles and
spectral interpretation. 2017: Elsevier.

Barth, A., Infrared spectroscopy of proteins. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 2007. 1767(9): p. 1073-
1101.

Garip, S, F. Bozoglu, and F. Severcan, Differentiation of
mesophilic and thermophilic bacteria with Fourier transform
infrared spectroscopy. Applied spectroscopy, 2007. 61(2): p.
186-192.

Kochan, K, et al, In vivo atomic force microscopy-infrared
spectroscopy of bacteria. Journal of The Royal Society Interface,
2018.15(140): p. 20180115.

61



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

Main results and discussion

Maquelin, K. et al, Identification of medically relevant
microorganisms by vibrational spectroscopy. Journal of
microbiological methods, 2002. 51(3): p. 255-271.

Chisanga, M., H. Muhamadali, D.I. Ellis, and R. Goodacre, Surface-
enhanced Raman scattering (SERS) in microbiology: illumination
and enhancement of the microbial world. Applied spectroscopy,
2018.72(7): p. 987-1000.

Hair, ].F,, Multivariate data analysis: An overview. International
encyclopedia of statistical science, 2011: p. 904-907.

Afseth, N.K. and A. Kohler, Extended multiplicative signal
correction in vibrational spectroscopy, a tutorial. Chemometrics
and Intelligent Laboratory Systems, 2012. 117: p. 92-99.
Lasch, P., Spectral pre-processing for biomedical vibrational
spectroscopy and microspectroscopic imaging. Chemometrics
and Intelligent Laboratory Systems, 2012. 117: p. 100-114.
Kohler, A., et al, Model-based pre-processing in vibrational
spectroscopy. 2020.

Savitzky, A. and M.]. Golay, Smoothing and differentiation of data
by simplified least squares procedures. Analytical chemistry,
1964.36(8): p. 1627-1639.

Wang, R. and Y. Wang, Fourier transform infrared spectroscopy
in oral cancer diagnosis. International journal of molecular
sciences, 2021. 22(3): p. 1206.

Tafintseva, V., V. Shapaval, M. Smirnova, and A. Kohler, Extended
multiplicative signal correction for FTIR spectral quality test and
pre-processing of infrared imaging data. Journal of Biophotonics,
2020.13(3).

Jamieson, L.E., A. Li, K. Faulds, and D. Graham, Ratiometric
analysis using Raman spectroscopy as a powerful predictor of
structural properties of fatty acids. Royal Society open science,
2018.5(12): p. 181483.

Mukherjee, R, T. Verma, D. Nandi, and S. Umapathy,
Understanding the effects of culture conditions in bacterial
growth: A biochemical perspective using Raman microscopy.
Journal of biophotonics, 2020. 13(1): p. e201900233.

Syms, C., Principal components analysis. 2008, Elsevier.

Demsar, ], et al,, Orange: data mining toolbox in Python. The
Journal of Machine Learning Research, 2013. 14(1): p. 2349-
2353.

62



146. Toplak, M, et al,, Infrared orange: connecting hyperspectral data
with machine learning. Synchrotron Radiation News, 2017.
30(4): p. 40-45.

147. Toplak, M., S.T. Read, C. Sandt, and F. Borondics, Quasar: easy

machine learning for biospectroscopy. Cells, 2021. 10(9): p.
2300.

63












@ biology

ey

Article

Isolation, Physiological Characterization, and Antibiotic
Susceptibility Testing of Fast-Growing Bacteria from the
Sea-Affected Temporary Meltwater Ponds in the Thala Hills
Oasis (Enderby Land, East Antarctica)

Volha Akulava 12*, Uladzislau Miamin 23, Katsiaryna Akhremchuk ¢, Leonid Valentovich 24, Andrey Dolgikh 5

and Volha Shapaval !

Citation: Akulava, V.; Miamin, U.;
Akhremchuk, K.; Valentovich, L.;
Dolgikh, A.; Shapaval, V. Isolation,
Physiological Characterization, and
Antibiotic Susceptibility Testing of
Fast-Growing Bacteria from the
Sea-Affected Temporary Meltwater
Ponds in the Thala Hills Oasis
(Enderby Land, East Antarctica).
Biology 2022, 11, x.
https://doi.org/10.3390/xxxxx

Academic Editors: Chrissoula
Voidarou, Athina S. Tzora, Georgios

Rozos and Pierangelo Luporini

Received: 2 June 2022
Accepted: 25 July 2022
Published: 29 July 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Faculty of Science and Technology, Norwegian University of Life Sciences, 1432 As, Norway;
volha.shapaval@nmbu.no

2 Faculty of Biology, Belarusian State University, 220030 Minsk, Belarus; vladmiamin@mail.ru (U.M.);
valentovich@bio.bsu.by (L.V.)

3 Scientific and Practical Center of the National Academy of Sciences of Belarus for Bioresources,
220072 Minsk, Belarus

4 Institute of Microbiology, National Academy of Sciences of Belarus, 220141 Minsk, Belarus;
katerina_akhr@bio.bsu.by

5 Institute of Geography, Russian Academy of Sciences, 119017 Moscow, Russia; dolgikh@igras.ru

Correspondence: volha.akulava@nmbu.no

Simple Summary: The characterization of microbial communities from Antarctic temporary melt-
water ponds is limited, while they could serve as a source of biotechnologically interesting micro-
organisms. In this study, we characterized a set of bacteria isolated from the sea-affected temporary
meltwater ponds in the East Antarctica area of the Vecherny region of the Thala Hills Oasis, Enderby
Land. The isolated meltwater bacteria were identified as Proteobacteria, Actinobacteria, Firmicutes,
and Bacteroidetes, where Proteobacteria and Actinobacteria were predominant. The isolated bacte-
ria were able to grow in a relatively wide temperature range between 4 °C and 37 °C, with an opti-
mal temperature range of 18-25 °C. Further, most of the isolates showed an ability to secrete lipases
and proteases, and several of them were pigmented. Bacterial isolates from the genera Pseudomonas
and Acinetobacter exhibited multi-resistance against -lactams, sulfonamide, macrolide, diaminopy-
rimidines, and chloramphenicol antibiotics. This study shows that bacterial communities from the
temporary meltwater ponds in East Antarctica consist of metabolically versatile bacteria that might
be defined by their location near the sea and the close presence of animals, penguins and skuas in
particular.

Abstract: In this study, for the first time, we report the identification and characterization of cul-
turable fast-growing bacteria isolated from the sea-affected temporary meltwater ponds (MPs) in
the East Antarctica area of the Vecherny region (- 67.656317, 46.175058) of the Thala Hills Oasis,
Enderby Land. Water samples from the studied MPs showed alkaline pH (from 8.0 to 10.1) and
highly varied total dissolved solids (86-94,000 mg/L). In total, twenty-nine bacterial isolates were
retrieved from the studied MPs. The phylogenetic analysis based on 16S rRNA gene sequence sim-
ilarities showed that the isolated bacteria belong to the phyla Proteobacteria, Actinobacteria, Fir-
micutes, and Bacteroidetes and the twelve genera Pseudomonas, Shewanella, Acinetobacter, Sporo-
sarcina, Facklamia, Carnobacterium, Arthrobacter, Brachybacterium, Micrococcus, Agrococcus, Leifsonia,
and Flavobacterium. Most of the isolated bacteria were psychrotrophs and showed the production of
one or more extracellular enzymes. Lipolytic and proteolytic activities were more prevalent among
the isolates. Five isolates from the Actinobacteria phylum and one isolate from the Bacteroidetes
phylum had strong pigmentation. Antibiotic susceptibility testing revealed that most of the isolates
are resistant to at least one antibiotic, and seven isolates showed multi-resistance.
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1. Introduction

Due to the weather peculiarities, the polar region is considered to be one of the most
versatile environments. During the summer period in polar areas, there are numerous
temporary meltwater ponds (MPs) appearing as a result of snow and ice melting [1]. MPs
are formed on the rough terrain, often between rocky ridges where there are conditions
for the accumulation of the melted snow and snow-glacial water [2]. MPs sizes varies sig-
nificantly depending on the location, presence of slopes, etc., and they can be flowing,
low-flowing, or non-flowing and characterized by different physical parameters and
chemical compositions providing individually distinct geochemical environments [3].
MPs are very dynamic and strongly connected with snow and ice since they appear for a
short period due to snow and ice melting during the Antarctic summer (October—Febru-
ary). Temporary water reservoirs located on Antarctica’s shore are constantly exposed to
various environmental abiotic (temperature fluctuations, freeze-thaw cycles, nutrient de-
ficiency, abrupt chemical gradients, and increased salinity in habitats), biotic (plants and
animals), and anthropogenic factors, and therefore, they usually have microbiota consist-
ing of diverse cold-adapted organisms [4-6].

According to the authors” knowledge, the microbial communities from Thala Hills
oasis MPs are the least studied biotopes, and only MPs in the regions of the McMurdo Ice
Shelf (MIS) and Dry Valleys have been described to some certain extent, with the main
focus on the geochemistry of the water column [7-9], the microbial diversity of microbial
mats [10] and sediments [11], surface water samples [12], and the water column [13]. Little
attention has been given to the isolation and characterization of bacteria inhabiting MPs
in Thala Hills oasis. Only a few recent studies that focused on the terrestrial biology, ge-
ology, and diversity of eukaryotes and prokaryotes in the snow and soil from this region
are available [14-17]. Moreover, recently the characterization and biopotential of yeast
cultures isolated from soil samples of East Antarctica were evaluated [18]. Due to the fact
that bacteria in Antarctic meltwater ponds are important for driving biogeochemical cy-
cles, sustaining essential chemical processes, and participating in a carbon sink and be-
cause they are able to tolerate environmental fluctuations, studying them could be espe-
cially useful for understanding environmental and ecological changes in Antarctica as
well as discovering new microbial cell factories for modern biotechnology and biorefinery
applications. For example, biotechnologically attractive enzymes (e.g., proteases, lipases,
amylases, ureases, nucleases, 3-galactosidases, and keratinases) [14,19-25] and pigments
(e.g., carotenoids) [19,26-31] can be synthesized by culturable psychrophilic and psy-
chrotrophic bacteria [32].

Approaches for investigating microbiota from a given ecosystem can be either cul-
ture-dependent or culture-independent. Despite the advantages of the culture-independ-
ent method, which provides more informative data on the diversity of microbial commu-
nities, the culture-dependent method, which leads to the isolation of culturable bacteria,
remains a part of a traditional bioprospecting strategy in biotechnology [19]. In the present
study, the culture-dependent methods were used.

Antibiotic resistance is a natural defense mechanism in bacteria [33], but it can be
exacerbated due to the transportation of antibiotics to Antarctic areas by atmospheric and
oceanic currents from outside the Antarctic region [33]. In addition, increasing the selec-
tive pressure of the anthropogenic and animal activity in Antarctica results in the spread
of resistant strains [34], which may lead to the appearance of multi-resistant strains [35].
In order to understand to what extent meltwater bacteria possess antibiotic resistance, we
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performed antibiotic susceptibility testing for a total of twenty-three antibiotics and anti-
microbial agents.

The main aim of this study was to identify and characterize the fast-growing bacteria
isolated from MPs in the Vecherny region of the Thala Hills Oasis, Enderby Land, which
has limited anthropic pressure and is affected by the sea and the presence of animals,
penguins and skuas in particular. To the authors” knowledge, this is the first study report-
ing the identification and characterization of the culturable fast-growing bacteria isolated
from the temporary meltwater ponds of Enderby Land, East Antarctica.

2. Materials and Methods
2.1. Sampling Sites and Sampling Procedure

Water samples were collected during the 5th Belarusian Antarctic Expedition in the
austral summer season (January 2013) from the middle part of the water column of nine
non-flowing MPs located in rock baths (0.1-3 m diameter, 2-100 m distance from the
shoreline, 0.1-0.5 m deep, and 0-10 m above sea level). The key sampling site was located
800 m from the Belarussian Antarctic Station “Vechernyaya”, 14 km from the Russian
Antarctic Station Molodezhnaya, and 2.7 km from the Adelie penguin colony at the Azure
Cape (—67.656317, 46.175058) of the Vecherny region of the Thala Hills oasis in the central
part of Enderby Land (East Antarctica) (Figure 1).
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Figure 1. Sampling sites. (a) Location of the Thala Hills oasis in the coastal area of East Antarctica
(marked by the red circle). (b) Satellite image of the eastern part of the Thala Hills oasis (1—Adelie
penguin colony area, 2—sampling sites area, 3—location of the Belarussian Antarctic Station
“Vechernyaya” in the eastern part of the Thala Hills oasis (marked by the yellow circle)) (c) Photos
of the studied temporary meltwater ponds (MPs).

For the isolation of the fast-growing bacteria, water samples were collected in 20 mL
sterile polypropylene tubes and kept at 4 °C before the isolation. For bacterioplankton
analysis, water samples were collected in 100 mL sterile polythene bottles. Then, formalin,
until a final concentration of 4%, was added to each sample for preservation. The collected
samples were stored at 4 °C. For the physicochemical analysis, samples were collected in
100 mL non-sterile polythene bottles. All water samples were collected in two replicates
on the same day.

2.2. Bacterioplankton and Physicochemical Analysis of Water Samples

Physicochemical parameters such as pH, total dissolved solids (TDS), and tempera-
ture were measured in situ at different time points (Day 1—11 January 2013, Day 2—14
January 2013, Day 3 —17 January 2013, and Day 4—26 January 2013) with portable Combo
pH/Conductivity/TDS Testers (HI98129 Low Range, HI98130 High Range) (Hanna Instru-
ments, Kungsbacka, Sweden).

For the evaluation of the quantitative parameters of bacterioplankton, samples col-
lected on the first day (Day 1—11 January 2013) were used. The bacterial cell number was
determined using the acridine orange method according to Hobbie et al. [36], and the
measurements were taken with an Axiovert 25 epifluorescence inverted microscope (Carl
Zeiss, Berlin, Germany ) equipped with a Nuclepore filter with a pore diameter of 0.2 um
and an AxioCam MRc camera (Carl Zeiss, Berlin, Germany). Water samples were exam-
ined under the 100x immersion lens. Pictures for each water sample were recorded in Carl
Zeiss AxioVision Rel. 4.4 software (Carl Zeiss, Berlin, Germany) (10 in parallel from each
filter (data not shown)). The processing of the obtained imaging data was conducted in
the Image-Pro Plus program (Media Cybernetics, Rockville, MD, USA).

The correction of color and tone for the fluorescence images and the counting of ob-
jects (bacterioplankton) with the output of their geometric characteristics was performed
by automated processing using an in-house algorithm created in the built-in Image-Pro
Plus macro language. After the preliminary counting, the algorithm makes it possible to
manually correct the counted objects (the separation of merged objects the removal of im-
age artifacts from the counted objects, and the removal of wrongly identified objects). The
estimation of the bacterioplankton was carried out using the corrected data. For the esti-
mation of the bacterial cell number (BN), the following formula was used: BN =S x 106 x
a/s x V x 10, where S is the filter area, mm; 106 is the recalculation of mm in pum; a is the
sum of counted cells; s is the grid area, um; V is the volume of the filtered sample; and 10
is a number of fields of view. The biomass was calculated according to the size of each
bacterial cell. An in-house algorithm in Microsoft Excel was used to automatically enter
the conversion formula in a spreadsheet and form an array of processing results.



Biology 2022, 11, x

5 of 22

2.3. Isolation of the Fast-Growing Bacteria

The isolation of the fast-growing bacteria was performed by the spread plating of 0.1
mL of each water sample in triplicates on meat peptone agar (MPA) (5.0 g/L peptone, 1.5
g/L meat extract, 1.5 g/L yeast extract, and 20.0 g/L agar, pH 7.0 + 0.2) and cultivating for
14 days at 5 °C and 18 °C for isolating psychrophilic and psychrotolerant bacteria, respec-
tively. Bacterial colonies that differed in phenotypic traits (the form of colonies, growth
rate, and pigmentation) were selected for further purification. The growth rate was deter-
mined visually by daily observation, and we selected the colonies appearing at various
time points during the first 2-6 days of the cultivation. The obtained single colonies were
transferred onto new Petri dishes with MPA to obtain pure cultures. Isolated pure cultures
were preserved in the following way: (1) the cultures were grown on the slanting full-
fledged MPA agar in tubes for 6 days at 18 °C; (2) the obtained cells were washed and
suspended in a mixture of meat peptone broth (MPB) (5.0 g/L peptone, 1.5 g/L meat ex-
tract, 1.5 g/L yeast extract, and 5.0 g/L. NaCl with a final pH of 7.0 + 0.2) and glycerol (20%
of the final volume) with the ratio 1:1; (3) the suspended cells were stored at -80 °C.

2.4. Total DNA Extraction, Amplification, and Sequencing

For 16S rDNA sequencing, bacteria were cultivated on MPA agar for 7 to 10 days at
18 °C. Bacterial DNA was extracted using a DNA Preparation Kit PP-206 (Jena Biosciences,
Jena, Germany). The extracted and purified DNA was stored at =20 °C. The fragment of
16S rDNA was amplified using universal bacterial primers 8f (5'-AGAGTTT-
GATCCTGGCTCAG-3') and 1492r (5-GGTTACCTTGTTACGACTT-3") (Primetech,
Minsk, Belarus), described previously [37]. Each 25 uL of the reaction mixture contained
10 uL of 2.5 x Flash buffer (ArtBioTech, Minsk, Belarus), 0.2 uL of each primer with the
final concentration of 0.4 mM, 1 uL (=10 ng) of bacterial DNA matrix, 0.25 pL of Flash
polymerase (high-performance Pfu-polymerase, 2 U/uL) (ArtBioTech, Minsk, Belarus),
and H20 (deionized) up to 25 pL. For the negative control, deionized water was added in
an equivalent amount instead of the DNA matrix. Polymerase chain reaction (PCR) was
performed in a SureCycler 8800 thermocycler (Agilent Technologies, Santa Clara, CA,
USA). The initial denaturation was performed at 98 °C for 3 min, and 30 cycles of ampli-
fication consisted of denaturation at 98 °C for 30 s, annealing at 51 °C for 30 s, and elon-
gation at 72 °C for 1 min, and the final extension phase was performed at 72 °C for 4 min.

The sequencing of 165 rRNA genes was carried out according to the Sanger method
[38], and it was performed using the DNA Cycle Sequencing Kit PCR-401S (Jena Biosci-
ence, Jena, Germany) and the following primers (Primetech, Minsk, Belarus): 926R-seq (5'-
CCGTCAATTCATTTGAGTTT-3'), 336F-seq (5-ACGGYCCAGACTCCTACG-3'), 522R-
seq (5-TATTACCGCGGCTGCTGGCAC-3'), and 918F-seq (5'-ACTCAAAKGAATTGAC-
GGG-3'). All reactions were run according to the manufacturer’s protocols. The products
of the sequencing reaction were detected using the automatic sequencer «4300 DNA An-
alyzer» (LI-COR Biosciences, Lincoln, NE, USA).

2.5. Analysis of 165 rRNA Sequencing Data

The obtained 16S rRNA data were preprocessed by editing and rendering in FASTA
format using the e-Seq™ software V. 3.1.10 (LI-COR Biosciences, Lincoln, NE, USA). To
obtain consensus sequences, all sequences for each isolate were aligned using AlignIR 2.1
(LI-COR Biosciences, Lincoln, NE, USA). The obtained sequences were compared to those
available in the EzBioCloud database (ChunLab Inc., Seoul, Korea) [39] to choose refer-
ence sequences for the phylogenetic analyses and find similarities with the known strains.
The phylogenetic tree was reconstructed using the MEGA 11 program [40]. The CLUSTAL
W algorithm was used to align the sequences with the most similar orthologous sequences
from the EzBioCloud database. The phylogenetic distance tree was inferred using the
neighbor-joining analysis (NJ, p-distance matrix). The optimal mathematical model of nu-
cleotide substitutions with the lowest Bayesian information criterion score was selected
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for the construction of the phylogenetic tree. The evolutionary history was inferred using
the maximum likelihood method and the Tamura—Nei model [41]. To evaluate the confi-
dence limits of the branching, a bootstrap analysis was performed on a 1000 replicate data
set [42]. Bootstrap values greater than 70% of confidence are shown at the branching
points. The strain archaea Methanosarcina barkeri Schnellen 1947 was chosen as a root for
the phylogenetic tree. The obtained 165 rRNA sequences are deposited in the GenBank
nucleotide sequence database (National Center for Biotechnology Information, Bethesda,
MD, USA) under the accession numbers ON248060-ON248088.

2.6. Thermotolerance and Enzymatic Activity

To study thermotolerance, the bacterial isolates were grown on BHI (brain heart in-
fusion) agar (Sigma Aldrich, St. Louis, MI, USA) at 4 °C, 10 °C, 18 °C, 25 °C, 30 °C, and 37
°C for up to 10 days with daily visual inspections of the cultures.

The production of the extracellular enzymes was evaluated by applying various
plate-based assays using specific substrates —solid basal media containing: (1) for lipolytic
activity, 10 g/L peptone, 5 g/L NaCl, 0.1 g/L CaCl-2H20, g/L 20 agar, and 10 mL (v/v) of
Tween 80, pH 7.4; (2) for amylolytic activity, 10 g/L peptone, 5 g/L. KH2POs, 20 g/L agar,
and 0.2% (w/v) soluble starch; (3) for protease activity, 6 g/L NaCl, 1.3% (w/v) nutrient
broth, and 15% gelatin or calcium—casein agar (Condalab, Torrejon de Ardoz, Spain); (4)
for DNase activity, DNase test agar (Condalab, Torrejon de Ardoz, Spain); (5) for urease
activity, 1 g/L peptone, 5 g/L NaCl, 1 g/L glucose, 2 g/L KH2POs, 0.012 g/L phenol red, 20
g/L agar, and 20 g/L urea, pH 6.8 +/- 0.2 (at 25 °C); (6) for B-galactosidase (3-GAL) activity,
Luria broth agar with X-Gal (5-bromo-4-chloro-3-indolyl-3- D-galactopyranoside) and
IPTG (isopropyl - D-1-thiogalactopyranoside); and (7) for keratinase activity, 15 g/L
chicken feather meal powder, 0.5 g/L NaCl, 0.3 g/L KoHPO, 0.4 g/L KH2PO4, and 15 g/L
agar, pH 7.2. All plate-based assays were performed in duplicates at 18 °C for up to 10
days. The enzymatic activity was evaluated by estimating the colony growth, the for-
mation of enzyme-specific zones, and/or the presence of media changes: (1) white precip-
itation zones of calcium salts around colonies for lipolytic activity; (2) clearance zones af-
ter flooding with iodine solution for amylolytic activity; (3) clearance zones for protease
activity; (4) colorful zones for DNase activity; (5) the intensity of the pink color of the
medium for urease activity; (6) the intensity of blue-colored colonies for B-galactosidase
(B-GAL) activity; (7) the presence of a hydrolysis halo around the colony for keratinase
activity. Catalase activity was determined by using the slide-drop method, where imme-
diate bubble formation was observed after mixing a small amount of bacterial biomass
with 3% H20x.

2.7. Antibiotic Susceptibility Testing

Antibiotic susceptibility was evaluated by the Kirby—Bauer disc diffusion method
[43] using Mueller-Hinton agar (Merck, Darmstadt, Germany), and it was performed in
duplicates. The isolate Carnobacterium iners TMP 28 was excluded from the experiment
due to weak growth. Based on the predominance of psychrotrophic bacteria and their op-
timal growth temperature in the range of 18-25 °C, two temperatures, 18 °C and 25 °C,
were selected for the test. Susceptibility was evaluated for 18 antibiotics (3 of which were
presented in two different concentrations) and 5 antibacterial agents. The following com-
mercial disks for susceptibility testing (Bio-Rad, Hercules, CA, USA) were used: glyco-
peptide antibiotic (5 ug of vancomyecin), 3-lactam antibiotics (10 ug of ampicillin, 20 ug of
amoxicillin, 10 pg of clavulanic acid, 30 ug of cefuroxime, 10 pg of imipenem, and 30 pg
of ceftriaxone), quinolones (5 ug of ciprofloxacin and 30 pg of nalidixic acid), diaminopy-
rimidines (5 pg of trimethoprim) and diaminopyrimidine coupled with sulfonamide (1.25
ug of trimethoprim and 23.75 ug of sulfamethoxazole), rifamycin antibiotics (5/30 ug of
rifampicin), macrolide antibiotic (15 ug of erythromyecin, 15 ug of clarithromycin, and 15
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ug of azitromycin), aminoglycoside antibiotic (10/120 pg of gentamicin, 10 ug of tobramy-
cin, 10/300 pg of streptomycin, and 30 pg of kanamicyn), tetracycline antibiotics (30 g of
doxycycline and 30 pg of tetracycline), 30 pg of chloramphenicol, and 100 pg of nitrofu-
rantoin. The strains Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and
Staphylococcus aureus ATCC 29213 were used for the quality control of the antibiotic as-
says. The data analysis for the control cultures was performed according to the break-
points established by the EUCAST [44] and CLSI [45] documents. The data analysis for
the Antarctic bacterial isolates was performed as described by Daniela et al. [35]. The in-
hibition zones <15 mm in diameter (including the disc) were considered as a breakpoint
to define the resistance, and zones <20 mm were defined as intermediate.

3. Results
3.1. Physicochemical Characterization of Water Samples from Meltwater Ponds

Size, depth, and physicochemical parameters such as pH, temperature (T), and total
dissolved solids (TDS) were measured for all MPs on different days to follow changes
over time. The pH values of all water samples were alkaline (from 8.0 to 10.1). TDS varied
considerably from 86 mg/L to 94,000 mg/L. An increases in TDS for all samples were rec-
orded over time because of the evaporation process. The temperature of the water samples
was between 12 °C and 17.5 °C (Table 1). All ponds were characterized by the absence of
water flow.

The quantitative characteristics of bacterioplankton varied from 0.95 + 0.12 x 10¢ to
4.52 + 0.67 x 10¢ cells/mL, and the biomass was in a range from 0.151 + 0.034 to 0.939 +
0.280 mg/L (Table 1). For all ponds, a predominance of orange or brown benthos was vis-
ually observed. The presence of clean water in the upper layer was observed for all ponds
except for MP-1 and MP-7, which had considerable water blooms. The presence of organic
clusters of biomass with a diameter of ~0.5 cm was observed in MP-1 and MP-6. Ponds
MP-1 and MP-2 were located 30 m from the skua nest and served as swimming places for
skuas. For the pond MP-8, a white salt crust formation along the edges was observed (Fig-
ure 1).
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3.2. Isolation and Phylogenetic Characterization of the Meltwater Fast-Growing Bacteria

Due to the fact that the isolation of bacteria was conducted for two weeks and all
selected isolates retrieved within this time were able to produce single colonies within 2—
6 days, we concluded that these isolated bacteria could be considered to be fast-growing
[14,46,47]. In total, twenty-nine fast-growing bacteria with different colony types (colony
morphology, size, and pigmentation) and growth rates were isolated from nine MPs of
East Antarctica. The highest numbers of bacterial isolates were obtained from the ponds
MP-9 (7 isolates), MP-5 (5 isolates), and MP-6 (4 isolates), while other ponds were charac-
terized by 1 to 3 bacterial isolates (Table 1). Five isolates showed strong pigmentation:
Flavobacterium degerlachei TMP13, Arthrobacter sp. TMP15, Agrococcus citreus TMP23, and
Leifsonia sp. TMP30 showed a strong yellow color, and isolate Arthrobacter agilis TMP24
had a salmon color (Figure 2). All isolates were deposited in the Belarusian Collection of
Non-pathogenic Microorganisms at the Institute of Microbiology of the National Acad-
emy of Sciences of Belarus (Minsk, Belarus) (Table 2).

T™P24 TMP13 TMP30 TMP15 TMP23

Figure 2. Freeze-dried biomass of pigmented isolates: Flavobacterium degerlachei TMP13, Arthrobacter
sp. TMP15, Agrococcus citreus TMP23, Arthrobacter agilis TMP24, and Leifsonia sp. TMP30.

16S rRNA sequencing was used to study the phylogenetic relationships of the iso-
lated fast-growing bacteria. A comparative 16S rRNA gene sequence analysis revealed the
similarity of the isolate sequences to the EzBioCloud database sequences, with high simi-
larity percentages from 98.47% to 100 % (Table 2). The isolated culturable fast-growing
bacteria were phylogenetically related to four phyla, Proteobacteria, Actinobacteria, Fir-
micutes, and Bacteroidetes, and represented twelve genera. Proteobacteria was the first
predominant phylum among the isolates (17 out of 29 isolates), and it was represented by
three genera: Pseudomonas (12/17), Shewanella (4/17), and Acinetobacter (1/17). Actinobacte-
ria was the second predominant phylum (6/29), and it was represented by five genera:
Arthrobacter (2/6), Brachybacterium (1/6), Micrococcus (1/6), Agrococcus (1/6), and Leifsonia
(1/6). The Firmicutes phylum (5/29) was represented by three genera: Carnobacterium (3/5),
Sporosarcina (1/6), and Facklamia (1/6). The Bacteroidetes phylum was represented by only
one isolate belonging to the genus Flavobacterium. Isolates from the Proteobacteria phylum
were detected in all studied ponds except MP-8, while isolates of the other phyla were
detected only in ponds MP-4-MP-9 (Table 2).
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Figure 3. Phylogenetic tree based on 16S rDNA sequences of the MP isolates. Evolutionary history
was inferred using the maximum likelihood method and the Tamura—-Nei model. The node numbers
represent the percentage of bootstrap replicates of 1000 resamplings (values below 70% are not
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shown). The scale bar represents substitutions per nucleotide position. All accession numbers are in
parentheses following the bacterial strain.

Isolates belonging to the genera Pseudomonas, Carnobacterium, and Arthrobacter were
represented by several species such as P. lundensis, P. peli, P. leptonychotis, C. funditum, C.
iners, C. inhibens, Arthrobacter sp., and Ar. agilis. Isolates from the genera Shewanella, Aci-
netobacter, Sporosarcina, Facklamia, Flavobacterium, Brachybacterium, Microccocus, Agrococcus,
and Leifsonia were represented by the species S. baltica, Ac. lwoffii, S. globispora, F. tabacina-
salis, F. degerlachei, B. paraconglomeratum, M. luteus, Ag. citreus, and Leifsonia sp., respec-
tively. Due to the low resolution of 16S rRNA gene sequence analysis, the species affilia-
tion for some isolates of the genera Pseudomonas, Arthrobacter, and Leifsonia could not be
determined (Table 2).

3.3. Thermotolerance and Enzymatic Activity

To evaluate the thermotolerance and identify the optimal growth temperature, bac-
terial isolates were cultivated at six temperatures (4 °C, 10 °C, 18 °C, 25 °C, 30 °C, and 37
°C). The majority of the isolates were found to be psychrotolerant, with an optimal growth
temperature of 18 °C, but were able to grow at 4 °C to 25 °C, 30 °C, and 37 °C. All bacterial
isolates (28/29) except Agrococcus citreus TMP23 grew at 10 °C and 18 °C, and most of the
strains (23/29) were able to grow at 4 °C. Four isolates, Pseudomonas lundensis TMP2,
TMP3, and TMP4 and isolate Acinetobacter lwoffii TMP6, were able to grow at all tested
temperatures. Bacterial isolates Facklamia tabacinasalis TMP29, Brachybacterium para-
conglomeratum TMP16, and Microccocus luteus TMP21 did not grow at 4 °C but were able
to grow at 30 °C or 37 °C. Two isolates, Carnobacterium funditum TMP27 and Carnobacte-
rium iners TMP28, were able to grow at 4 °C but not at 25 °C and could be considered
psychrophiles (Table 2).

Most of the isolated fast-growing meltwater bacteria showed one or more enzymatic
activities, except the isolates Carnobacterium funditum TMP27, Carnobacterium iners TMP28,
and Facklamia tabacinasalis MP29, which showed slow growth on minimal selective media.
A high level of enzymatic activity (three or more enzymes) was detected for Brachybacte-
rium paraconglomeratum TMP16 and Microccocus luteus TMP21 and for all isolates of Pseu-
domonas lundensis and Shewanella baltica. Lipolytic activity was the most common enzy-
matic activity among the isolates, where all strains of Shewanella baltica, Pseudomonas lep-
tonychotis, Pseudomonas peli, and Acinetobacter lwoffii TMP6, Carnobacterium inhibens
TMP12, Arthrobacter agilis TMP24, and Micrococcus luteus TMP21 showed an ability to hy-
drolyze Tween 80. Proteolytic activity was detected for twelve isolates. The degradation
of both casein and gelatin were detected for all isolates of Pseudomonas lundensis and Mi-
crococcus luteus TMP21. The utilization of gelatin was observed for all isolates of Shewanella
baltica, while casein was degraded by all isolates of Pseudomonas leptonychotis and Brachy-
bacterium paraconglomeratum TMP16. Five isolates, Pseudomonas lundensis TMP2, TMP3,
TMP4, Sporosarcina globispora TMP10, and Brachybacterium paraconglomeratum TMP16,
showed urease activity. Amylase activity was detected only for two isolates, Brachybacte-
rium paraconglomeratum TMP16 and Micrococcus luteus TMP21. The production of deoxy-
ribonuclease was detected for all isolates of Shewanella baltica. 3-galactosidase activity was
detected only for Brachybacterium paraconglomeratum TMP16. Catalase activity was deter-
mined for all isolates from the phyla Bacteroidetes and Actinobacteria and for several Pro-
teobacteria isolates. The production of keratinase was not detected for the isolated bacteria
(Table 2).

3.4. Antibiotic Susceptibility

In total, twenty-eight isolated meltwater bacteria were tested for susceptibility to-
wards twenty-three antibiotics and antibacterial agents, where twenty of them were
broad-spectrum antibiotics, one was an antibiotic against Gram-positive bacteria (Vanco-
mycin), one was an antibacterial agent active against Gram-negative bacteria (Nalidixic
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acid), and one was an antibacterial against most Gram-positive cocci and E. coli (Nitrofu-
rantoin). Rifampicin, gentamicin, and streptomycin were presented in two concentrations
(Figure 4). Due to the absence of growth on Mueller-Hinton agar at 25 °C, the susceptibil-
ity screening for isolates Flavobacterium degerlachei TMP13, Carnobacterium funditum
TMP27, and Leifsonia sp. TMP30 was conducted only at 18 °C. We observed that among
the tested bacteria many were not susceptible to nitrofurantoin (24 and 22 isolates at 18
and 25 °C, respectively), and all Gram-negative and Gram-positive bacteria were resistant
to vancomycin and nalidixic acid, respectively, due to natural resistance. These data were
not included in the calculation of the susceptibility profile of the analyzed bacteria. The
studied bacteria showed higher susceptibility towards the evaluated antibiotics at 25 °C
than at 18 °C. For some isolates, temperature-induced changes in antibiotic susceptibility
were observed (Figure 4).

Twenty-five isolates were resistant to at least one antibiotic, and seven isolates
showed different levels of multi-resistance. Many isolates (> 10) were resistant to ampicil-
lin, cefuroxime, amoxicillin-clavulanic acid, and trimethoprim. Very few isolates (< 3)
were resistant to imipenem, ciprofloxacin, 30 pg of rifampicin, 120 ug of gentamicin, 300
ug of streptomyecin, and doxycycline. Variation in the resistance was detected towards
antibiotics present in different concentrations (gentamicin, streptomycin, and rifampicin),
and resistance was lower for higher concentrations. None of the isolates were resistant to
a high concentration of streptomycin (Figure 4).

Most of the Gram-negative isolates were resistant to 3-lactam-type antibiotics such
as ampicillin, amoxicillin-clavulanic acid, cefuroxime, and trimethoprim. Among the
Gram-negative isolates, Acinetobacter lwoffii TMP6 and all Pseudomonas lundensis isolates
showed multiple antibiotic resistance to more than ten antibiotics from the classes (3-lac-
tams, sulfonamide, macrolide, and chloramphenicol. Among the Gram-positive isolates,
the highest level of resistance was detected against aminoglycoside antibiotics (tobramy-
cin, kanamycin, and low concentrations of streptomycin) and trimethoprim. Isolates
Brachybacterium paraconglomeratum TMP16, Agrococcus citreus TMP23, Carnobacterium in-
hibens TMP12, and Facklamia tabacinasalis TMP29 were resistant to five and more antibiot-
ics, mostly aminoglycosides and trimethoprim. Isolates Pseudomonas peli TMP9 and
TMP25 and Sporosarcina sp. TMP10 were susceptible to all tested antibiotics (Figure 4).
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